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Summary

Chemical doping is the key tool to transform the ever-growing chemical space of
intrinsically insulating organic semiconductors into precisely tuneable, conducting
materials. However, the number of available dopants is sparse and plagued by low doping
efficiency, low stability and costly materials. In some cases, the doping mechanism has not
been elucidated yet, excluding in-depth understanding of the system. In this thesis, novel
dopants based on organic radical cations, transition metal salts and carbonates are
synthesized and applied to organic semiconductors, with the aim of enhancing
environmental stability of the doped state, a more efficient doping process or new doping
strategies altogether. By using advanced photoelectron- and impedance spectroscopy,
supplemented by spectroscopic- and electronic measurements, detailed doping
mechanisms are provided to guide future research. p-dopants based on triphenylamine
building blocks and their Janus-faced nature are the guiding concept throughout this
work. Once oxidized, they form stable radical cations, serving as p-dopants suitable for a
broad palette of organic semiconductors. Whereas in their neutral form, they are potent

hole conducting materials.

First, we asked the scientific question, if the electron-deficient oxidized (doped) product
of an organic semiconductor may be used as a p-dopant itself, showcasing the
interconvertible behaviour of triphenylamine derivatives by accepting electrons into a
partially filled HOMO. This HOMO-HOMO electron transfer mechanism was previously
demonstrated for donor-acceptor polymers in our group. In Chapter 5, we expanded this
concept by doping poly(3,4-ethylenedioxythiophene) homopolymers with Spiro-
MeOTAD(TFSI)2. Introducing branched alkyl side chains into the monomer prior to
controlled Kumada catalyst transfer polymerization yields the readily oxidisable polymer
PEDOT-CeCs soluble in common organic solvents. By adding Spiro-MeOTAD(TFSI)z as a p-
dopant, a conductivity similar to the commercially available blend PEDOT:PSS was
achieved, however without requiring poly(styrene sulfonate) counter ions. The doped
state was found to be resilient towards thermal stress and ambient conditions for up to
12 h with negligible loss in carrier mobility or conductivity. As a result, Spiro-
MeOTAD(TFSI)2 doped PEDOT-CsCs can replace PEDOT:PSS in a multitude of applications,

ranging from bioelectronics to flexible polymer electrodes.
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Even efficient doping processes suffer from accumulation of dopant byproducts having a
negative impact on charge transport. By utilizing an expanded HOMO-HOMO concept
involving multielectron acceptors, we lowered the necessary amount of dopant to reach
target conductivity. In this concept, we correlated the oxidation state of the dopant with
the density of free carriers induced in the organic semiconductor. We provided a proof of
principle by applying mono-, di- and tetracationic salts of different hole conductors as p-
dopants for polar donor-acceptor polymers. Mott-Schottky impedance spectroscopy
measurements reveal a linear relationship between dopant charge and free charge carrier
density in the polymer. Besides a record doping efficiency of 24 % at 5 mol% Spiro-
MeOTAD(PF¢)s, no loss in carrier mobility was found due to the hole conducting
properties of the neutral dopant. In addition, a synergistic effect between polymer
polarity and doping efficiency was recorded. Thus, Chapter 6 successfully combines

HOMO-HOMO electron transfer and multielectron acceptor in p-doping concept.

Our group previously introduced a novel dopant copper(II)
bis(trifluoromethanesulfonyl)-imide for the pristine hole transporter Spiro-MeOTAD. In
Chapter 7, the underlying mechanism is studied to understand, why copper(II) salt is
highly effective in creating positive charges on Spiro-MeOTAD. Via co-evaporation,
uniform films were prepared for UV /Vis/NIR-, ultraviolet photoelectron- and electron
paramagnetic resonance spectroscopy. Initially, the formation of a coulombically bound
[Spiro*][Cul(TFSI)2-] was proven. The extraordinarily low binding energy of this salt and
stability of the complex Cu!(TFSI)2- leads to a large fraction of free charge carriers Spiro*,
explaining the high efficiency of this dopant. Temperature dependent impedance
measurements unravel a detrimental impact of Cul, trapping holes and reducing carrier
mobility. This could be partially reverted by complexing Cul. Chapter 7 expands the
present state of knowledge on organic p-doping mechanisms by increasing awareness of

dopant byproducts and provides guidelines for designing transition metal salt dopants.

Lastly, we applied the synergy effect from Chapter 6 towards n-doping a polar acceptor-
acceptor copolymer. We combined the strong acceptor moieties thienopyrrolodione
(TPD) and diketopyrrolopyrrole (DPP) with polar ethylene glycol side chains to obtain
the n-type polymer, poly(DPP-TPD). Caesium carbonate was chosen as the n-dopant, as it
is less costly and can be naturally obtained compared to synthetical N-DMBI. FT-IR, X-ray
and (inverse) ultraviolet photoelectron spectroscopy revealed thiophene deprotonation

by the carbonate anion, leading to electron majority carriers. The high polarity helps to
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accommodate CsHCOs3 as the byproduct without polymer morphology disruption. The
resulting carbonate doped acceptor-acceptor polymer system delivers a highly
competitive thermoelectric power factor of ca. 5.6:10¢ W m1 K-2. We could show, that
carbonates undergo proton abstraction reaction during n-doping and are able to replace

N-DMBI in a variety of applications.

In conclusion, this thesis provides detailed mechanistic insights and design strategies for
p-doping as well as n-doping organic semiconductors using novel materials. It expands

existing concepts towards highly efficient, universally applicable doping strategies.
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Zusammenfassung

Chemisches Dotieren ist ein Schliisselelement in der Transformation der stetig
wachsenden Zahl an intrinsischen, isolierenden organischen Halbleitern hin zu
individuell angepassten, leitfahigen Materialien. Die Anzahl der verfligbaren
Dotierungsstoffe ist jedoch begrenzt. Zudem handelt es sich oft um teure Substanzklassen
mit begrenzter Stabilitit und Dotierungseffizienz. In vielen Fillen existiert kein
wissenschaftlicher Konsens zum Mechanismus der Dotierungsreaktion, was das
tiefgreifendes Verstindnis des Systems erschwert. In dieser Arbeit werden neuartige
Dotierungsmittel auf Basis von organischen Radikalkationen, Ubergangsmetallsalzen und
Carbonaten synthetisiert und auf organische Halbleiter angewendet. Das Forschungsziel
ist die Verbesserung der Stabilitdt des dotierten Zustands bei Umgebungsbedingungen,
eine Effizienzsteigerung des Dotierungsprozesses und die Verfolgung neuer
Dotierungsstrategien. Durch den Einsatz fortschrittlicher Photoelektronen- und
Impedanzspektroskopie, sowie Messungen der elektronischen und optischen
Eigenschaften werden detaillierte Dotierungsmechanismen aufgeklart, die als Basis fiir
zukiinftige Forschung dienen. Die Januskopfigkeit der p-Dotierungsmittel basierend auf
Triphenylamin-Bausteinen ist das Leitkonzept dieser Arbeit. Im oxidierten Zustand
bilden sie stabile Radikalkationen, welche durch Elektronenaufnahme eine grofde
Auswahl an organischen Halbleitern p-dotieren kénnen. Im neutralen Zustand hingegen

fungieren sie als potente Lochleiter.

In Kapitel 5 haben wir die wissenschaftliche Fragestellung erdrtert, ob oxidierte,
elektronenarme organische Halbleiter selbst als p-Dotierstoff verwendet werden kann.
Dadurch kann das umschaltbare Verhalten von Triphenylamin-Derivaten demonstriert
werden, indem Elektronen in das teilweise gefiillte HOMO aufgenommen werden. Dieser
HOMO-HOMO-Elektronentransfermechanismus wurde bereits fiir Donor-Akzeptor-
Polymere in unserer Forschungsgruppe nachgewiesen. In diesem Kapitel erweitern wir
dieses Konzept durch Dotierung von Poly(3,4-ethylendioxythiophen) Homopolymeren.
Die Einfiihrung von verzweigten Alkylseitenketten in das Monomer mit anschlief3ender
kontrollierter Kumada catalyst transfer polymerization ergibt das leicht oxidierbare
Polymer PEDOT-CeCs, welches in iiblichen organischen Lésungsmitteln 16slich ist. Durch
die Zugabe von Spiro(TFSI)2 als p-Dotierungsmittel wurde eine dem kommerziell
erhdltlichen Polymerblend PEDOT:PSS 4dhnliche Leitfahigkeit erzielt, ohne
15




Poly(styrolsulfonat) Gegenionen zu benétigen. Der dotierte Zustand erwies sich bis zu
einer Dauer von 12 Stunden sich als stabil gegeniiber thermischer Belastung und
Umgebungsbedingungen, mit vernachldssigbarem Verlust der
Ladungstragerbeweglichkeit und Leitfdhigkeit. Aus diesen Griinden kann mit Spiro-
MeOTAD(TFSI)2 dotiertes PEDOT-C6Cs PEDOT:PSS in einer Vielzahl von Anwendungen

ersetzen, die von der Bioelektronik bis zu flexiblen Polymerelektroden reichen.

Ein bekanntes Problem selbst bei effizienten Dotierungsreaktionen ist die Stoérung des
Ladungstransportes durch Akkumulation von End- und Nebenprodukten. Durch ein
erweitertes HOMO-HOMO Konzept mit Multielektronenakzeptoren konnte ein Ansatz zur
Verringerung der erforderlichen Dotierungsmenge zum Erreichen einer gewissen
Leitfahigkeit erarbeitet werden. In diesem Konzept haben wir versucht, den
Oxidationszustand des Dotierstoffs mit der Dichte der im organischen Halbleiter
induzierten freien Ladungstrager zu korrelieren. Die Umsetzbarkeit dieses Konzeptes
wurde bewiesen, indem mono-, di- und tetrakationische Salze von verschiedenen
Lochleitern als p-Dotierungsmittel auf polare Donor-Akzeptor-Polymere angewendet
wurden. Mott-Schottky Messungen mittels Impedanzspektroskopie zeigen eine lineare
Beziehung zwischen der Wertigkeit des Dotierungsmittels und der freier
Ladungstragerdichte im Polymer. Neben dem Erreichen einer Rekord-
Dotierungseffizienz von 24 % bei 5 Mol% Spiro-MeOTAD(PFs)4 wurde kein Verlust der
Ladungstragerbeweglichkeit, zuriickzufiihren auf die lochleitenden Eigenschaften des
neutralen Dotierstoffs, festgestellt. Dariiber hinaus wurde ein synergistischer Effekt
zwischen der Polaritit des Polymers (Dielektrizititskonstante) und der
Dotierungseffizienz attestiert. Kapitel 6 kombiniert erfolgreich das HOMO-HOMO

Elektronentransfer und das Multielektronenakzeptor-Konzept in der p-Dotierung.

In der Vergangenheit wurde durch unsere Arbeitsgruppe ein neuartiges
Kupfer(II)bis(trifluormethylsulfonyl)amid Salz als Dotierungsmittel fiir den Lochleiter
Spiro-MeOTAD eingefiihrt. In Kapitel 7 wird der grundlegende Mechanismus aufgeklart,
um zu verstehen warum Kupfer(Il)-Salze sehr effektiv Ladungen im Hostmaterial
erzeugen konnen. Durch simultane physikalische Gasphasenabscheidung wurden
homogene Filme fiir die Charakterisierung mittels UV/Vis/NIR, Ultraviolett-
Photoelektronen- und Elektronenspinresonanz-Spektroskopie erzeugt. Zu Beginn der
Reaktion wurde ein elektrostatisch gebundenes [Spiro*][Cu!(TFSI)2] Salz gebildet. Die

aufderordentlich niedrige Bindungsenergie dieses Salzes, in Verbindung mit der hohen
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Komplexstabilitat von Cul(TFSI)z2 flihrt zu einem grofden Anteil an freien Ladungstragern
Spiro*, was die hohe Dotierungseffizienz erkldart. Durch temperaturabhingige
Impedanzspektroskopie wurde Kupfer(I) als Fallenzustand identifiziert, was die
Ladungstragerbeweglichkeit erheblich verringert. Durch Zugabe von Bathocuproin,
welches selektiv Kupfer(I) komplexiert, konnte dieser Effekt deutlich verringert werden.
Kapitel 7 erweitert den Stand der Wissenschaft liber p-Dotierungsmechanismen an
organischen Halbleitern, insbesondere wird die zunehmende Bedeutung der
Nebenprodukte der Dotierungsreaktion erlautert. Weiterhin werden Leitlinien zum

Design neuartiger Ubergangsmetallsalz-Akzeptoren festgelegt.

Im letzten Kapitel wurde der Synergieeffekt aus Kapitel 6 zur n-Dotierung eines polaren
Akzeptor-Akzeptor-Copolymers genutzt. Durch Kombination der starken Akzeptor-
Monomere Thienopyrrolodion (TPD) und Diketopyrrolopyrrol (DPP) mit polaren
Ethylenglykol-Seitenketten wurde das n-Typ-Polymer Poly(DPP-TPD) zu erhalten. Als n-
Dotierstoff wurde Casiumcarbonat gewahlt, da es leicht verfiigbar und im Gegensatz zu
N-DMBI keinen synthetischen Ursprung hat. Durch FT-IR-, Rontgen- und (inverse)
Ultraviolett-Photoelektronenspektroskopie wurde die Deprotonierung von Thiophen
durch das Carbonat-Anion nachgewiesen, was zu Elektronen als Majoritatstragern fiihrt.
Die hohe Polaritdt ermdglicht die Integration von CsHCO3 als Nebenprodukt, ohne dass
die Polymermorphologie gestort wird. Dariiber hinaus weist das neuartige, mit Carbonat
dotierte Akzeptor-Akzeptor-Polymersystem einen bemerkenswerten Leistungsfaktor
von ca. 5.6:10-° W m'1 K2 in thermoelektrischen Anwendungen auf. Wir konnten zeigen,
dass Carbonate einfache Sdure-Base-Reaktionen wahrend der n-Dotierung eingehen und

N-DMBI in einer Vielzahl von Anwendungen ersetzen konnen.

Zusammengefasst liefert diese Arbeit detaillierte mechanistische Einblicke und
Designstrategien fiir die p- und n-Dotierung von organischen Halbleitern mit neuartigen
Materialien. Sie erweitert bestehende Konzepte hin zu hocheffizienten, universell

einsetzbaren Dotierungsstrategien.
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1.1 INTRODUCTION INTO IMPEDANCE SPECTROSCOPY

1. Introduction
1.1 Introduction to impedance spectroscopy

1.1.1 Electrical impedance

Among the broad readership, the term “impedance spectroscopy”, abbr. IS, is commonly
used concurrently with EIS, or “electrochemical impedance spectroscopy” without clear
differentiation. Electrochemical IS presupposes the presence of a solid-liquid interface in
the experimental setup. In this work, the applied IS techniques are limited to all-solid-
state samples. Hence, this chapter excludes peculiarities of electrochemical impedance
spectroscopy experiments. For a broader introduction into impedance spectroscopy of

solid-electrolyte interfaces, the reader is referred to the relevant literaturel1-3l,

Impedance spectroscopy is a tool to extract electrical information out of a system.[2] Often,
this system consists of a two-port element, i.e., the material under investigation is brought
into contact between two electrodes. If only steady-state, frequency-independent
properties such as the DC (direct current) resistance of said sample are of interest, one
can determine these properties by measuring the current i passing through the element
at a given voltage v and calculating the resistance Rpc according to Ohm’s Law

(Equation 1.1).

v
Rpc = n (1.1)

However, complex materials such as organic semiconductors can hardly be described
using resistive processes alone. In addition, one may observe capacitive and/or inductive
response upon applying an external potential to the setup. Capacitors (abbr. C) are
comprised of a two-port element with a dielectric layer. Instead, upon applying a DC
potential v(t), one observes a sharp rise in potential, followed by a steady-state regime.
This is caused by time t dependent accumulation of charge C at the electrode-insulator

interface (Equation 1.2)[*1:
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t

v(t) = %j i(t)dt (1.2)

Charging the capacitance causes a current i(t), which exponentially approaches zero over
time, effectively blocking DC current. On contrary, inductances can be viewed as elements
blocking alternating current (abbr. AC) of frequency f (Equation 1.3), here shown for

strictly sinusoidal current of angular frequency w = 2mf:

Vac(t) = Vysin (wt) (1.3)

Inductive elements (abbr. L) are typically wire coils to enhance the inductance L but are
present in any conductive material. The effect, which reduces the AC (or any changing)
current, is created by current flowing through the inductor, inducing an electromotive
force opposing the initial current flow according to Lenz’ Law.[5] As a result, a potential

difference occurs at the inductor (Equation 1.4).[4]

di(t)
dt

v(t) =1L (1.4)

An ideal resistor has no frequency-dependent term, therefore Equation 1.1 holds for AC,
as well as DC case. Inductive and capacitive elements however display a frequency-
dependent AC resistance, otherwise known as reactance. Exciting capacitive or inductive
elements with a sinusoidal AC signal (Equation 1.3) does not only lead to reactance, but
also to a phase shift between input potential Vac(t) and current response i(t) as shown in

Figure 1.1.
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Figure 1.1. Phase shift ¢ of a current response i(t) (blue) following excitation of a two-
pole circuit element with a sinusoidal voltage (black) of period =1/frequency.

Reproduced from Ref.[1]

As we know the sinusoidal input function in Equation 1.3, represented as the black curve
in Figure 1.1, is characterized by the frequency f, calculating the response of an arbitrary
system in the frequency domain is of great value. First, the differential equations must be
solved. Hence, Equations 1.2 and 1.4 are transformed from the time domain (depending
onvariable t) into the frequency domain f = t1 (depending on parameter s) using a Laplace

transform, which is defined as[46!:

F(s) = LIF(D)] = f F(Detdt (15)
0

The first derivative of f{t), f(t) is transformed as follows

Llf @)= | pwetae=f@e o - [ foeEyd

_ (1.6)
=—f(0") +s j f(O)estdt = sF(s) — £(0F)

Exemplary, a capacitor in series with a resistor is excited by an external arbitrary

potential v(t), described by Equation 1.6:[4]
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t

. 1.
v(t) = i(t)R +Ef i(t)dt (1.7)

0

Transforming Equation 1.7 using Equation 1.5 yields

VO] =L [i(t)R + % jo i(t)dtl — RIs) + %I(s) (1.8)

Where I(s) is the current in the Laplace plane, to which Equation 1.8 is rearranged:

1
R+

I(s) =

~V(s) (19)
sC

The definition of a current I(s) and potential V(s) in the Laplacian plane allows to
introduce a general description of the operational impedance Z upon passing through the
passive resistive, capacitive or inductive elements:[4]

5 _ Lv®] _ V()
2(s) = L]~ I(s) (1.10)

The impedance Z can now be understood as the expansion of Ohm’s Law (Equation 1.1)
for AC, introducing the phase shift ¢ besides the magnitude (or amplitude), which also
occurs for the DC case (Figure 1.1). Defining Z via the ratio of Laplace transformed
current and potential is especially useful for arbitrary excitation signals, whereas for
periodic excitation signals, Fourier transform (FT) may be used. FT, similar to Laplace
transform, maps a function f{t) in a time window 0-T to the frequency (or spectral)

domain F(w):

T T
F(w) =f f(e stdt =f f(He @tdt (1.11)
0 0

where i2-1 is the imaginary unit. Note, that for the Laplace transform (Equation 1.5), the
parameter s was real, whereas for FT it is complex. This is useful, as Euler’s formula
(Equation 1.12) can be used to separate Equation 1.11 into a real F'(w) and imaginary
part F’(w), where f{t) is integrated with a periodic function sin(wt) (Equation 1.13) or
cos(wt) (Equation 1.14).14]
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e™ = cos(x) + isin(x) (1.12)
T
F'(w) =] f(t)cos (wt)dt (1.13)
T
F'(w) = iJ- f(t)sin (wt)dt (1.14)

Further, the introduction of imaginary numbers and the complex plane provides a
convenient way to evaluate and visualize AC current (phase and magnitude component)
flow. To clarify this concept, we assume a periodic cosine excitation AV with angular

frequency wt and initial phase shift ¢1 (Equation 1.15):[4]

AV = Vye'P1ei@t = it (1.15)

Once a system made of passive components (such as R, C or L) is excited with AV, a

periodic current Al with initial phase shift ¢z is flowing (Equation 1.16):

Al = I ei?2ei@t = [el®t (1.16)

Note, that a periodic response Al can only be expected, if passive, linear two-port elements
are present in the system, i.e. there is a linear dependency between a DC voltage V and
current / flowing through the device.”] V and I are time-invariant phasors i.e., the term
e'®t jsremoved.”] This step can be justified, as in a system excited with a single AC source,
the (angular) frequency wt is constant; only magnitude and phase angle of the current Al
are changed.[8] Due to the absence of a frequency dependent term, the vectors are static
on in the phasor diagram. Their length is representing the magnitude /o or Vo, whereas the

angle is given by ¢ (Figure 1.2a):
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a)_

b)_

~n

|2

Imag
©
Imag (Z)

¢,

Z/

Real Real (Z)
Figure 1.2. a) Phasor diagram in the complex plane of current and voltage phasors V and
I. @1 is the initial phase shift of the exciting AC voltage, @2 the phase shift of the current
response. The phase angle between both phasors is denoted as ¢. b) Complex plane plot

of the impedance Z as a vector of length |Z| and angle ¢. The rectangular coordinates of

the y-axis are the imaginary- Z” and real impedance part Z'. Reproduced from Ref.[°]

Conveniently, we can use the current and voltage phasors as the Fourier transformed

vectors V(t) and I(t) to calculate the impedance Z(wt) for periodic excitations:

(1.17)

As evident from Equation 1.17, Z is a complex number and can be expressed with both

an imaginary and real part according to Euler’s relationship (Equation 1.12, 1.18).[1]

Z(iw) = |Z|(cos(¢) + isin(p)) = IZleiq) = ZReal T+ iZImag (1.18)
Real(Z) = Z' = |Z|cos (¢) (1.19)
Imag(Z) = 2" = |Z|sin (¢) (1.20)

Similar to the phasor diagram (Figure 1.2a), the complex number Z can be visualized in

a complex plane (or polar using magnitude and phase) plot (Figure 1.2b). As Z(iw) is
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frequency dependent, the vector with magnitude |Z| and phase angle ¢ points at different
directions in the complex plane depending on the excitation frequency; yet it does not

rotate at constant excitation frequency. |Z| and ¢ can be interconverted with Z’ and Z”:[10]

1Z| =/Z""% + 72 (1.21)

ZII
¢ =tan™" <7> (1.22)

After defining the impedance Z (Equation 1.10 and 1.17) as an expansion of Ohm’s law
into the frequency domain (Equation 1.1), the focus is now set on the impedance of the
three passive two-port elements, R, C and L. As shown earlier, an inductor is described by
its differential Equation 1.4. FT and Equation 1.17 can be used to solve this differential
equation, which yields Equation 1.23[°!

I(iw) = % - Z(iw) = iwL (1.23)

Similarly, solutions are found for R and C and tabulated below (Table 1.1):

Table 1.1. AC impedances of resistive (R), inductive (L) and capacitive elements (C).

Taken from Ref.[4]

Element AC impedance Symbol(@)

R R g I
C 1/(iwC) —| I—
L iwL LYY Y

(@ According to DIN EN 60617.

From these three passive elements, the resistor R, inductor L, and capacitor C, arbitrarily
complex electrical systems can be constructed, using serial and/or parallel connections
between the two-port elements. The resulting resistance Rges, resp. impedance Zges of the

whole circuit is the calculated from their individual contributions (Table 1.2).
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Table 1.2. Calculation of circuit resistance Rges and impedance Zges of series and parallel

resistors and impedances. According to Ref.[11]

Connection Formula

n

——r Rges=R1+R2+---+Rn=ZRx

Rges Rl RZ n — Rx
T{_

ZHzH des_zl+zz+---+zn=22x
x=1

Z:| LS R +1_”1

VA des Zy 2, n — Zy

1.1.2 Visualization and analysis of impedances

A successful impedance analysis of device under test yields the frequency dependent,
complex impedance Z. Besides a less-transparent mathematical treatment, the
visualization of the results helps to rapidly identify common circuit elements and
behaviour. As a typical example, consider a polymer sandwiched between two conductive
electrodes, as shown in Figure 1.3. In order to analyse this circuit impedance (which can
take arbitrarily complex forms), the electrical behaviour is modelled using an equivalent
circuit (Figure 1.3, right).[°l In this case, a series resistor Rs to account for cable and
electrode resistance and a parallel circuit consisting of bulk polymer resistance Rp and

capacitance Cp is sufficient.

Electrodes
oy 4 Rp
Rs
Polymer = “—'_r_'T__I‘
Cp
Circuit Equivalent circuit

Figure 1.3. Model circuit of a polymer in between two conductive electrodes (left), which
is electrically modelled for impedance analysis using an equivalent circuit (right)

consisting of series resistor Rs and resistance Rp in parallel to capacitance Cp.
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Z of the circuit shown in Figure 1.3 can now be determined using Table 1.1 and 1.2:

Z(la)) = RS +
otk (124
P

Equation 1.24 may be separated into real Real(Z) and imaginary part Imag(Z)
(Equation 1.25).

Rp
Real|Z(i =7'"=R _——
€a [ (l(l))] S + 1 + (O)RPCP)Z (125)
, " wRpCp
Imagl[Z(iw)] = Z" = (1.26)

" 1+ (wRpCp)?

The numerical results of Equations 1.25 and 1.26 can be conveniently displayed in a

complex plane plot (see Figure 1.2b), often referred to as Nyquist plot (Figure 1.4a).[12]

1000 — ; oo 1200
a) R, R&+R, b)
1 1
P 1000}
1
; 800}
— -600} , _
< l - 3
= 1 —_
N 1 N s
Y400 —
1 400}
1
1
-200} | .
I
0 L L 0 -l -l -l -l -
0 500 1000 10° 10! 10% 10® 10* 10°
Z' (1) Frequency (Hz)

Figure 1.4. a) Nyquist plot of the complex impedance describing equivalent circuit from
Figure 1.3. The series resistance Rs can be estimated from the low-frequency x-axis
intercept, the parallel resistance Rp+Rs from the high-frequency x-axis intercept. b) Bode
plot showing the logarithmic frequency dependent impedance |Z| (left y-axis) and phase
angle ¢ (right y-axis).

While the Nyquist plot contains frequency-dependent information, it may not be

immediately obvious. Upon sweeping the AC excitation frequency from high to low
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frequency, the data points move. The low frequency impedance is mostly real (no
imaginary -Z” component) and can be described as the sum of both series and parallel
resistance Rs+Rp, as the parallel capacitance behaves as an open circuit at low frequencies.
Contrarily, at high frequencies, the parallel capacitance acts as a short circuit (R=0 Q)
and the circuit impedance is governed by the frequency-independent series resistance Rs.
As the immediate frequency information is missing from a Nyquist plot (Figure 1.4a), the
frequency dependent Bode plot is a common alternative in evaluation of impedance data
(Figure 1.4b). Here, the absolute magnitude of impedance |Z| and phase angle ¢,

calculated using Equations 1.21 and 1.22, are shown versus the measurement frequency.

1.1.3 Charge carrier mobility (1) measurement using impedance spectroscopy

Impedance spectroscopy is a powerful tool to examine frequency-dependent behaviour
of electronic devices such as (photo)diodes, transistors or capacitors. A multitude of
parameters can induce such a frequency-dependency, one of them being the charge

carrier mobility u. As it is defined via drift velocity vp and electrical field E

_ lup

u= m (1.27)

2
it includes a velocity component (unit%) and is predestined to be measured using

impedance spectroscopy.l13l It describes the charge carrier motion under applied
electrical field and is an important figure of merit for both inorganic and organic
semiconductors, as it limits the upper operational frequency of the device and current
flow. The method of determining carrier mobilities using impedance spectroscopy is
largely based on a seminal work by Shao and Wright, 1961.[141 A unipolar, space-charge
limited diode (either holes or electrons acting as majority carrier, no mixed conduction)
is first constructed. Unipolar transport can be controlled by a suitable selection of
electrodes, such that the hole injection barrier is far smaller than the electron injection
barrier. To reach hole-only space-charge limited (SCL) current transport, the
semiconductor is sandwiched between two electrodes with a hole-injection barrier of less
than 0.4 eV.[5] The device geometry fluorine-doped tin oxide (FTO)|polymer|Au as shown

in Figure 1.5 was used in this work.
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Figure 1.5. Schematic fluorine-doped tin oxide |polymer|Au device geometry for charge
carrier mobility measurements of organic semiconductors using impedance

spectroscopy.

If the device is biased with a DC voltage, one observes the SCL region after surpassing the
ohmic region (slope=1 in the I-V curve) and trap-filling limit. The SCL regime is

characterized by a Mott-Gurney current-voltage characteristic:[16]

9 v?

I = gfogsﬂﬁ (1.28)
€0 is the vacuum permittivity, €s the dielectric constant of the semiconductor and L the
semiconductor layer thickness. From Equation 1.28, it is obvious that the current is
directly controlled by mobility and transit time 7, = L?/(uV).17] Superimposing an AC
component onto the DC bias under SCL conditions allows to modulate this space charge
by injection of additional charges. Hole transport has characteristics of an inductive
element, e.g. the current lags behind the AC excitation voltage.[18] Martens et al. refined
this concept for organic semiconductors and found, that this inductive response vanishes
once the frequency exceeds the average transit time of the carriers.[1819 Crossing this
frequency region creates various outcomes such as a loss in conductance above this
specific transit frequency, which can be used to determine the mobility of the

carriers.[1417]

Aim of the impedance spectroscopy is now to characterize and quantize this carrier

transit effect in a SCL diode. Often, the reciprocal impedance is used, the admittance Y:10

Y=7"1=(¢(w)+iB(w) =6G(w) +iwC (1.29)
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G(w) is the real conductance, iB(w) the imaginary susceptance. Alternatively, the organic
layer capacitance can be approximated by treating the whole sample as a single
capacitance in simple device geometries (Equation 1.30). Here, C(w) is calculated as the
real part of the complex capacitance.[20]

_ZII

‘W =@

(1.30)
This allows for a fast assessment of the device capacitance C, which is used to resolve the

inductive effect of the space charge layer movement. Since the change in C is of interest,

the negative differential susceptance -AB is used.[1°]

~AB = —w(C(w) = Cgeo) (1.31)

Cgeo is the geometric capacitance above the transit frequency, i.e. the device capacitance is
independent from electronic effects and solely determined by its geometry and dielectric

constant (Cye, = €A/L; A: Area and L: Thickness). As a first step, the capacitance of the

SCL diode is measured (Figure 1.6a).
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Figure 1.6. a) Frequency dependent capacitance of a biased SCL diode, calculated and
offset for clarity from Ref.[1821] Parameters used for Simulation: 7t=5- 103 s, M = 0.15,
a=0.3, d=600nm, Area=1mm?, Offset=6 nF. The geometrical capacitance Cgeo is
marked with a horizontal line. b) Negative differential susceptance -AB of the frequency
dependent capacitance shown in a), calculated from Equation 1.31. The transit time t is

marked at the maximum of -AB.

C(w) steadily decreases upon increasing the applied AC frequency, reaching a minimum
before approaching the high-frequency geometric capacitance. Applying Equation 1.31
to C(w) allows to identify tt, from which ultimately the charge carrier mobility u can be
evaluated (Figure 1.6b, Equation 1.32).[22]

d?

=056 ———
# 0.567Vpc

(1.32)

d is the thickness of the active organic layer. Note, that 4 obtained in this way is depending
on the DC bias Vbc superimposed on the AC signal. For obtaining a field-free mobility uo, a
Poole-Frenkel fit on mobilities obtained at different Vpc bias voltages can be used.[23] This
method of obtaining charge carrier mobilities using impedance spectroscopy, has been
used successfully in organic small molecules, semiconducting polymers and organic solar

cells.[24-28]
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1.1.4 Charge carrier density (N) measurement

As demonstrated in Section 1.1.3, capacitance (via impedance-) spectroscopy is a
valuable tool to examine charge carrier dynamics in organic semiconductors. In recent
years, this technique has emerged as indispensable in semiconductor characterisation.[29-
32] Besides the charge carrier mobility u, the ionized charge carrier density Na- is the
second fundamental electronic properties directly affected by doping the semiconductor.
Similar to mobility measurements a sandwiched device, FTO|Al203|polymer|Au is
constructed (Section 1.1.3), albeit with an insulating Al203 layer in between one of the

electrodes and the polymer (Figure 1.7).

Electrodes

Ry, R
,:_s, RS _I I 0SC
wn
%Polymer = —1__ I ” H ” I-l—
=r
o
= Clns COSC
Circuit Equivalent circuit
Polymer
\— —Insulator
Electrodes

Real Device

Figure 1.7. Left: Device structure of a metal-insulator-semiconductor (MIS) capacitor
featuring an organic semiconductor. Right: Equivalent circuit modelling the impedance of
the MIS device shown on the left. Rins: Insulator parallel resistance, Cms: Insulator
capacitance, Rosc: Organic semiconductor parallel resistance, Cosc: Organic semiconductor
capacitance. Bottom: Photo of a MIS capacitor device featuring a fluorine-doped tin

oxide|Al203|polymer|Au stacking.
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Commonly, this device architecture is referred to a metal-insulator-semiconductor (MIS)
capacitor. Core principle of this setup is the variation of Cosc upon changing the applied
DC bias voltage Vi, whereas Cins is considered to be static. Cins can be calculated by treating
the insulating layer with thickness dins, permittivity oemms and area A as a plate capacitor

(Equation 1.33).133]

_ (1.33)

The sandwiched device configuration (Figure 1.7) necessitates the insulator and OSC
capacitances to be in series, i.e. the total capacitance C perceived by the external
impedance measurement is then calculated according to Equation 1.34.[34]

CinsC
C = Ins™~0SC

=0 1.34
Cins + Cosc (1.34)

Based on the sign and magnitude of Vg, which is applied to the metal electrode on top of
the insulator, three different operational modes of the MIS capacitor can be discerned

(Figure 1.8).
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Figure 1.8. Upper half: Energy diagrams of a MIS capacitor with metallic gate, insulator
and p-type OSC. Enomo denotes the HOMO energy, ELumo the corresponding LUMO energy
and Er the Fermi energy of the system. For negative gate voltages Vi, majority carriers
(holes for p-type OSC) are accumulated on the semiconductor/insulator interface with the
0SC bands bending upwards (“Accumulation”). A positive Vs causes the bands to bend
downwards, depleting the semiconductor/insulator interface from majority carriers
(“Depletion”). Applying an even more positive gate voltage moves EFr closer to the LUMO,
enabling thermally generated minority charge carriers (i.e. electrons in the case of a p-
type OSC) to populate the LUMO (“Inversion”). Lower half: Schematic plot of the ratio
between the insulator capacitance Cis and device capacitance C at accumulation,

depletion and inversion (high-frequency case). Reproduced from Ref.[13]

Upon operating the MIS capacitor in depletion mode (positive Vi), the width of the
depletion layer varies drastically as Ve changes, and vanishes completely when being
driven into the accumulation mode by applying a negative V¢ for a p-type OSC
(Figure 1.8). Ultimately, the total device capacitance the depends on the width w of the

depletion layer in series with the insulator capacitance (Equation 1.35).[3536]

1
C =
2e0sc€o(Vei — Vi) (1.35)
1 qNA
+
Cins €osc
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€osceo denotes the dielectric constant times vacuum permittivity of the OSC, Vsi the built-
in voltage, Na- the concentration of ionized acceptors/dopants and g the elementary
charge. Therefore, C/Cins approaches 1 in the accumulation regime, as only Cins governs
the total device capacitance C, which slowly decreases in the depletion mode due to an
increased depletion layer width (this can be easily visualized as a plate capacitor with an
increased dielectric layer thickness, Figure 1.8). Evidently, the depletion layer only
persists in the depletion region, where dC-2/dV: can be used to extract the doping

concentration Na- from the OSC layer using the Mott-Schottky-plot (Equation 1.36).137.38]

d 1 2 1
dVg C? ~ A2qegsceo Ny (1.36)
Where A? is the area of the MOS-capacitor. Conveniently, the inverse squared capacitance
is plotted vs. Vg (in the depletion regime) and the slope is used to calculate Na~.[37] Often,
Equation 1.37 is used to derive the total device capacitance from the imaginary

admittance data. Hereby, the device is treated as a Rseries-(RparallelC) equivalent circuit.[38]

iB(w)
w

C(w) = (1.37)

There is no universal scientific consensus, as to which frequency should be used to
measure C2 in electrochemical systems.[3°] Generally, the excitation frequency should be
high enough to mask electrode polarisation effects and low-frequency leakage currents
(typically in the kHz range).[33401  Recently, using pin-structures (p-
doped - intrinsic[undoped] - n-doped layer) has been proven to eliminate many
drawbacks of conventional MIS devices, such as a low capacitance change C(Vc) or
insulator surface trap states.[*!] C-IV measurements on MIS diodes are often used to extract
carrier densities from inorganic semiconductors (Si, Ge), metal-oxide semiconductors and

insulators (TiOz, Si02), semiconducting polymers, as well as small molecules.[42-47]
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1.2 Organic semiconductors

1.2.1 Basics of organic semiconductors and chemical structures

If one were to draw a word cloud of all subjects related to semiconductors, the
conventional inorganic semiconductors, especially silicon would display the largest share.
Nevertheless, ever since the discovery of highly conductive organic semiconductors (OSC)
by Shirakawa et al., their chemical space and applications kept on expanding; attracting

significant scientific interest in the process (Figure 1.9).[48]
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Figure 1.9. Number of organic semiconductor related publications contained in the
WebOfScience. Accessed in April, 2022. Search query: “(((((ALL=(Organic
Semiconductor)) OR ALL=(Organic Semiconductors)) OR ALL=(Semiconducting Small
Molecule)) OR ALL=(Semiconducting Polymer)) OR ALL=(Conductive Polymer)) OR
ALL=(Conductive Small Molecule)".

Owing to their magnitude of unique physical and chemical properties, OSCs are rivalling
complementing conventional inorganic counterparts in many aspects and applications.
These include, but are not limited to: i) Low cost synthesis, solution processability and
large area fabrication, ii) Exceptionally high absorption coefficients in the visible range
iii) Tailored chemical, morphological and electronic structure, and iv) Low intrinsic defect

concentration (no single crystal growth necessary).[4°l Contrary to rigid crystal structures
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of most inorganic semiconductors, OSCs are characterized by a conjugated m-electron

system, formed by sp2-hybridized carbon atoms (Figure 1.10).[50]

a) 4 b)

Energy
Q
*
| o
=
=
o

2D, 4 .::.;'II‘.'.'~;|'[* "."::""3:, d 2D:

\ i, ) &

2sp?  im oy o 2sp? CElEC
4" HoMo @’t 1@
1#*%

@d%%
80870

Polyacetylene
Figure 1.10. a) Schematic energy diagram of ethylene, the HOMO composed of o and
bonding orbitals and LUMO of antibonding ¢* and m* orbitals are marked in red. b)
Molecular orbitals of ethylene, m orbitals shown in dark blue, sp? o orbitals in red.
Reproduced from Ref.[51] ¢) Conjugated m-electrons of polyacetylene, shown is the highest

occupied molecular orbital.

As in the very simple case of ethylene, the carbon atoms are linked via a 1 orbital
originating from the overlap of the two 2p: orbitals, as well a o orbital formed by the
carbons sp? hybrid orbitals (Figure 1.10b). Here, the frontier orbitals, which dominate
the electronic structure and optical properties of the molecule, consist of the highest
occupied molecular orbital (abbr. HOMO) being the T orbital, and the lowest unoccupied
molecular orbital (abbr. LUMO) represented by the antibonding m* orbital
(Figure 1.10a).1511 This concept can be transferred to larger, unsaturated and conjugated

molecules such as polyacetylene (Figure 1.10c). The more extended this m-system is, the
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lower the energetic splitting (energetic distance between both orbitals in the MO-scheme)
between bonding- and antibonding orbital, thus creating states in a favourable energy
range of ca. 1.5 to 3 eV for optical absorption and electron injection.l>% ¢ and o* orbitals
close to the internuclear axis typically possess a fairly strong splitting, outside the range
for efficient electronic interaction with visible light and injecting electrodes (> ca. 6 eV)
and therefore have minimal impact on the electronic properties of 0SCs.[>1] Owing to their

organic nature, a distinctive feature-set of OSCs can be formulated:

e (OSCs are subject to comparatively weak van der Waals interactions and hydrogen-
bonding between molecules. This causes the wavefunction describing the frontier
orbitals to be strongly localized on each molecule, with very little overlap of
adjacent sites.2] Further, the bulk electronic properties are therefore largely
dominated by the structure of the individual molecule.l521 Conjugated polymers are
however subject to noncovalent interactions between chains, which can lead to
crystallite formation and planarization of the backbone (increased conjugation
length).[53]

e Charge transport between OSCs is dominated by charge carrier hopping between
individual sites. The rate of transition is a function of spatial separation, energy
difference and transfer integral (wavefunction overlap).[5455]

e (0OSCs are subject to permanent electric dipole and/or quadrupoles. As a
consequence, fundamental properties such as the ionization potential or work
function show asymmetric behaviour, depending on the molecular
orientation.[5657] This anisotropy of electronic properties is not only found in bulk
0SCs, but also thin films and single crystals.[5859]

e (0SCs are mostly based on carbon-carbon and carbon-heteroatom bonds, therefore
showing a low dielectric constant of ~3 vs. ~12 for Si.[60.61] The most immediate
consequence being the fairly strong exciton (coulombically bound electron-hole
pair) binding energy. Upon light irradiation, OSCs form small-radius Frenkel-
excitons, which tend to recombine, releasing heat.[®2] In Si, these pairs form
delocalized Wannier-Mott excitons, with far lower binding energies; hence the
popularity of Si-based solar cells.[63]

¢ Inthe case of semicrystalline conjugated polymers, the energy levels almost merge

together in long conjugated systems and these closely lying levels can be roughly
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considered as valence band and conduction band (in analogy to inorganic SCs) as

shown in Figure 1.11 below.

A

Energy

W\
Ethylene 1,3-Butadiene Polyacetylene
Figure 1.11. Schematic molecular orbital energy diagrams of ethylene, 1,3-butadiene and
polyacetylene demonstrating the gradual transition from discrete energy levels to a band-

like structure. Reproduced from Ref.[64]

However, in stark contrast to energetically clearly defined bands formed in metals and
inorganic semiconductors, HOMO and LUMO orbitals form individual states, which are
distributed in energy. This gives rise to a so-called distribution of states (abbr. DOS). One
reason for the distribution of states, rather than being isoenergetic, is the absence of
ordered intermolecular distances in (mostly) amorphous OSC solids and van der Waals
coupling.>1l Bassler et al. showed, that this statistical fluctuation in intermolecular
distance can be described by a Gaussian DOS (GDOS) N(E) distributed in energy E
(Equation 1.38).[65]

vy - o) 4 (138)

21mo?

N is the total density of states, often the number of molecules per volume, whereas the
width of the Gaussian distribution is defined by the standard deviation 2. The result is a
statistical distribution of states in energy, compared to defined bands found in metals and

inorganic semiconductors (Figure 1.12).
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Figure 1.12. Energy diagram of the valence- (ionization potential) and conduction
(electron affinity) band in a crystalline, inorganic semiconductor compared to the
Gaussian distributed states in an amorphous OSC (right). The GDOS is characterized by its
state density N(E) and approximate full-width at half maximum 2o. Reproduced from

Ref.[65]

Besides stochastic variations in inter-site distance, site energy variations occur due to
different dipole alignments with the polarizable environment. This type of disorder is also
called static disorder.511 Shape and o? of the DOS may also be influenced by dynamic
disorder introduced by coupling of site-energies with vibrational modes, leading to
enhanced energetic disorder (“broadening of the D0S”).51661 The DOS can also be
calculated with an exponential distribution, with the advantages of having analytical
solutions for charge transport and describing disordered tail states in superposition with

a GDOS (Equation 1.39).[67.68]

N zE
N(E)dE = E—OeEo dE (1.39)

Here, Eo determines the width of the exponential tail.l67] Ultimately, the actual DOS of
disordered semiconductors is not strictly bound to one model, and may take more on
complex, arbitrary shapes, which cannot be computed directly.l¢?] Yet, the DOS is the

central core of many model describing the charge transport in OSCs.[67]

As mentioned in Section 1.2.1, OSCs consist mainly of sp2 carbon chains. Inevitably, the

chemical space of OSCs keeps expanding, with hundreds of new members being

39



1.2 ORGANIC SEMICONDUCTORS

discovered each year.[7071] In Figure 1.13, some of the most intensive researched and in

this work used small molecules and polymeric OSCs are presented.
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Figure 1.13. Various semiconducting polymers and small molecules commonly found in

research.

Apart from fundamental OSC properties, their unique nature also implies charge

transport and -generation vastly different from conventional inorganic semiconductors.

These phenomena will be discussed in the following section.
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1.2.2 Charge generation in organic semiconductors

As introduced in Chapter 1.2.1, the electronic band diagram of a OSC can be defined via
HOMO and LUMO position, spanning a band gap Ec = HOMO-LUMO. Both are described by
a DOS, which itself contains no information on how these states are occupied. The energy
limit, up to which states are filled with electrons according to Pauli exclusion principle, is
called the Fermi level Er.[72] It is no sharp transition, but rather an occupation probability
f(E) separating filled and empty electronic states, which varies with temperature T

(Equation 1.40).

(1.40)

1
fE) =—F—

ks is the Boltzmann constant. Alike all semiconductor energy levels discussed in this
paragraph, Er is referenced to the vacuum level Evac. Evac is defined as the energy of an
electron, which resides a few nanometers above the surface - far enough to eliminate the
influence of any image forces. It is highly dependent on the surface dipole and chemical
bonds (surface treatment, physisorption of foreign molecules, etc.).[”3] Besides EF, all
energy levels relevant to the discussion on organic semiconductors are depicted in
Figure 1.14a. The work function (WF) is defined as Evac-Er and describes the energy
barrier to remove an electron residing at Er from the bulk solid into the local vacuum
level.[74] Electron affinity (EA) and ionization potential (IP) values correspond
approximately to the HOMO and LUMO energy positions w.r.t. vacuum level, respectively.
From the Fermi occupation statistics f{E) and the DOS distribution function N(E), the
density of occupied states (abbr. DOOS) can be derived (Figure 1.14b).[13]
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Figure 1.14. a) Energy levels of an organic semiconductors with a Gaussian DOS.
Conduction band minimum (LUMO), valence band maximum (HOMO), Fermi level (EF),
band gap (Ec), electron affinity (EA), work function (WF) and ionization potential (IP) are
referenced to the vacuum level Evac. Adopted from Ref.[74] b) Schematic representation of
Gaussian HOMO and LUMO DOS N(E) (Equation 1.38), Fermi distribution f{E)
(Equation 1.40) and the DOOS resulting from f(E)N(E).

Filling of the states (akin to chemical reduction of the OSC bulk) causes Er to gradually
move towards lower energies (LUMO). Integration of the DOOS (blue marked area in
Figure 1.14b) yields the electron- n and hole density p (charge carrier densities),
depending on the integration limits (Equation 1.41, 1.42).[13.75]

[oe)

" -fLUMO onsetN(E)f(E)dE (1'41)
HOMO onset
p= f N(E)f(E)dE (1.42)

In pristine organic semiconductors, the band gap typically ranges from ca. 1.4 in narrow
band gap materials up to 3-4 eV in wide band gap materials.[76-78] Holes may be generated
by thermally exciting an electron into the LUMO, a process which is balanced by charge
neutrality condition n = p. The resulting charge carrier density n =p =ni is called the

intrinsic charge carrier concentration and can be calculated using Equation 1.43.[13]
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E
n; = \/NHOMONLUMOe( 2HT) (1.43)

here, Nuomo and Niumo are the effective HOMO and LUMO density of states respectively;
i.e. the total number of available states. Taking a typical Ec of 2eV and
Nuomo = Nrumo = 1021 cm-3 results in a ni of ca. 6 - 103 cm-3 at room temperature.l”?! This
value is extremely low in comparison to deliberately doped OSCs with reported charge
carrier densities in the order of 1018 to 1020 cm=3 (see also Chapter 1.3).[80-82] The
conductivity o of a semiconductor is directly linked to the carrier concentration,

elementary charge q and charge carrier mobility u (Equation 1.44).113]

o = qnu (1.44)

As a direct consequence of the low intrinsic carrier concentration, a pristine OSC (e.g.,
u=103cm?V-1sl ni=6-103cm3, r.t.) is a rather bad conductor with 6~10-18S cm-1,
well within the range of insulators. To put this into perspective, for low-density
polyethylene, a common aliphatic and insulating polymer, a conductivity of roughly 10-
17S cm'! was determined.[®3] Hence, to transform insulating, intrinsic OSCs into useful
materials for device applications, various means of generating additional charges are

vital.

Mostly, four distinct phenomena to enhance p (or n) are known: i) chemical doping via
chemical redox reactions, ii) electrochemical doping via charge injection or extraction
through suitable electrodes, iii) photoeffect, i.e. separation of photogenerated excitons, or
iv) shift of the Fermi level by field-effect.[5% The first case, chemical doping, the core topic

of this work, will be explained in greater detail in Chapter 1.3.

1.2.3 Charge transport in organic semiconductors

As highlighted in Section 1.2.1, most OSCs are highly disordered materials, with a finite
correlation length of the molecular orbitals. Further, the energy states of the individual

molecules do not form a continuous band, but are distributed in energy (Figure 1.12).
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Additional effects such as positional (no fixed positions on crystal lattice) and
conformational disorder (polymer backbone twisting) further broaden the DOS.[67]
Consequently, it comes as no surprise, that only a few examples of small-molecule single
crystalline OSCs with low-temperature band-like transport are known in literature.
Examples are naphthalene, perylene and anthracene, which need to be purified with
extreme care, as every impurity disturbs the charge transport and creates
crystallographic defects.[8485] However, these special cases of charge transport under
absence of phonon scattering in single-crystals at low-temperatures cannot be used to
treat conventional, disordered OSCs (especially semiconducting polymers) and remain a

niche application in devices.[8¢]

Instead, in most OSCs, charge transport via carrier hopping dominates.[>1I In this process,
either holes or electrons tunnel between strongly localized, filled states to empty ones in
the disordered OSC bulk under the influence of an electric field.[>>] The rate of carrier
hopping events vj is often calculated using the Miller-Abrahams (Equation 1.45) or

Marcus rate expression (Equation 1.46).
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vo, a, rij and € are the attempt-to-escape frequency, localization length (i.e., how quickly

Uij = Vpexp <—

the wavefunction of a localized state decays with increasing distance from its center),
distance between sites i and j as well as the energy of the site. Jo, A and Ea describe the
transfer integral, or wavefunction overlap, between sites i and j, the reduced Planck
constant and the polaron activation energy (where “polaron” refers to an electronic
charge in the OSC coupled to phonons).[54871 Whereas the Miller-Abrahams rate is suitable
for low electron-phonon coupling and temperatures, the Marcus rate is also valid for
strong electron-phonon coupling, which better represents highly polarizable OSCs.[67]
From the expression of the available states (Equations 1.38, 1.39), the occupation
probability (Equation 1.40) and the transfer rate (Equations 1.45, 1.46), models for the
macroscopic description of charge transport can be developed. The world of charge
transport models and research thereof is vast, hence only a small excerpt will be given in

this section. For a more in-depth review on the subject of charge transport in disordered
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organic materials, the reader is referred to the relevant literature.[>1.67.88.89] Fishchuk et al.
developed an analytical framework to describe charge transport in disordered OSCs using
a Gaussian DOS and accounting for polaronic (Ea) and disorder (o) effects at high
temperatures using the Marcus rate expression. Using the effective medium
approximation, a method which treats macroscopically inhomogeneous media, Fishchuk
et al. derived a universal expression for the charge carrier mobility u

(Equation 1.47).19091]
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Where po is a constant mobility, which is a function of the transfer integral Jo, ¢ =

J1—(0/E.)(a/kgT)/8, o the Gaussian DOS width, e the elementary charge and E the
electric field. Parris et al. proposed a similar expression obtained via numerical computer

simulations (Equation 1.48).[92]
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The main observation from Equation 1.47 are the nonlinear temperate dependence of u
on T for small polaron activation energies, strongly decreasing u with increasing polaron
activation energy and a positive field dependency.?l This model was verified by
comparing the simulated mobilities with temperature- and field-dependent time-of-flight
measurements on poly(methylphenylsilane).[°093] Recently, the focus of research on
charge transport in disordered OSCs has shifted towards the concept of transport energy
(thermally equilibrated energy level, at which most of carrier hops contribute to
conduction; can be different from EFr).[>4 This theoretical tool does not rely on simple
phenomenological assumptions or simulations in a regular lattice grid, yet yields very
good descriptions for disordered OSCs.[5%1 Further, advances in molecular dynamic
simulations have allowed the direct observation of time propagation of charge carriers in
relatively large systems (~103 organic molecules), instead of assuming charge transport
mechanisms.[4] Also, efforts have been made to unify existing theories, with the goal of

describing charge transport for various degrees of disorder and crystallinity in OSCs.[8°]
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Polaron hopping in disordered OSCs is highly sensitive towards a multitude of
parameters, mostly the presence of charge carrier trap states, morphology and
crystallinity. In addition, long- and short-range ordering, recombination and self-ordering
may also play a role.[>1] Trap states (often referred to simply as “traps”) are mid-gap states
in the energy diagram of an OSC, which provide energetically favourable residence sites

for holes or electrons (Figure 1.15).
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Figure 1.15. Energy structure of a disordered OSC with a Gaussian DOS and exponentially
distributed trap states (“Traps”). Holes moving along an electric field may be trapped in
hole traps higher in energy. One possible common reaction is the capture of a hole in
water clusters (H20)q present, which yields a hydroxyl radical and hydrated oxonium ions.
Similarly, electrons hopping in the LUMO are subject to electron traps deeper in energy
located at trap energy Et. If water is present, it can be reduced from the electrons/trapped,

forming hydrogen. Adopted from Ref.[51.95.96]

Once captured in a trap site, charge carriers experience an energy barrier hampering their
release back into the states responsible for transport. This barrier can be overcome by
sufficient electrical fields, thermal energy or incident photons interacting with the OSC.[°7]
Shallow traps can release charge carriers at room temperature (ksT =26 meV), deeper
traps often irreversibly capture holes or electrons.l7] Further, with increasing E, the trap
site is located further in the band gap, eventually leading to trap-assisted
recombination.l?8] Besides obvious chemical impurities, such as water, oxygen or

synthesis byproducts, intrinsic disorder like structural defects can also act as trapping
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centers. Another important source of traps in devices are the interfaces to electrodes,
insulators and other (organic) semiconductors.l7] Generally, any trap state is detrimental
to polaron transport in OSCs, limiting the charge carrier mobility and degrading device
performance.[®%100] As discussed earlier, OSCs are subject to rather weak van der Waals
interactions, and therefore the coupling between hopping sites plays a major role for
charge transport. This coupling is directly influenced by the morphology, crystallinity and
molecular structure of the OSC. The impact of morphology and crystallinity on charge
transport is typically higher for semiconducting polymers than for small molecules, as
they have a lower degree of rotational freedom and kinetic hindrance to align properly in
the solid state. One prominent example is the OSC poly(3-hexylthiophene) P3HT. Before
the advent of Rieke-method, Grignard metathesis and Kumada catalyst transfer
polymerisation enabling the synthesis of highly regioregular polyalkylthiophenes,
regiorandom variants were prepared by oxidative polymerisation.[101-104] As Sirringhaus
et al. demonstrated, increasing the ratio of head-tail coupling from 70 % to 96 % results
in a ca. 4 orders of magnitude linear increase in the field-effect transistor (abbr. FET)
mobility (Figure 1.16a). They attributed this to the preferential edge-on alignment of
regioregular P3HT w.r.t. the substrate along the (100) direction, compared to a face-on

alignment observed for less regioregular P3HT in the (010) direction (Figure 1.16b).
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Figure 1.16. a) Regioregularity of P3HT with head-tail, head-head and tail-tail coupling
in the main chain. b) Schematic P3HT packing in the crystalline domain with (hkl) indices.
Along the (001) direction, the backbone length (long period) is shown, the alkyl stacking
is along the (100) axis. The (010) plane is defined by the m- m stacking distance. Adopted
from Ref.[105] ¢) Schematic correlation between the P3HT molecular weight and charge
carrier mobility. The inset depicts the P3HT morphology with regular crystalline- and

amorphous domains at low-, medium- and high molecular weight. Adopted from Ref.[106]

The chain length play another decisive role in the charge transport of P3HT. Starting from
very short oligomers (ca. 2.5 kDa), the P3HT FET mobility increases by 3 orders of
magnitude up to a molecular weight of ca. 7 kDa, followed by a constant mobility of 10-
2cm2 V-1s1up to ca. 18 kDa.[107] This has been attributed to a high degree of open chain
ends and lower regioregularity in the low molecular weight P3HT, which forms
crystalline, but isolated (by the amorphous region) microstructures.[108109 At higher
molecular weights, the crystalline domains dominate. Ballantyne et al. expanded this
series up to 121 kDa and found a profound loss in mobility.[110] He reasoned the loss
originates from lower ordering in high molecular weight P3HT films due to entanglement
causing lower intra-chain mobility, chain twisting and less overlap between neighbouring
chains (Figure 1.16c). Similar results were reported by Lohwasser et al, who made
chain-folding and increase of the amorphous volume fraction responsible for the

decreasing mobility.[1%¢] Concluding, the charge transport can be modelled by selecting
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appropriate theories, yet many extrinsic and intrinsic material properties govern the real-

world device performance.

1.2.4 Interfaces and charge injection in organic semiconductors

In Sections 1.2.1-1.2.3, the isolated bulk properties of organic semiconductors are
covered. Real-world devices however consist of many different interfaces, typically a OSC
is sandwiched between two adjacent OSCs or electrodes. Hence, understanding the fine
interplay and energetics between different (semi)conductive materials is the key for
device engineering. A key concept is the Fermi level alignment at interfaces. If an OSC is
brought into contact with a metallic electrode (which can supply or sink an infinite
amount of electrons), the Fermi level aligns to form a constant value throughout the
device stack to reach thermal equilibrium.[111] If the Er of the OSC is higher in energy than
the metal Er before brought into contact, electrons are supplied from OSC to metal at
contact, and vice versa if the Er of the OSC is lower.[>01 The process results in band bending,
a term describing the variation in electronic energy levels as a function of the distance to
the interface.[112] This is well described by the Mott-Schottky model, developed to treat
inorganic semiconductor-metal interfaces by Mott et al. and later refined by Walter

Schottky.[113114]

Originally developed for inorganic semiconductors, the model falls short in some aspects
for highly disordered OSCs with hopping type transport and low binding energy between
adjacent molecules. Photoelectron spectroscopy, DFT and Kelvin probe studies on
organic/metal interfaces have revealed a strong vacuum level shift at the first few
nanometers, attributed to a surface dipole A rather than actual band bending only present
in selected cases (e.g. Ceo/Cu interface).l112115-117] The combination of band bending and

interface dipole for an metal /OSC interface is schematically shown in Figure 1.17.
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Figure 1.17. Alignment of organic semiconductor energy levels before (left) and
after(right) contact with a metal. After Fermi level alignment, the interface dipole A in
addition with band bending leads to shifts in electron affinity (EA, LUMO) and ionization
potential (IP, HOMO) with formation of an electron depletion zone. A built-in potential Vsi
is formed across the space charge, equal to the difference between metal and OSC work
function before contact plus A. Charges injected/extracted from the metal contact

experience an energy barrier ¢s" for electrons and ¢sP for holes. Adopted from Ref.[112]

The contribution of true band bending to the energy level shifts may be as low as 0.1 eV,
therefore A governs Vbi and injection behaviour in many OSCs.[5% The origin of A is still
under debate as of 2022, major contributions include, but are not limited to: i) image
charge screening by the metal, ii) variations in metal work function upon contact with
organic matter, iii) chemical interactions, especially reactive polymers like PEDOT-PSS
and iv) permanent dipoles present in the OSC.[116.118-124] Simjilar to metal /OSC interfaces,
0SC/0SC heterointerfaces play a huge role in device engineering, predominantly in
organic light emitting diodes and organic photovoltaic cells, where they help to combine
or separate electron-hole pairs.[125-130] Compared to metal/OSC interfaces, the second
participating OSC cannot infinitely supply charge carriers to support Fermi level
alignment, so band bending (together with additional effects) occurs at both
semiconductors. In most OSCs, the interface dipole is rather small, e.g. the vacuum levels
align for many OSC pairs without significant vacuum level shift.[131] Notable exceptions
are fluorinated copper phthalocyanine, P3HT:PCBM and pentacene:fullerene interfaces,

either due to charge transfer or polarization effects.[132-134]

After Fermi level equilibrium is established, the metal electrodes can be utilized to extract

or inject charges into a (multi)layered device. If the electrodes are able to supply more
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charges than the bulk OSC can transport, a space-charge layer forms and the electrode is
referred to as ohmic.>!l To achieve this condition, the injection barriers ¢s must be
minimized. Evidence for true ohmic contacts can be gathered by measuring the current-
voltage characteristics of the device and comparing the curve to the expected current flow
for true space-charge limited current, according to the Mott-Gurney law (see

Equation 1.28) after accounting for built-in potentials (Figure 1.18).[135]

4. Trap—free.."‘
SCue

Current

3. Trap-
filled
limit

2. Trap-
limited
SCLC

1. Ohmic

1 1 L2 11l L1 3 aral L gl o
\

Vi VipL Voltage

Figure 1.18. Schematic current-voltage characteristics of space-charge limited
conduction (SCLC) in a dielectric material. Vrr defines the limit, at which the number of
injected chargers is equal to the thermally generated charges in the material. Above VrrL,

all charge carrier traps are filled. Reproduced from Ref.[136]

As a side effect, lowering ¢s results in an exponentially increased current flow in the
semiconductor bulk, rendering the interface energetics vital for proper device
operation.l1371 To avoid excess injection barriers ¢s, high work function electrodes are
selected for hole extraction/injection and low work function metals for electron
extraction/injection (see Figure 1.17). These metals are then paired with appropriate p-
(high WF) or n-type (low WF) OSCs; for example, Spiro-MeOTAD (Enomo = 4.92 eV) may
be deposited on top of Au (WF = 5.2 eV) to form a hole-injection contact.[138139] However,
the selection of suitable electrode materials can be restricted by the device itself, i.e. solar
cells inherently rely on at least one electrode to be transparent in the optical range. Too

tackle this problem, the electrode work functions can be tuned by surface-assembled
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monolayers, plasma-treatment, or physical adsorption of organic molecules.[140-143]
Similarly, by changing the Fermi level of the OSC adjacent to the electrode, a more efficient
injection can be achieved. Popular choices for hole-injection layers are 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane, an electron deficient p-dopant, Lewis acids such as
FeCls or metal-oxides.[144-148] Notably, manufacturing conditions (absorption of
monolayers onto electrodes), presence of mobile ions and device geometry too have a

profound impact on the efficiency of charge injection.[135]

The process of charge injection itself often has been described by Fowler-Nordheim
tunnelling or Richardson-Schottky emission - models which are based on inorganic
semiconductors and are not sufficient to describe charge injection into disordered OSCs
according to Kohler et al.[51] Besides band bending, which directly influences ¢s, the
formation of an image force is important to understand the charge injection at metal /OSC
interfaces (Figure 1.17).014%1 An electron located in the OSC bulk at distance x from the
electrode will experience an attractive force by inducing a positive charge on the electrode
surface. This image force Fimag can be calculated as two point charges at a distance of 2x

(Equation 1.49).113]

_qz

—_— 1.49
16meyx? (1.49)

Fimag =

where €0 is the vacuum permittivity and g the elementary charge. When an electrical field
E is applied to the metal/OSC junction, the potential energy P(x) of the band (e.g. VBM or
CBM) is the sum of field strength and potential energy of an electron residing at distance

x from the electrode (Equation 1.50).

2
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The maximum energy A¢s, by which the barrier ¢s is lowered compared to the theoretical

absence of any image force in a semiconductor is given by:

Adg = 2|E|xpy, (1.51)
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where xm the maximum of P(x), which is located at:

_ q
Hm = ‘ 16megsceolE (152)

here, €osc is the semiconductor permittivity. If charge carriers possess sufficient thermal
energy, they can overcome the barrier ¢s-A¢s and are injected into the semiconductor.
The schematic metal/semiconductor interface energetics and lowering of ¢s by image
force are depicted in Figure 1.19a. Compared to Richardson-Schottky thermionic
emission with barrier lowering, in metal/OSC interfaces distributed localized states have
to be accounted for.['49] In a nutshell, thermally activated charges are injected the tail
states of a Gaussian DOS, from where it performs a random walk under the influence of

the image force coulomb potential and external potential (Figure 1.19b).[150]

Metal Semiconductor Metal 0SC

Figure 1.19. a) Energy level diagram of a metal/semiconductor junction with electron
injection from metal with Fermi level Er into the semiconductor with electron affinity EA.
Schottky barrier ¢s is lowered by the image force by A¢s. The total potential energy is
given by P(x), the applied electrical field by -qEx. The maximum of P(x) is reached at a
distance xm from the metal electrode. b) Energy level diagram of a metal/OSC junction
with injection of charges into a disordered semiconductor with Gaussian DOS (dark red)
and potential P(x). Note, that the charge carrier hopping events are distributed among the

DOS. Adopted from Ref.[51]
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1.3 Fundamentals of doping of organic semiconductors

As demonstrated in Chapter 1.2, organic semiconductors without any doping are of
intrinsic nature. Control over the conduction properties of any semiconductor, which is
mutually interconnected with the position of the Fermi level and charge carrier density,
transforms the insulating OSC into a finely tuneable material. In fact, even though aniline
derivatives such as dyes or its oxidation products are known for more than 100 years,
intensive research on conductive polymers obtained from conjugated polymers dates
back to the 1970s.[151152] This class of materials is still very relevant as of 2022.[152]
Although the synthesis of highly conductive polymers is known for a very long time,
enhancing the carrier density of semiconducting pristine OSCs remains an challenge up to
this day. Recently, significant progress on device performance and engineering by doping
organic semiconductors has been made in the field of organic light emitting diodes, field-
effect transistors, organic/inorganic hybrid solar cells and organic electrochemical
transistors.[153-157] [n the process of doping, the OSC undergoes a redox reaction or adduct
formation with a dopant, ultimately leading to an enhanced majority carrier concentration
accompanied by a shift of the Fermi level towards LUMO (n-doping) or HOMO (p-doping).
Simplified, electrons are removed from the OSC HOMO and accepted by the p-dopant, or
electrons are added to the OSC LUMO from the n-dopant. Besides few exceptions which
will be discussed later in this section, two general doping mechanisms have been accepted
today. First, if an integer number of electrons is transferred from OSC to dopant and vice
versa, driven by an energy difference between the involved orbitals, the mechanism is
known as integer charge transfer or ion-pair formation (abbr. IP).[158-164] Basic
requirement for a p-type IP process is the EA of the dopant to be situated higher in energy
than the OSC IE. Likewise, in the case of n-type doping, electrons are donated from the

dopant IE lower in energy than the OSC EA (Figure 1.20a).
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Figure 1.20. Schematic representations of the ion-pair formation doping (IP) process a)
and charge transfer complex (CPX) formation b). The CPX process ultimately leads to the
generation of free charge carrier by accepting electrons into the newly formed
antibonding orbital of the CPX for p-doping c). The on-site Coulomb interaction U may
cause splitting of the oxidized OSC HOMO into sublevels, as proposed by Koch et al.[175]
Adopted from Refs.[81,158,165]

The IP process was employed to explain the prototypical systems P3HT p-doped with
tetracyanoquinodimethane as well as various thiophene based donor-acceptor
copolymers and small molecule triphenylamine derivatives.[160.165-167] After the initial
electron transfer process, the formed ion pair is bound by electrostatic interactions.
Typically, the binding energy is as high as several 100 meV, far higher than the thermal
energy available at room temperature (ksT =~ 26 meV). Consequently, only a small fraction
of the ion pairs dissociates to yield mobile and free charge carriers responsible for bulk
electric current measurable.[168-170] However, energetic- (see Section 1.2.1) as well as
morphological disorder and disorder induced by the doping process itself have been
speculated to lower this value; enabling room temperature dissociation of the dopant:0SC

ion pair.[79171-173] During p-doping, an electron is removed from the OSC HOMO,
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effectively forming a singly-occupied molecular orbital (abbr. SOMO). Likewise, a SOMO
is formed after adding an electron to the antibonding LUMO during n-doping. The doping
process concurs with OSC lattice reorganisation and bond length adaptation, i.e. the SOMO
is a polaronic state in 0SCs.[174] Removing or adding a second electron from the SOMO
forms a bipolaron, where two charges are residing on one site. Koch et al. proposed a
splitting of the OSC cation SOMO into an unoccupied sublevel situated above the HOMO of
the neutral OSC, and a singly occupied sublevel below (Figure 1.20c). On-site Coulomb
interaction U as well as lattice relaxation A upon oxidation (in the case of a positive
polaron) was brought forward as a root cause.[81.175] While it is conceptually easy to
understand, that the ionization energy a cation is higher than the ionization energy of a
neutral molecule - which leads to the downshift of the SOMO compared to the neutral OSC
HOMO - the presence and nature of the upshifted unoccupied level remains under debate

as of 2024.

Tietze et al. studied the underlying statistics of co-evaporated IP systems and proposed
three distinct regimes based on the ratio of dopant and Fermi level position.[47.176] Starting
from the pristine OSC with Er located mid band gap, initial addition of a dopant causes the
Fermi level too shift towards the HOMO (for p-doping). As explained in Section 1.2.3, hole
traps are typically located lower in energy then the VBM (Figure 1.15). As Er approaches
E:, the trap states are being oxidized and therefore passivated (i.e., these sites are then
already occupied by hole), hence why it is named trap-filling regime. In this regime, all
introduced holes are consumed by the traps without forming free holes in the OSC bulk.
As these localized tail states have negative impact on carrier mobility, filling them greatly
increases the OSC performance in device heterojunctions and transistors.[177-179] Due to
the low density of trap states (1017 - 101° cm3) in the DOS, ultralow doping levels
<1mol% are sufficient to reach the trap-filling regime, as demonstrated on
ruthenium(pentamethylcyclopentadienyl)(1,3,5-trimethylbenzene) dimer doped Cso by
Olthof et al.l180.181] Once Er has crossed Et in the dopant saturation regime, further added
dopant molecules create free holes in the HOMO of the OSC. At high doping concentrations
the dopant reserve regime is reached, the position of Er saturates and is pinned at the
transport energy of the HOMO.[182] Concurrently, the high number of ionized dopants
leads to an increased number of free hole capture processes. Hence, the doping efficiency

drastically reduces in the dopant reserve regime, experimentally confirmed by
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Tietze et al. employing ultraviolet photoelectron spectroscopy (abbr. UPS) studies on p-

doped N,N,N’,N’-tetrakis(4-methoxyphenyl)benzidine.[47]

Once hybridization between OSC and dopant frontier orbitals play a major role and form
new bonding and antibonding states, the mechanism is known as charge transfer complex
formation (abbr. CPX).[165183-187] Hybridization may also occur, if EA of the dopant is
situated lower in energy than the OSC IE for p-type doping, which is one of the main
advantages over the IP process.[81.165188] Vjg linear combination of the OSC molecular
orbitals, new bonding and antibonding CPX orbitals are formed (Figure 1.20b,c).[18°]
Méndez et al. showed, that the energy gap Ecap between HOMOcpx and LUMOcpx can be

estimated based on a Hiickel model (Equation 1.53).[188]

Egap = 2 \/ (HOMOgsc — LUMOpopant)” + 482 (1.53)

Hence, the CPX energy gap depends on both the OSC HOMO and dopant LUMO position
(for p-type doping), as well as the resonance integral 8, which represents the amount of
intermolecular coupling between dopant and OSC. For quaterthiophene doped with
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (abbr. F4TCNQ), an Ecap of 0.9 eV
was reported.[165] As the charge (electrons residing in the 0SC HOMO) is effectively shared
in the CPX between OSC and p-dopant, it is referred to as fractional charge transfer.[18°]
However, this initial fractional charge transfer does not yield mobile free charge carriers.
Instead, the newly formed CPX is charge neutral and requires additional activation steps
to generate free charge carriers.[81] In the case of p-doping, the empty antibonding CPX
state above the OSC HOMO DOS accepts electrons from a nearby neutral OSC, a thermally
activated process (Figure 1.20c¢).[81] It is this OSC cation, which ultimately leads to an
enhanced bulk conductivity. Compared to IP, a CTC typically results in a lower fraction of
OSC molecules ionized, as Ecap is larger than the available energy at room temperature,
hence only a small fraction of the antibonding CPX orbital is occupied (for p-type
doping).[1901 As of 2022, no clear guidelines are established, whether an OSC:dopant
system can be assumed to follow either IP or CPX processes. However, co-facial alignment
between OSC and a planar dopant such as F4ATCNQ seems to facilitate CPX formation.[18°]
This has been observed in conjunction with quaterthiophene, 2,7-
didecyl[1]benzothieno[3,2-b][1]benzothiophene, tetrathiafulvalene and thiophene-

based quinoxaline copolymers.[160.165,188,191] Bylkier dopants such as CeoF36, an increasing
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chain length for polymer OSCs, mild processing conditions (e.g. lower temperature, lower

solvent polarity) tend to facilitate IP.[38192-195]

A series of doping pathways aside from pure charge transfer have been described in
literature, which do not fall in line with IP or CPX formation. One historically important
case is Brgnsted acid doping, where protonating the OSC by strong acids introduces a
positive charge. The protonation step can be followed by a hole transfer from OSC-H* to a
neutral OSC, generating a radical cation and polaron.[19¢] Introduced in 1985 as a viable
tool to enhance to conductivity of poly(aniline), modern acid doping approaches involve
4-ethylbenzenesulfonic acid for thienothiophene copolymers and mineral acid doped
poly(3,4-ethylenedioxythiophene):poly(4-styrene sulfonate) materials.[197-199] Hydride
doping has been observed for the dopant 4-(2,3-Dihydro-1,3-dimethyl-1H-benzimidazol-
2-yl)-N,N-dimethylbenzenamine, n-doping the OSC via hydride transfer. The exact
mechanism, possibly involving additional hydrogen atom and electron transfer, is still
under debate.[200201] Lewis acids and bases enjoy a much greater popularity among
research groups, owing to their broader OSC compatibility. Common Lewis acids include
trimethylaluminium, boron trichloride, boron trifluoride, tris(pentafluorophenyl)borane
and tris(pentafluorophenyl)alane, which have been extensively researched for donor-
acceptor small molecules by Welch et all202] Recent studies focus on
tris(pentafluorophenyl)borane, mostly due to the low LUMO energy, hydrophobic nature
and solubility in common organic solvents.[156:203204] Current findings by Yurash et al.
suggests the formation of a water-Lewis acid complex protonating the OSC (where water
acts as a Lewis base), generating a positively charged polaron.[#¢] Using Lewis bases, n-
doping can be realised. Russ et al. introduced a general Lewis base n-doping concept for
[6,6]-phenyl-Ce1-butyric  acid  methyl ester, naphthalene  diimide and
diketopyrrolopyrrole small molecules using tethered tertiary amines.[205] The concept
was expanded to donor-acceptor copolymers, which can be efficiently n-doped using
lithium benzoate, tetrabutylammonium hydroxide and various tetraalkylammonium
halide salts.[206-210] [n Figure 1.21, the most common p- and n-type dopants are

categorized based on their frontier orbital energy levels.
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Figure 1.21. Overview of the HOMO, resp. SOMO values of common p-type dopants and
LUMO values of p-type dopants. Values taken from Refs.[200211-226] The HOMO value of
FK102 was converted from cyclovoltammetry half wave potential vs. normal hydrogen
electrode potential. For TMP-DMBI-H, N-DMBI-H and TAM, the SOMO values after
hydrogen radical abstraction from the dopant molecule are shown. The blue-shaded

region marks the typical band gap of the OSCs.

Doping OSCs is a process requiring careful control over the reaction conditions. The
amount of dopant in the OSC can be calculated by considering the molar ratio MR, where
noop are the moles of dopant and nosc the moles of OSC (Equation 1.54). For polymeric
OSCs with a broadly distributed molecular weight, typically the molar mass of the
repeating unit is used in this calculation.

_Mop

MR = 1.54
Nopsc ( )
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MR can be converted to doping (or molar) concentration cpop by Equation 1.55.[227]

Cpop = 100% (1.55)

MR +1

After a certain MR of dopant is fed into the system, the doping efficiency npop can be used

to quantify the efficiency of the doping reaction. It describes the ratio of free charge

carriers Nrree to total number of dopant molecules Npop in the OSC. Aforesaid, doping in

OSCs generally is a two-step reaction. Consequently, 1pop is the product of both initial

ionization nionization and ion-pair dissociation npissociation efficiency (Equation 1.56).1228]
Neree

Mbop = MlonizationIDissociation = N (1.56)
Dopant

1.3.1 Preparation of doped organic semiconductors

To prepare doped OSC materials for e.g., device applications, appropriate doping reaction
conditions must be selected. Contrary to inorganic semiconductors with doping levels
ranging from parts per thousand (degenerate doping) to parts per billion (low doping),
organic semiconductors may require several tens of mole percent to achieve appreciable
conductivity.[168229,230] Correspondingly, preparation methods have a profound impact on
the device performance, as the dopant has to be incorporated without disrupting the OSC
microstructure or provoking phase separation. For sublimable small molecule OSCs, a
common method is vacuum co-deposition via physical vapor deposition. Here, both OSC
and dopant are loaded into separate crucibles (effusion cells) facing the sample surface to
be coated in a distance of ca. 10-100 cm in a vacuum chamber. Typically, the chamber is
pumped down to ca. 10-> mbar or less to increase the mean free path of the evaporated or
sublimed molecule. The crucibles are heated above the sublimation, resp. melting
temperature of the materials, creating a flux of material directed towards the sample, at
which the OSC and/or dopant get mixed up in the gas phase and is re-deposited due to the
lower surface temperature.[231l Placing shutters above the crucibles or controlling the
temperature allows to fine-tune the ratio of OSC and dopant emitted from both crucibles,
effectively changing the doping concentration in the deposited bulk material. Zhou et al.

prepared hole injection layers for organic light emitting diodes using 4,4',4"-tris(N,N-
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diphenyl-amino)triphenylamine co-evaporated with F4TCNQ, lowering the driving
voltage and increasing the efficiency.l144l Using segmented shutters, the OSC and dopant
can be co-evaporated with molar ratios as low as 10->, enabling far greater control than

solution based techniques.[176]

Due to the simplicity, solution doping is a popular approach for both polymeric and small
molecule OSCs, especially in solution processed devices.[2322331 Here, both OSC and dopant
are dissolved in separate stock solutions. Upon adding the required amount of dopant
stock solution, stirring/mixing allows OSC and dopant to react and often distribute
homogeneously. In this context, a similar polarity or complementary structural features
favour uniform mixing. Subsequent thin film deposition via e.g. spin-coating yields OSC
films of uniform morphology. This approach has been successfully applied to p-dope a
wide range of polymers, inter alia, poly(3-hexylthiophene) and poly(9,9-dioctylfluorene-
alt-benzothiadiazole) with F4sTCNQ; enhancing the conductivity by several orders of
magnitude.[234] Under anhydrous conditions, n-doping of a small molecule with 4-(2,3-
dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-N,N-dimethylbenzenamine (abbr. N-DMBI)
derivatives can be achieved.[235] Major drawbacks include doping induced phase
segregation in polymer semiconductors and low solubility of some dopants, such as
F4TCNQ.[236237] To overcome these drawbacks, sequential doping techniques were
introduced. In a sequential doping method, the film preparation step of the OSC and
doping reaction are separated, allowing for higher quality films than simultaneous
deposition, especially for immiscible dopants. The doping process can be conducted by
immersing the OSC film into a dopant solution, spin-coating or thermal evaporation.[238-
240] If solution based techniques are employed, care must be taken to ensure the solvents
are orthogonal to each other.[241] Additionally, a lateral gradient in doping concentration
can be introduced by controlling the dopant diffusion, which was demonstrated for
poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] doped with F4sTCNQ.[242]
By separating the dopant ions (e.g. F4ATCNQ- after IP process) from the polymer OSC
crystallites, a 3-15 times higher conductivity compared to solution doping was achieved
in poly(3-hexylthiophene).[23¢] Another method to exclude chemical dopants and their
potential harmful side products from the OSC bulk is electrochemical doping. The OSC is
deposited on a conductive substrate and placed inside an electrochemical cell. This cell is
equipped with a platinum counter electrode, a reference electrode and an electrolyte.

Using an external potentiostat, the potential applied at the OSC can be tuned to force the
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bulk to undergo redox processes, being either oxidized (p-doped) or reduced (n-doped).
To maintain charge neutrality, the holes or electrons in the OSC are compensated by
counter ions from the electrolyte. Due to the high level of control, electrochemical doping
was used to study fundamental properties of doped semiconductors like
poly(benzimidazobenzophenanthroline) and  polypyrrole for thermoelectric
applications.[243244] Further, electrochemical doping is the key working principle of
organic electrochemical transistors, i.e. the conductivity of an OSC channel material
between source and drain electrode is controlled via selective electrochemical
oxidation/reduction. Hence, this method enables high transconductance devices,
chemical sensors and dual-mode transistors by de-doping self-doped polymeric
0SCs.[157.245,246] However this method is limited by the need for a wet electrochemical
system, requires this additional doping step and is less suitable to dope bulk OSC material

for large scale applications.

1.3.2 Importance of doped OSCs in OFET, OPV, TE and OECT

In general, doping increases the majority charge carrier concentration and enables
efficient charge injection and -transport, properties fundamental for device
engineering.[*?l Therefore, doping has proven vital for the performance of modern OSC

devices and applications.

Organic field effect transistors (OFETs): For solid state amplification and switching
applications, OFETs are feasible. The basic setup of a bottom contact bottom gate OFET
consists of interdigitated source and drain electrodes as well as an electrically isolated
gate electrode modulating the field in the channel of the transistor (Figure 1.22a). By
changing the applied gate voltage Vg, the carrier density at the isolator/OSC interface can
be modulated, which controls the source-drain current Ip (identical to the accumulation
regime in a MIS capacitor Figure 1.8). Efficient charge injection and low contact
resistance at the source and drain electrodes is vital for OFET operation and is the focus
of interest for many studies (see injection barrier in Figure 1.17).[247-250] Doping helps to
minimize the contact resistance for certain metal-semiconductor material combinations
and improves the charge injection. Ante et al. showed a significant decrease of the contact

resistance from 660 () cm to 390 QQ cm in dinaphtho-[2,3-b:2’,3’-f]thieno[3,2-b]thiophene
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OFETs doped with NDP-9, a commercial dopant.[251] Similarly, the contact resistance for
pentacene based OFETs was lowered by a factor of three upon introducing F4sTCNQ
between OSC and Au electrodes.[252] Besides contact doping, OFET bulk doping (often
called channel doping, as only a thin layer at the interface between isolator and OSC is
responsible for the OFET operation) is used to tune the intrinsic majority carrier
concentration Na. This in turn directly influences the threshold voltage Vrn, the point at
which the transistor turns on (Equation 1.57).1182]
qNadpop

VTh =~ VFb + C— (157)
Ox

Vrb is the flatband potential (i.e., the potential at which band bending is minimized, see
Figure 1.8), q the elementary charge, dpop the thickness of the doped layer and Cox the
oxide capacitance. Altering Vrn has great impact on OFET performance, especially for
integrated circuits where well-defined turn-on voltages are required.[253] By increasing
the channel hole concentration using a p-dopant in a p-channel OFET, Vth typically shifts
towards more positive values, which was shown for Fe TCNNQ doped pentacene OFETs by
Liu et al. Using the n-dopant tetrakis(hexahydropyrimidinopyrimidine)ditungsten(II),
they were also able to revert the Vm trend towards more negative gate potentials.[254] Ma
et al. could prove the same trend for p-doped polymeric OSCs. Using between 0.1 and
0.6 mol% F4TCNQ, they were able to increase Vrh from -6.0 V up to 40 V. Simultaneously,
a significant increase in mobility and on/off-ratio (ratio of source-drain current in the off
vs. on state in OFETs) occurred, which they attributed to higher P3HT crystallinity and
molecular orientation.[255] Summarizing, doping introduces unprecedented flexibility in

tuning the switching behaviour of OFETs.
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Figure 1.22. a) Schematic overview of an organic field effect transistor (OFET) in the
bottom contact bottom gate configuration. b) Schematic stack of a perovskite (abbr. PVSK)
solar cell with conductive transparent oxide (fluorine doped tin oxide, FTO), electron
transport layer (ETL), hole transport layer (HTL) and gold top electrode. The HOMO and
LUMO values of the electron- and hole transport layer are aligned, such that holes are
blocked from being injected into the ETL and vice versa. Doping manipulates the HTL and

ETL WF and can be used to tune the extraction and blocking behaviour.

Organic and hybrid organic/inorganic photovoltaic devices (OPV): These devices rely
heavily on doped charge extraction layers (electron transport layer ETL and hole
transport layer HTL) to improve the power output. This is achieved mostly by a complex
interplay between increased conductivity, charge carrier mobility and alignment of the
frontier orbitals at interfaces upon doping.[256] Whereas organic solar cells are based on
0SCs for light absorption and exciton (coulombically bound electron-hole pair)
generation, perovskite solar cells (PVSK) use perovskites of the formula ABX3 as the
absorption and charge generation layer. X typically is a halogen (Br, I, Cl), the octahedral

B sites are occupied by divalent cations (often Pb2* or Sn2*) and the cuboctahedral A sites
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consist of large cations, most often methyl ammonium.[2571 Compared to inorganic
semiconductors, perovskites offer unique properties: High absorption coefficients in the
optical range, shallow trap states, solution processability and low exciton binding energy
of ca. 16 meV for methyl ammonium lead iodide MAPDbI3 (organic heterojunctions: ca. 0.3-
0.7 eV).[258-260] Hole transport layer (abbr. HTL) engineering is crucial for improving the
fill factor and power conversion efficiency in both PVSK and fully organic solar cells
(Figure 1.22b).[261.262] By doping the HTL, significant increases in electrical conductivity
can be achieved, in combination with an adjustment of the HTL work function. Lowering
of the HTL work function also helps to efficiently extract charges and increase the electron
blocking  behaviour. = N2,N2,N2',N2',N7,N7,N7',N7'-octakis(4-methoxyphenyl)-9,9'-
spirobi[9H-fluoren]-2,2’,7,7'-tetramine, abbr. Spiro-MeOTAD, and its derivatives are one
of the most widely used organic HTL materials based on triphenylamines.[263-266] Using
12 mol% of the p-dopant tris(4-bromophenyl)ammoniumyl hexachloroantimonate,
Snaith et al. reported a 10 fold increase in hole mobility to yun=1.6-10-3 cm?2V-1s-1
compared to pristine Spiro-MeOTAD.[267] Adding 7.7 mol% tris(2-(1H-pyrazol-1-yl)-4-
tert-butylpyridine)-cobalt(IIl)tris(bis(trifluoromethylsulfonyl)imide)) to Spiro-MeOTAD
increases the conductivity by a factor of 280, in turn enhancing the power conversion
efficiency from 5.0 % to 8.1 % by increasing the open circuit voltage of the cell (low charge
extraction barrier).[268] Different doping approaches include molybdenum trioxide
interface doping, F4ATCNQ doped Spiro-MeOTAD and the use of already doubly oxidized
Spiro-MeOTAD(TFSI)2.[269-271] For the electron transport layer (abbr. ETL), metal oxides
like TiO2, Sn0O2 and ZnO have found their way into high performance perovskite solar
cells.[272] Only few reports exist on doped organic ETLs. Xia et al. prepared [6,6]phenyl-
Ce1-butyric acid methyl ester (abbr. PCBM) ETL in a conventional methyl ammonium lead
iodide solar cell. By adding (9Z)-octadec-9-enamide as a n-dopant, the short-circuit
current drastically increased, leading to a power conversion efficiency enhancement from
10.05 % to 12.69 %.[273] By replacing (9Z)-octadec-9-enamide with N-DMBI, Kim et al.
could boost the short-circuit current of PCBM ETL based perovskite solar cells from
19.1 mA cm-2 (no dopant added) to 21.3 mA cm2 (5 wt% dopant).[2741 To sum up, doping
charge transport layers in photovoltaic devices enables OSCs to efficiently transform light

into usable electrical energy.

Organic thermoelectric devices (TE): Recently, organic thermoelectric materials have

gained significant scientific interest and breakthroughs.[275-277] Fundamentally, TE
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materials can be used to convert heat dissipation (arising from a difference in thermal
energy between two conductors) into electrical current via the Seebeck effect.[278] The
performance of the material in TE applications can be classified by the figure of merit ZT,
calculated from the Seebeck coefficient S, conductivity o, temperature T and thermal

conductivity k (Equation 1.58).[27°]

S%aT
T =
K

(1.58)

As the in-plane thermal conductivity is often cumbersome to determine for thin film
organic materials, the power factor PF is wusually reported instead of ZT

(Equation 1.59).1280]

PF = S%¢ (1.59)

Doping enables increased TE performance by leveraging o. In addition, the Seebeck
coefficient, a function of the energy difference between Fermi- Er, which is charge carrier
density dependent, and transport energy Et: can be effectively modulated by doping
(Equation 1.60).[243]

_ kpEy—Ef
"~ q kgT

(1.60)

In real-world TE devices, both n- (negative Seebeck coefficient) and p-type (positive S)
OSCs are doped separately and later on combined to obtain a higher maximum output
power. However, S and o are inversely proportional, connected by the empirical
relationship § o« ¢~1/4,1281]1 Hence, highly controlled doping processes must be employed
to obtain a maximum in ZT. For p-type OSCs, poly(3,4-ethylenedioxythiophene) (abbr.
PEDOT) is one of the most popular choices for TE devices, as it can be efficiently p-doped
using poly(4-styrene sulfonic acid) PSS, reaching record ZT values of 0.42.1282-284] The
concept of controlled doping for TE enhancement can also be applied for donor-acceptor
copolymers. Wu et al. noted, that by changing the p-dopant from F4TCNQ (ELumo = -
5.24 eV) to CN6CP (ELumo = -5.87 eV), the PF of the thieno[3,4-b]thiophene based donor-
acceptor copolymer PTbTTVT could be increased from 5.6 to 42.8 pyW m-1 K-2. They argue,
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that by using a p-dopant with deeper LUMO level, the driving force for electron transfer
from polymer HOMO and consecutively o is higher.[285] For selenium-substituted
diketopyrrolopyrrole donor-acceptor copolymers, p-doping via immersion in FeCls
solution leads to a maximum PF of 364 pyW m K-2, Together with the low thermal
conductivity, a record ZT value of 0.22 + 0.03 at 55 °C was obtained, which is partially
attributed to the increased ordering in the polymer and doping capabilities of FeCls.[28¢]
Recently, the attention has shifted towards hybrid materials incorporating carbon
nanotubes and OSCs. Ito et al. demonstrated, that by n-doping a carbon nanotube-
poly(ethylene glycol) composite with 1-butyl-3-methyl-imidazolium-
hexafluorophosphate, a highly flexible TE generator could be obtained.[287]

By careful selection of the dopant, n-type TE operation can be optimized as reported by
Un et al. The fluorinated donor-acceptor copolymer FBDPPV was treated with the n-
dopants N-DMBI, a dimeric derivative (N-DMBI)2 and the n-dopant (RCp*mes)a.
Compared to conventional N-DMBI reaching 5 pW m-1 K-2 at 30 mol%, (N-DMBI): yields a
PF of 7 uW m-1 K-2 at 10 mol% dopant. This is achieved by the higher reducing capability
and less microstructure disruption of the polymer by using (N-DMBI).[288] Hence, the fine
interplay between Seebeck coefficient and electrical conductivity can be manipulated by

doping to create novel high performance TE materials.

Organic electrochemical transistors (OECTs): Signal switching and amplifying devices play
a huge role in our everyday life. Conventional OFETs rely on the field effect to enhance the
free carrier concentration in the channel, thus modulating the source-drain current. In
1984, White et al. introduced an alternative to the OFET, the organic electrochemical
transistor (abbr. OECT).[289] [t can be understood as an OFET, where the insulator is

replaced by an electrolyte capable of penetrating the bulk OSC (Figure 1.23).[290]
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Figure 1.23. a) Schematic overview of an organic electrochemical transistor (OECT). The
electrolyte is in contact with the OSC, the gate voltage V; is applied at the gate electrode
situated inside the liquid electrolyte. b) Schematic overview of the interface reactions
between electrolyte and OSC. Upon oxidizing (p-doping) the OSC by applying a negative
VG, counterions from the electrolyte can drift into the OSC via amorphous regions to

compensate the polaron charges. Adopted from Refs.[291.292]

Hence, the source-drain current Ip can be controlled by Ve which electrochemically dopes
the OSC. One of the key advantages compared to OFETs are i) the low threshold voltage,
i.e. the gate voltage, which has to be supplied in order for current to flow between source
and drain and ii) sensitivity to ions in the OSC bulk.[293.294] This makes OECTSs highly
competitive in the field of bioelectronics, where aqueous systems dominate and voltages
<1V are required to prevent electrolysis and cell damage.[295-297] As ions penetrate the
OSC bulk, a concurrent transport of both ions and electrons/holes (termed mixed
conduction) is crucial for the OECT performance.[?98] Strategies for mixed conduction in
0OSCs include doped conjugated polyelectrolyte blends (e.g. PEDOT:PSS), conjugated
polyelectrolytes such as poly[6-(thiophen-3-yl) hexane-1-sulfonate
tetraalkylammonium] (abbr. PTHS) or donor-acceptor copolymers with ion compatible
ethylene glycol side chains.[290.291,299,300] The ability of the OECT to convert a potential
stimulus into a drain current variation can be quantified by the transconductance gm,
which is defined as Alp/AV:.[3011 OSCs enabling high gm are therefore highly sought after
material classes. Intrinsically doped PEDOT, in which charges are compensated by poly(4-
styrene sulfonate) allows the OECT to be fully conductive without applying Vc. Upon
switching to a positive Vg, the PEDOT is de-doped and reverted back a non-conductive

state. This OECT behaviour with conductive polymers is known as depletion mode. Keene
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etal. de-doped PEDOT using secondary and tertiary amines for enhancement mode OECTs.
Here, the OECT is switched off without gate bias, showing no loss in long-term stability
(> 1000 operational cycles) nor mobility (ca. 2 cm2V-1s1) compared to PEDOT:PSS
OECTs.[3092] Anchoring the counterions to the side chain of a conjugated polymer produces
self-doped conjugated polyelectrolytes, which eliminates the need for e.g. PSS. Nguyen-
Dang et al. showed, that this type of doping enables the OECT to operate in both
enhancement- and depletion mode by switching the polarity of drain-source voltage and
Ve.[246] A similar concept was used by Inal et al., who introduced an OECT based on PTHS.
This self-doped P3HT derivative enables a high gm of (2.0 £ 0.2) uS in enhancement
mode.[3931 Hence, de-doping offers a great potential to switch the current voltage
characteristics of conductive polymer OECTs. PSS may also be substituted by p-toluene
sulfonic acid (abbr. TOS), p-doping PEDOT to yield PEDOT:TOS. Jimison et al. used
PEDOT:TOS poly(ethylene glycol) composite OECTs and found excellent biocompatibility
with mammalian cells while maintaining a gm of 768 pS.[304] n-type OSCs have been used
in OECT applications, albeit suffering inherent instability towards water and air. This is
caused by low lying LUMO energies, rendering the reduced state highly susceptible
towards water or oxygen reduction.[°¢l By n-doping a naphthalene diimide bithiophene
donor-acceptor copolymer with tetra-n-butylammonium fluoride, Paterson et al.
demonstrated a transconductance increase from 1.8 uS to 10.5 uS as a result of higher
mobility. After doping, gm retains 97 % of its initial value after storage in phosphate-
buffered saline solution for 132 days - a record shelf-life for n-type OECTSs as of 2023.1305]
In a nutshell, doping offers great potential to enhance the performance of OECTs by
increasing stability, transconductance and the possibility to modify their mode of
operation. Doping is not limited to OECTs, but drastically impacts a majority of devices

incorporating OSCs today, highlighting the importance of this research field.
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1.4 Photoelectron spectroscopy

At the heart of each photoelectron spectroscopy (abbr. PES) experiment is the
photoelectric effect. It was discovered by Heinrich Hertz in 1887 while studying the impact
of ultraviolet light on the spark length between different metal electrodes.[306] Albert
Einstein later explained, that upon irradiation of matter with sufficient quantized photon
energy, (photo)electrons are emitted with a kinetic energy Ekin.[3971 PES measures the
photoelectrons angle, Exin and intensity to gain information about the samples
composition and density of states.[398] For that, the sample surface is irradiated with
monochromatic photons of known energy. This source differentiates the two main PES
experimental setups: X-Ray photoelectron spectroscopy (abbr. XPS) and ultraviolet
photoelectron spectroscopy (abbr. UPS). The former commonly utilizes Mg Ka (1253.6 eV)
and Al Ka (1486.6 eV) X-Rays to excite the sample surface.l309310] Here, K denotes the
principal quantum number n of the vacant level (K= 1, L =2, M = 3, etc.), which is created
upon ejection from an electron of the metals inner shell. a denotes, that the electron filling
the vacant state originates from n+1 = 2 (L-shell).311 In a UPS setup, ultraviolet radiation
produced by electrical gas discharge lamps excite the sample. These lamps emit mostly
He(I) (21.22 eV) and He(II) (40.81 eV) lines. As UPS radiation energy is only a fraction of
the X-Ray source, different states in the sample are excited: XPS ionizes mostly core
electrons, whereas UPS is used to study the valence shell electrons (lowest binding
energy).312] Upon generation, the radiation enters a ultra-high vacuum chamber (< 10-
8 mbar) and is focussed on the sample surface at an incident angle a. The photoelectrons
emitted at a take-off angle 8 are then collected by an electrostatic energy analyzer, which
separates the electrons based on their kinetic energy. Finally, a detector integrates the
intensity of the photoelectrons (Figure 1.24).1313.314] Besides photoelectrons, interaction
of matter in vacuum with X-Rays additionally produces Auger electrons and causes X-Ray
fluorescence, which can be analysed but are not subject of this paragraph.B31ll In a
nutshell, Auger lines are produced by a double ionization process. Upon photoionization,
the vacancy on the inner shell gets filled by an outer shell electron. The excess energy

causes a second electron from the outer shell to be ejected and detected by PES.[315]
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Figure 1.24. Schematic overview of a combined X-Ray- and ultraviolet photoelectron
spectroscopy (XPS/UPS) setup. All parts shown operate under ultra-high vacuum.
Adopted from Ref.[314]

If we consider energy conservation, the kinetic energy Ekin of the emitted photoelectrons
can be calculated from the excitation source wave length v, the binding energy Esind and

sample work function ¢sample (Equation 1.61).[316317]

EKin = hv — ¢Sample - |EBind| (161)

where # is the Planck constant divided by 2m (or reduced Planck constant). Hence, for a
photoelectron to be emitted from a sample with a kinetic energy Ekin, it has to overcome
the binding energy (difference between excited state and Fermi energy) and work
function. The surplus energy is then translated to Ekxin. This photoelectric effect in PES
experiments can be modelled by three distinctive steps: i) photoexcitation of the state,
followed by ii) movement of the generated electrons to the sample surface and iii)
photoelectron emission into vacuum.318l In a real-world experimental PES setup, the
detector work function ¢petector may not be identical with the sample work function, due
to being constructed from dissimilar materials.[319.320] Especially in the case of UPS, the
electrically conductive sample is connected to the metal body of the spectrometer. This
causes the Fermi energies of the sample and spectrometer/detector to align, which

induces a vacuum level shift from sample to spectrometer (Figure 1.25).
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Figure 1.25. a) Schematic energy diagram of a sample, which is electrically connected to
the detector of a photoelectron spectrometer (causing Fermi energy alignment). The
photoelectron emitted with a kinetic energy Ekin is experimentally observed having the
apparent kinetic energy ExinE*P if the detector work function ¢petector is different from the
sample work function ¢sample. b) Application of an external bias voltage Vsi to accelerate
photoelectrons of low kinetic energy towards the detector. This allows the secondary

electron cut-off (SECO) to be detected. Adopted from Refs.[319,320]

Thus, the apparent kinetic energy Exin®*P detected by the PE spectrometer is smaller than
the real kinetic energy Ekin, if the detector work function is greater than the sample work
function (Figure 1.25a). This causes EBind in a PES experiment to be dependent of ¢petector

instead of ¢sample (Equation 1.62).

E
|EBind| = hv — ¢Detector - E}(ixrf) (162)

@petector can be calibrated by measuring the Fermi edge (photoelectrons with highest
kinetic energy) of reference metals.[314] Finally, from the known incoming photon energy
hv and @petector, the Esind is obtained. Usually, the intensity of emitted photoelectrons vs.
binding energy is plotted after a successful PES experiment. The outcome of this
experiment can be used to analyse the composition and binding states of the sample. Egind
obtained from a typical XPS experiment can be related to the orbital energies of the states
via the Koopman theorem. It states, that the binding energy Esind(j) of a certain state is

equal to its one-electron (i.e orbital) energy ¢ (Equation 1.63).1318
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Egina() = —¢; (1.63)

In simple terms, the ionization energy (which is actually measured in XPS, as the state is
emitting a photoelectron) is approximately equal to its neutral orbital state.[321.322] [f
orbital relaxations and charge screening in inner core levels cannot be neglected,
Koopmans theorem may not hold true.3181 However, care must be taken in interpreting
binding energies, as PES is a surface sensitive technique and may not represent bulk
properties. Upon irradiation with X-rays or UV radiation, electrons are generated up to
few um deep inside the bulk sample. While trying to escape into the vacuum, these
electrons undergo inelastic scattering processes, loosing kinetic energy. By applying
Equation 1.62, these scattered “secondary” photoelectrons are perceived as states with
higher binding energy. Only the electrons generated in the top-most layer of the sample
are emitted without scattering and give rise to a sharp peak in the photoelectron intensity
characteristic for the respective element.[323] This short inelastic mean free path Avp
describes the average photoelectron distance travelled without undergoing inelastic
scattering. Besides the electronic structure of the observed element(s), Amp is
predominantly affected by the excitation photon energy.[313] By comparing different
photon energies, a parabola shape is obtained, with a minimum Ammp of ca. 0.5 nm at
roughly 102 eV photoelectron energy.[3241 The information depth of a XPS experiment with
inelastic scattering is therefore limited to roughly 2-5 nm, that from a UPS experiment to

even 1 nm, rendering PES a highly surface sensitive technique.[325326]

Following the energy conservation in Equation 1.61 and the schematic energies involved
(Figure 1.25a), the photoelectrons with the lowest binding energy are emitted from the
Fermi energy of the sample. This onset in photoelectron emission is called valence band
maximum (abbr. VBM) or Fermi edge and is characterized by a Fermi photoelectron
intensity distribution convoluted with a Gaussian slit function.[317] Generally, the PES
energy scale is calibrated such, that all binding energies are referenced to the Fermi edge,
which is set to zero (BE = 0).317] This is usually performed by referencing the VBM to the
measured Fermi edge of sputter cleaned gold.[3271 Sample charging via accumulation of
photoelectrons on the surface in insulators and/or misalignment of spectrometer and

sample Fermi energy (bad contacts) leads to a shift of the recorded binding energies.[328
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Figure 1.26. Schematic XPS and UPS spectra involving core-levels with spin-orbit
splitting, valence bands and the valence band maximum. In UPS, the secondary
photoelectron cut-off (abbr. SECO) marks the region where the kinetic energy of the

inelastic scattered electrons approaches zero. Adopted from Refs.[317.329]

Below the VBM, signals from the valence bands are recorded in a PES experiment. These
states represent the frontier orbitals, originating from the samples HOMO (Figure 1.26).
As XPS energy resolution is fourfold lower and is less sensitive towards inelastic
scattering, the valence band states are usually studied with UPS.[330] Moving further
towards higher binding energy, an increase in photoelectron intensity followed by a steep,
step-like decay to near zero is observed only in UPS. This phenomenon is called secondary
photoelectron cut-off (abbr. SECO). It is caused by EBind + ¢petector approaching v, thus
ExinExP of the ejected (secondary) photoelectrons is too low to leave the sample surface
(Equation 1.62). As this would pose a problem for measuring the SECO, the sample is
often biased with a negative voltage Vsi with respect to the spectrometer Fermi energy
(Figure 1.25b). The potential difference accelerates the photoelectrons from the SECO
region towards the detector, enabling a correct measurement (effectively shifting Er and
hence the BE scale by Vsi). From the midpoint of the SECO position Eseco, ¢psample can be
determined (Equation 1.64).

d’Sample = ¢)Detect0r + ESECO + qVBi (164)
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where q is the elementary charge. If the PES instrument is correctly calibrated, such that
VBM occurs at BE = 0 for a metallic reference sample, Equation 1.64 can be rewritten to
Equation 1.65. Otherwise, the difference between valence band maximum energy Evsm

and Eseco must be used.[327.331]

$sample = "V — Esgco — qVBi = hv — (Evem — Eseco) — 4V (1.65)

From the position of the VBM (which is > 0 eV for organic samples, i.e. Er is positioned
above the valence band states), the HOMO energy Eunomo can be deduced according to

Equation 1.66.1332]

Exomo = Psample + (19VBil—Evem) (1.66)

To report changes in ¢sample independent from vacuum level shifts or sample charging
effects, often the hole-injection barrier (abbr. HIB) is reported, which is defined as the
energy difference between ¢sample and Enomo. It is worth mentioning, that the valence
bands obtained from a PES experiment are not to be confused by the actual DOS of the
sample (see Figure 1.12). Despite visual similarity, the photoelectrons recorded in PES
are not only dependent on the DOS, but also on the take-off angle, wave function,
polarization, orientation of the molecules and photon energy.[52333] At higher energies
than the valence band states lie the core levels responsible for o-bonds (see Figure 1.10).
As the BE of core levels far exceeds the photon energy of UPS, X-Ray photoelectron
spectroscopy is used to study core states. The power of XPS lies in the fact, that each
element in the periodic table has characteristic binding energies and hence can be used to
probe the sample composition. Apart from the lightest elements He and Hz, every element
can be detected. The intensity I of a core level peak is a directed by multitude of
parameters - the atomic density n, the exciting photon flux f, the photoelectric cross
section o, the angular efficiency factor ¢ang, the efficiency of photoelectron generation y,
the sample area A4, the efficiency of photoelectron detection T and finally the emitted

photoelectron mean free path A (Equation 1.67).[334]

I= nf0-¢AngyATA (167)
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While f, ¢ang, 4, and T are instrument-, resp. sample specific quantities, the photoelectric
cross section depends on the atomic number Z. Scofield found o to be increasing with
principal quantum number (e.g. oLi2s < ONa2s < 0k2s) and decreasing when moving to
higher azimuthal quantum number (e.g. oNa2s > oNa2p1/2).[33%] Along with photoelectron
peaks and Auger lines, satellite peaks are frequently encountered in a XPS spectrum.[314]
Satellite peaks, appearing as weaker duplicates of the main peak and may have two
independent origins: i) insufficient filtering capability of the X-Ray monochromator
and/or ii) shake-up or shake-down processes. In a shake-up process, the photoelectron
exiting the atom simultaneously excites outer shell electrons to higher lying orbitals, in
turn losing a small amount of kinetic energy (which the PES interprets as having a higher
BE).[33¢] Especially in metals, photoelectrons ejected from core levels can excite valence
band electrons above the Fermi edge, and thus exit the atom with lower Exkin. This causes
a continuous shake-offloss tail above the BE of the main core level peak.[314] In conjugated
mt-systems like (doped) OSCs, shake-up peaks occur frequently due to m-m* transitions of
the aromatic system.[337] Another phenomenon often observed in transition metal ions is
multiplet- or spin-orbit splitting of a core level peak (Figure 1.26). Unpaired electrons in
outer, low BE shells lead spin-orbit coupling with either antiparallel or parallel spin

orientation, which splits the core level peak.[314]

By far the most prominent feature of core level peaks is their sensitivity towards the
chemical environment of the element. A change in core level BE occurs, when the
electrostatic potential experienced by the core level electron is altered by removing or
adding electron density from the valence bands. In other words, excess negative charge in
the valence bands screens the charge on the nucleus, lowering the binding energy of core
states.[317] This BE change, denominated chemical shift, is used to differentiate oxidation

states of elements, e.g. carbon (Figure 1.27).[338]
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Figure 1.27. XPS chemical shifts of the carbon 1s core level peak of various organic
substances. Carbon atom marked in bold. Data taken from Ref. and referenced to 285

eV.[339]

In molecules with multiple oxidation states per element, such as ethanol, the C 1s core
peakis a convolution of both contributions. By deconvoluting the peak, information about

the individual contributions can be obtained.

1.4.1 Characterisation of doped organic systems using XPS

Albeit core levels have minor influence on the electronic properties dictated by the
frontier orbitals (valence bands), XPS has found widespread use in investigating
fundamental properties of doped organic systems. In the highly conductive, doped
polymer semiconductors, XPS analysis is a popular choice to determine the doping level.
For p-methyl benzenesulfonate (abbr. tosylate) and poly(styrene sulfonate) (abbr. PSS-)
doped PEDOT, Xing et al. determined a doping concentration of 25 % tosylate and 50 %
PSS- counter ion on the polymer surface. This was achieved by monitoring the sulfur 2p
and oxygen 1s signals of pristine and doped polymer.3401 Further, the doping level of
tosylate doped PEDOT can be enhanced by a factor of ca. 3 by choosing alcohols over

ketone based solvents during the oxidative polymerization. Kim et al. studied this effect
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by comparing the area ratios of sulfur 2p signals originating from sulfonate and thiophene
sulfur.341] Using ethylene glycol surfactant in vacuum vapour phase polymerised PEDOT
boosts the doping level from 16.4 % (no surfactant) to 28.4 % (15 wt% ethylene glycol).
As published by Fabretto et al., the doping level can be conveniently accessed by the
oxygen 1s ratio between tosylate and PEDOT oxygen.[342] Chiu et al. applied a similar
sulfur 2p peak area analysis and found, that sulfate ions may also act as dopants towards
PEDOT, yielding a doping level of 11.6 %.[343] Liu et al. demonstrated, that by measuring
the chlorine to carbon atomic ratio using XPS, the doping level of hydrogen chloride (acid)
doped poly(aniline) can be determined.l344l Deconvoluting the nitrogen 1s peak into
quinone diimine and benzene diamine contribution, Zeng et al. could show, that
protonation by HCI likely occurs at the nitrogen atoms in the quinoid poly(aniline)
units.3431 XPS also delivers fundamental insight into doping reactions of poly(alkyl
thiophene) OSCs. Hintz et al. studied the photooxidative p-doping process of poly(3-
hexylthiophene) (abbr. P3HT). The oxygen uptake was monitored by the oxygen
1s : sulfur 2p peak area ratio and coincided with a BE shift of all core levels towards lower
binding energies upon light exposure. This was attributed to a Fermi energy shift towards

the HOMO, effectively p-doping P3HT (see Figure 1.25, 1.28).134¢]
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Figure 1.28. Top: Carbon 1s, sulfur 2p and oxygen 1s core level spectra of P3HT films
illuminated with AM1.5 solar radiation and exposed to pure oxygen (dotted lines).
Exposure times are given in minutes. The films were subsequently annealed at 423 K
under vacuum (10-3 mbar) for 10 min, shown as solid lines. As the instrument is
referenced such that the Fermi energy is located at 0 eV binding energy, a shift of the core
level peaks towards lower binding energies suggests a lower distance between P3HT
HOMO and Fermi energy. Bottom: Work function of the exposed P3HT films measured by
UPS as a function of the oxygen to sulfur ratio determined by XPS. Oxygen is introduced
into P3HT by means of oxidation, hence the oxygen to sulfur ratio increases. A shift in the
work function towards lower energies (closer to the P3HT HOMO) indicates p-doping. The
workfunction was calculated using Equation 1.65 with Vi = -5V and the position of the
SECO Eseco. Adopted and reprinted with permission from H. Hintz, H. Peisert, H.-].
Egelhaaf, T. Chassé, J. Phys. Chem. C 2011, 115, 13373-13376. Copyright 2011 American

Chemical Society.

The same BE shift can be observed by using the strong chemical oxidant FeCls to p-dope
sexithiophene. Oeter et al. reported a |AEsind(carbon 1s)| of ca. 0.8eV at 70 %
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FeCls:sexithiophene doping ratio.[347] p-doping may not lead to a core level shift, but
instead induce m-m* shake-up lines, as observed in AsFs doped para-distyrylbenzene.[348]
Besides doping processes, the complementary de-doping reactions can be quantified
using XPS. Storing FeCls doped poly(alkyl thiophenes) in ambient atmosphere at room
temperature results in loss of free charge carriers over time via de-doping. Wu et al.
showed, that the FeCls chlorine 2p signal loses intensity over time, escaping as HCI
gas.3491 Molybdenum trioxide (abbr. MoOs) is a powerful p-type dopant akin to FeCls
which can be used in vapour phase doping (see Section 1.3.1). XPS analysis revealed a
significant sensitivity towards ambient moisture, which breaks up MoOs3 clusters and
forms hydroxyl groups. Gwinner et al. optimized the poly(9,9-dioctylfluorene-alt-
benzothiadiazole)/Mo0O3 doped OSC system by excluding H20 based on XPS results.[350]
Combining XPS with sputter/etching techniques allows depth-profiling of elemental
constitution, where after each XPS analysis cycle, a defined part of the sample surface is
removed. For P3HT solution p-doped with phosphomolybdic acid, this technique has been
applied by Kolesov et al. to investigate the dopant diffusion. They found ca. 10-20 nm
dopant penetration into the pristine polymer film, which is dependent on the exposure

time to the dopant solution (Figure 1.29).351]

N(1s) + Mo(3p) Mo(3d)

Etch step:
3.5nm

Counts (a.u.)

Surface

Neutral

400 398 396 394 236 232 228 224 288 286 284 282 168 166 164 162 160
Binding energy (eV)

Figure 1.29. Depth-dependent XPS spectra of the N 1s, Mo 3d, C 1s and S 2p binding
energy regions of a 210 nm thick phosphomolybdic acid doped P3HT film. The film was
prepared by 1 min immersion doping of the P3HT film in 0.5 M phosphomolybdic acid
nitromethane solution. The Mo 3d peak series shows a decay constant of 11 nm for the
Mo 3d signal, indicating only limited penetration of the dopant into the P3HT film.
Reproduced with permission from Springer Nature, V. A. Kolesov, C. Fuentes-Hernandez,
W.-F. Chou, N. Aizawa, F. A. Larrain, M. Wang, A. Perrotta, S. Choi, S. Graham, G. C. Bazan,
T.-Q. Nguyen, S. R. Marder, B. Kippelen, Nature Mater. 2017, 16, 474-480.
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Lewis acids and bases have also been studied with the help of XPS.
Tris(pentafluorophenyl)borane forms strong adducts with Lewis basic nitrogen sites in
poly[2,6-(4,4-bis(2-hexadecyl)-4H-cyclopenta[2,1-b;3,4-b'|dithiophene)-alt-4,7-(4,4-

dihexadecyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2,6-diyl)bis([1,2,5]thiadiazolo [3,4-
c]pyridine)]. Yurash et al. verified the adduct formation by the presence of new nitrogen
1s core level peaks.[*6] Wang et al. used tetraalkylammonium bromide salts as Lewis bases
to n-dope a range of OSCs for photovoltaic applications. The relative BE shifts of the
bromine 3d and nitrogen N1s peak were used as an indicator for the Lewis basicity of the
Br- anion.[20%1 To conclude, XPS core level analysis is a modern and indispensable tool to
investigate composition and kinetics of doped organic systems. Its versatility allows the

exploration of a broad pallet of doped organic systems.

1.4.2 Characterisation of doped organic systems using UPS

For doped OSCs, precise knowledge about the energy levels involved is essential to
understand the system as a whole. UPS is sensitive towards all filled states in the valence
band region of the OSC, hence it is particularly useful to investigate p-doped system. If the
unpopulated states in the conduction band (LUMO etc.) are of interest in e.g. n-doped
systems, inverse photoelectron spectroscopy (IPES) is used. Complementary to PES,
electrons are accelerated towards the sample and the emitted photons are detected in
IPES.[317] Combining PES and IPES spectra yields a comprehensive picture of both HOMO
and LUMO states.[216] For more information about the subject of IPES, the reader is

recommended to refer to the relevant literature.[317,352-354]

As doping primarily manipulates the occupation statistics of filled and empty states in the
frontier orbitals, UPS is mostly used to determine the work function and HOMO position

of doped OSCs.
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Figure 1.30. Binding energy of the OSC pentacene (PEN) in the pristine form (black
curve), p-doped with FeTCNNQ (olive and blue curves) and n-doped with W2(hpp)4 (pink
and red curves) determined by UPS. Left: High binding energy cut-off (HBEC), identical to
the SECO; right: valence band region (VBM). Reprinted from B. Liissem, M. L. Tietze, H.
Kleemann, C. HofRbach, J. W. Bartha, A. Zakhidov, K. Leo, Nat. Commun. 2013, 4, 2775,
which is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0
Unported License. To view a copy of this license, visit

http://creativecommons.org/licenses/by-nc-sa/3.0/.

Liissem et al. studied the influence of the p-dopant FeTCNNQ and the n-dopant Wz(hpp)4
on the work function and HOMO position of the OSC pentacene using UPS.3551 An
exemplary UPS binding energy spectrum of the doped pentacene is depicted in
Figure 1.30. The work function of pristine PEN ¢pen is calculated using Equation 1.65,
with Esgco=17.59eV and hv=21.22eV: ¢pren=21.22eV-17.59eV=3.63eV. The
spectrum shown is already corrected for Vs;, hence it is not used in Equation 1.65. Upon
p-doping pentacene, Eseco shifts towards lower binding energies, which equates to a
higher work function (Er moves closer to the OSC HOMO, HIB of 0.43 eV at 1 wt%
FeTCNNQ). n-doping pentacene induces a Eseco shift towards higher energies, lowering
the work function (Er moves closer to the OSC LUMO, HIB of 2.85 eV at 1 wt% W2(hpp)4).

Using the valence band onset Evsm, determined from the low binding energy region of the
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UPS spectrum (Figure 1.30, right), the HOMO energy of pristine pentacene was calculated
using Equation 1.66: Eunomo =3.63eV +1.31eV=4.94¢eV. Neither n- nor p-doping
significantly changes the HOMO energy of pentacene. In early studies by Oeter et al,,
oligothiophenes were p-doped with FeCls. Oeter et al. used UPS in early studies to track
the doping reaction of FeCls and oligothiophenes. The HOMO onset shifted ca. 1 eV
towards the Fermi energy with increasing dopant concentration. In turn, the HIB was
lowered, an unambiguous sign of p-doping.[35¢] More recent studies utilize UPS to study
fundamental phenomena such as band bending in OSCs (Figure 1.17). Upward bending
of the vacuum energy was observed for hexadecafluorophthalocyaninatozinc n-doped
with tetrathianaphthacene. This was achieved by studying the work function evolution of
evaporated, doped films with increasing film thickness up to ca. 140 nm by Tanaka et
al.3571 Similarly, tetrafluorotetracyanoquinodimethane doped =zinc phthalocyanine
interfaces were investigated by Gao et al. The doped OSC forms a < 3.2 nm thick space-
charge layer when deposited on a gold electrode as determined by UPS, which greatly
boosts hole injection compared to the pristine OSC.[218] In more elaborate studies, Olthof
et al. studied the interface dipole formation of doped OSCs on silver, indium-doped tin
oxide and PEDOT:PSS substrates with UPS. Especially the all organic junction creates a

very low interface dipole beneficial for charge injection.[168]

By careful control of ultralow doping ratios (molar ratio ranging from 10-1 to 10-4), more
subtle effects of the Fermi energy moving through the band gap can be observed with UPS.
As discussed in previous Section 1.2.3, various localized states may be present above the
HOMO (hole traps) or below the LUMO energy (electron traps) (Figure 1.15). Olthof et al.
identified the transition between trap-filling regime (charges generated by doping are
consumed in passivating traps) and formation of free-charge carriers in Ceo, which was n-
doped with a mesitylene pentamethylcyclopentadienyl ruthenium dimer. Upon
investigating the change of the work function relative to the dopant molar ratio, a distinct
change in slope marked the transition.[18%] A comparable trend was found for CeoF36 p-
doped N,N,N’,N’-tetrakis(4-methoxyphenyl)benzidine by Tietze et al. Both XPS core
levels- and UPS valence band onsets shifted towards lower BE with increasing doping
ratio, finally being pinned close to the HOMO position of the host. The UPS results were in
accordance to classical semiconductor physics, on the basis of which a refined model for
understanding doped OSCs was built.[*7] Kroger et al. observed a similar two-regime work

function shift in inorganic MoOs p-doped triphenylamine derivatives.[358]
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UPS can be partially used to replace inverse PES by monitoring the HIB during n-doping
OSCs. If the HIB increases upon doping, the Fermi energy moves away from the HOMO
towards the LUMO. This was used by Naab et al. to develop dimeric benzimidazole
dopants which are able to shift Er closer to the LUMO of a semiconducting polymer
compared to monomeric benzimidazole derivatives.[3> Further, UPS may partially
replace or support impedance spectroscopy measurements to determine the doping
efficiency. Tietze et al. used UPS measurement on p-doped zinc phthalocyanine of
increasing film thickness to derive the depletion layer thickness and built-in potential,
which are used to calculate the doping efficiency at various dopant ratios.[173] Finally, UPS
also helps to unravel detrimental effects of doping, which are difficult to pinpoint with
conventional spectroscopy. In the case of Li-TFSI doped N,N’-di(1-naphthyl)-N,N’-
diphenyl-(1,1'-biphenyl)-4,4'-diamine, excessive doping ratios of 25 % increased the hole
injection barrier as determined by UPS. In turn, this lowered the doping efficiency and
current density in hole-only organic diodes.[3¢01 To put it concisely, UPS enables a deep
insight into fundamental energies related to doping - work function, HOMO position,
doping efficiency and interface energetics in devices to name a few. Both UPS and XPS
represent complementary methods enabling high quality research on doped organic

systems.
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2. OBJECTIVE OF THE THESIS

2. Objective of the thesis

Parallel to the global success of inorganic semiconductors during the ongoing digital
revolution, organic semiconductors have begun to partially transform from fundamental
research topics into commercial products. Organic light emitting diodes, found in many
modern display technologies, are a prime example. As of today, the electronic properties
of organic semiconductors are frequently tailored to their desired values using chemical
doping. Especially in the fast-paced, emerging research areas of organic bioelectronics,
organic thermoelectrics involving both p-type (donor) and n-type (acceptor) materials,
doping technology as the key promoter is not keeping up. Despite recent advances in the
field of organic dopants and considerable computational effort, it lacks performance,
stability and a universal approach to unify doping strategies. The aim of this thesis is to
enhance the performance of doped organic semiconductors by designing new doping
materials and proposing novel concepts while applying advanced analytical methods.
These methods will be based mostly on impedance- and photoelectron spectroscopy. In

this work, we try to achieve this objective by four approaches build on one another.

In organic bioelectronics, PEDOT:PSS has emerged as a benchmark material for
conductive, biocompatible polymers. However, it is a non-soluble blend and hence
difficult to process into thin films. By designing a new doping strategy to vastly improve
the performance and conductivity of soluble poly(3,4-ethylenedioxythiophene)
homopolymers, we try to replace PEDOT:PSS and eliminate the need for a PSS counter
ion. This approach will be realized by utilizing oxidized triphenylamines as p-dopants. The
performance of the doped system will be examined by UPS, as well as mobility and
conductivity electrical measurements. Here, we can benefit from knowledge gained in our
seminal work on HOMO-HOMO electron transfer in 2020 to create a highly conductive
system. Further, we will employ bis(trifluoromethanesulfonyl)imide counter ions to
boost the environmental stability of the doped state, allowing it to be used in ambient

conditions.
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2. OBJECTIVE OF THE THESIS

Current studies suggest, that the doping efficiency of typical dopants like N-DMBI or
NOPFs is quite poor, dropping well below 10 % at 5 mol% dopant. By increasing the
doping efficiency, we can decrease the required amount of dopant and minimize the
accumulation of undesired side products in doped thin films. Hence, by coupling the
second approach with the synthesis of covalently coupled multielectron acceptor p-
dopants, we will expand the HOMO-HOMO concept to a more universal and efficient
strategy. We intend to prove this concept by treating a polar donor-acceptor copolymer
with either mono-, di- or tetracationic organic radical salt p-dopants. If more than one
electron is accepted per dopant molecule, we can effectively decrease the dopant loading
and confirm the charge carrier concentration and doping efficiency by Mott-Schottky
measurements. Additionally, we try to limit the impact on the carrier mobility by
exploiting the hole transport capabilities of the neutral dopant, which can be verified by
frequency-dependent impedance measurements. Combining these advances should
reward us with improvement in overall system performance compared to regular doping

materials.

In a consecutive study, we revisit a doping concept published in 2019 by our group. In this
work, we used copper(Il) bis(trifluoromethanesulfonyl)imide as a powerful electron
acceptor dopant for hole transport materials such as Spiro-MeOTAD in perovskite solar
cells. We recognized, that transition metal salts offer a huge potential for next generation
p-type dopants, due to the efficient charge carrier generation. By understanding the basic
mechanism on a molecular level, their full performance potential can be unlocked. Using
a set of advanced impedance spectroscopy methods tightly integrated with temperature
control, we aim to unravel the thermodynamic equilibria of the reactants during doping.
This allows us to identify the causal link between dopant design and doping efficiency.
Additionally, we aim to identify possible detrimental aspects to this doping strategy and
how to avoid them, in an attempt to formulate guidelines for further research. Based on
the impact on carrier transport, these states are expected to be observable by studying

the carrier mobility at various temperatures and doping concentrations.

Currently, there is an ever-increasing demand for n-type materials with outstanding
figure of merits, such as conductivity, stability, low lying LUMO values and thermoelectric
capability. To expand the scope of this work towards n-type materials, we shall develop a
bulk dopant for polar acceptor-acceptor polymers. We selected alkali metal carbonates as

a viable alternative to N-DMB], as they are more readily available and stable. We set on to
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develop a conclusive doping mechanism of proton abstraction by the carbonate for this
system through inverse- and ultraviolet photoelectron spectroscopy studies. An
important aspect is the morphological change during doping, which will be assessed with
grazing-incidence wide-angle X-ray scattering. Improving the electron density on the
polymer backbone could render this system applicable in many fields, such as
thermoelectric devices for power generation from waste heat energy. Ultimately,
proposing a doping mechanism and confirming the performance increase may broaden

the horizon for doped n-type polymer research.
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3. Overview of the thesis

This thesis addresses the synthesis of novel organic/inorganic dopants for organic
semiconductors, along with the introduction of new chemical doping strategies. Insight
into the properties of the doped systems is provided by using advanced electrical
characterisation methods. Especially, solid-state devices were fabricated and detailed
electrical analysis are given to characterize the doped systems using impedance
spectroscopy, for the first time in the AFuPo research group. Specifically, Mott-Schottky
analysis of impedance data of metal-insulator-semiconductor devices were used to
elucidate charge carrier concentration. Since it is difficult to determine the charge carrier
mobility of conducting systems (doped polymers in general) using conventional methods
such as OFET or SCLC, the field dependent charge carrier mobilities of pristine and doped
polymers were measured using negative differential susceptance (—AB) method utilizing
impedance spectroscopy on metal-semiconductor substrates. Additionally, in specific
systems the mechanism of doping is resolved and explained in detail for the first time.
Doping is the pillar of modern organic semiconductor research, transforming intrinsic
insulators into tailored, sought-after conductive materials for energy storage and -
conversion applications. Hitherto, the field is confronted with the requirement of high
dopant levels, stability and performance issues, which are addressed in the different
chapters of this dissertation. The work is divided into two major parts, focussing on either
p- or n-doping. Chapters 5 to 6 cover the use of radical cation salts of triphenylamine
derivatives as electron acceptors (p-dopants) for organic semiconductors, whereas
Chapter 7 discusses the detailed mechanism of p-doping using Cu(TFSI)z salt. Chapter 8
deals with the viability of using diverse alkali metal carbonates as novel n-dopants for
acceptor-acceptor polymers as well as the mechanism of this n-doping. (see Figure 3.1
for a schematic overview). The chapters have been published in peer-reviewed journals

as individual manuscripts and are presented here in a cumulative manner.
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Chapter 5 Chapter 6
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Figure 3.1. Graphical overview of the Chapters 5-8 presented in this thesis, centred
around the electrical characterisation using photoelectron- and impedance spectroscopy
methods. The chapters were published under the following titles: A Solution-Processable
Pristine PEDOT Exhibiting Excellent Conductivity, Charge Carrier Mobility, and Thermal
Stability in the Doped State (Chapter 5), Highly Efficient Doping of Conjugated Polymers
Using Multielectron Acceptor Salts (Chapter 6), Intricacies and Mechanism of p-Doping
Spiro-MeOTAD Using Cu(TFSI)2 (Chapter 7), Applicability and mechanism of Carbonates

as n-Dopants for an Acceptor-Acceptor Polymer (Chapter 8).

Chapter 5: A Solution-Processable Pristine PEDOT Exhibiting Excellent

Conductivity, Charge Carrier Mobility, and Thermal Stability in the Doped State
(Published in Macromol. Chem. Phys. 2021, 222,2100123)

The controlled synthesis of soluble PEDOT-CsCs conjugated polymer and chemical p-
doping using oxidized Spiro-MeOTAD salts will be addressed in Chapter 5. The novel
concept of HOMO-HOMO electron transfer using oxidized triphenylamine derivatives as

p-dopants was previously introduced by our group, where two distinct advantages were
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found: i) no deep lying LUMO required for the p-dopant, as the electron is accepted into a
HOMO state, and ii) non-interfering doping byproducts, which can participate in hole
transport.lll We combined this promising concept with the need for soluble, highly
conductive polymers for bioelectronics. Currently, the field is dominated by commercial
PEDOT:PSS, an insoluble doped polymer blend which is processed as an aqueous
dispersion. We substituted a EDOT monomer with solubilizing branched alkyl side chains,
followed by controlled Kumada catalyst transfer polymerisation. This yields a well-
controlled, narrowly distributed homopolymer PEDOT-CesCs between 3 and 9.8 kg mol-,

which is soluble in most aprotic, unipolar organic solvent (Figure 3.2) and can be doped

at our will.
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Figure 3.2. Synthesis of PEDOT-CeCs from the EDOT monomer by Kumada catalyst
transfer polymerisation presented in Chapter 6. The polymer is able to donate electrons

to the p-dopant Spiro-MeOTAD(TFSI)2. Adopted from Ref.[2]

In addition to excellent material properties, we conducted spectroelectrochemistry
experiments to evaluate the oxidizability of PEDOT-CsCs. Upon oxidation, a distinct
polaron absorption was recorded, with a low threshold voltage of +300 mV vs. Ag/AgCl in
0.1 M NaCl aqueous solution. We substituted the electrochemical doping by chemical
doping using the p-dopant Spiro-MeOTAD(TFSI)2. UPS confirmed the electron transfer
from PEDOT-CsCs to Spiro-MeOTAD(TFSI)z, inducing a very low hole-injection barrier of

only 100 meV at 2.5 mol% dopant. All electrical characterizations as well as UPS studies
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were conducted to understand the mechanism and efficiency of doping. We obtained a
highly stable doped system, showing no significant conductivity decrease from 1.1 - 10
3S cm-1 at 10 mol% dopant after being stored under ambient conditions for 12 h. Further,
we note that the addition of Spiro-MeOTAD(TFSI)2 has no appreciable impact on hole
transport as confirmed by mobility studies. This chapter presents PEDOT-CsCs, a solution
processable alternative to PEDOT:PSS, which can be made electrically conductive by the

HOMO-HOMO doping concept.

Chapter 6: Highly Efficient Doping of Conjugated Polymers Using Multielectron
Acceptor Salts

(Published in Macromol. Rapid Commun. 2021, 42,2100443)

Doping efficiency is the major figure of merit to characterise the performance of a doped
system. It quantifies the efficiency of generating free charge carriers from the total
amount of dopant molecules added. Most doped organic systems are known to respond
with an exponential decrease of the doping efficiency with increasing doping
concentration, limiting the improvement of doping at high dopant concentrations. Hence,
we tackle this problem by combining the HOMO-HOMO doping concept with molecules
containing multiple triphenylamine units. Ethylene glycol side chain substituted donor-
acceptor polymers are mixed with mono-, di- and tetravalent multielectron acceptor salts
derived from different triphenylamine derivatives (Figure 3.3). The results are compared
to a conventional monovalent p-dopant, NOPFs. An excellent morphological compatibility
between polar polymer and highly charged dopant molecules was found by XPS mapping

of solution co-processed thin films.
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Figure 3.3. Studied p-dopants in Chapter 7: Magic Blue (monoelectron acceptor, left) and
multielectron acceptors 4-MeO-TPD(PFs)2 (two-electron acceptor, middle) as well as
Spiro-MeOTAD(PFs)4 (four-electron acceptor, right). PDPP[T]2{TEG}2-3-MEET serves as
the host material. Adopted from Ref.[3]

UPS and cyclic voltammetry studies on the HOMO energy levels of both dopant and host
materials reveal the possibility of an exothermic electron transfer from polymer to dopant
salts which was verified by UV/Vis/NIR spectroscopy. The tetravalent cation induced the
highest polaron density, equivalent to positive charges on the polymer backbone. This
was supported by thin film conductivity measurements, where the multielectron
acceptors showed up to ca. 200-fold increase in conductivity compared to single electron
acceptors. Mott-Schottky impedance spectroscopy measurements provided a proof for
our concept, revealing a linear relationship between charge on the dopant and induced
carrier density. Hence, we could reduce the necessary amount of dopant to induce an
identical hole density on the polymer host by 75 % compared to Magic Blue while
reaching a conductivity of 0.2Scm! at 5mol% Spiro-MeOTAD(PFs)4. Further, we
monitored the doping efficiency of multielectron acceptor salts and found them to be up
to one order of magnitude higher than NOPFs, a standard material in doping research.

Besides, the efficiency retention was more pronounced at increasing doping
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concentrations (up to 24 % for Spiro-MeOTAD(PFs)4) compared to a steep loss for NOPFe
(<3 %) at 5 mol%. The polar ethylene glycol side chains also help to boost the doping
efficiency by providing a higher dielectric constant of the system, lowering the necessary
energy to dissociate the charge transfer state formed upon doping. This was verified by
comparing the doping experiments with a polymer carrying lower polarity branched alkyl
side-chains instead of polar oligo ethylene glycol as substituents. In the hydrophobic
polymer, the doping efficiency was effectively decreased by 50 %. To conclude, this
chapter introduces novel di- and tetracationic multielectron acceptor dopants for organic
semiconductors, inducing a higher conductivity, carrier density and doping efficiency
compared to standard single electron acceptors. Polymer - dopant compatibility was
tuned by increasing the polymer polarity, which creates a synergistic effect boosting the

electrical performance of the system.

Chapter 7: Intricacies and Mechanism of p-Doping Spiro-MeOTAD Using Cu(TFSI)2
(Published in Adyv. Electron. Mater. 2022, 8,2200113)

Spiro-MeOTAD is a popular choice for hole transport materials in organic solar cells. To
improve the device efficiency, Spiro-MeOTAD is commonly doped with organic acceptors
such as F4ATCNQ or air oxidation in presence of LiTFSI and ¢t-butyl pyridine. Previously, our
group published a new concept of co-evaporating the novel p-dopant Cu(TFSI)2 and Spiro-
MeOTAD to produce a highly uniform and conductive hole transport film. Despite being
efficient, the underlying mechanism and interaction between transition metal salts and
triphenylamines remained elusive. By studying the doping reaction between co-
evaporated Spiro-MeOTAD and Cu(TFSI)2 in detail, we provide mechanistic insights into
transition metal p-doping. Using UPS and optical spectroscopy experiments, we found that
the electron transfer from Spiro-MeOTAD to Cu(TFSI)z to be highly exothermic, resulting
in a temperature independent formation of the charge transfer salt [Spiro-

MeOTAD*][Cu!(TFSI)2-]x (Figure 3.4).
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Figure 3.4. Oxidation of Spiro-MeOTAD (left) by temperature-independent electron
transfer to Cu(TFSI)2 during co-evaporation, as reported in Chapter 5. Cu(TFSI)2 is
reduced to the copper(l) salt [Spiro-MeOTADx**][Cu!(TFSI)27]x, but is not reduced to
metallic copper(0). Adopted from Ref.[*]

No further reduction of copper(l) to copper(0) occurred, which was explained by
copper(I) stabilization with TFSI- ligands and verified by elemental analysis. The high
doping efficiency found in earlier studies can then be explained by the low Coulombic
binding energy of this salt, requiring a mere 11-19 meV to dissociate into free charge
carriers Spiro-MeOTADx*, far lower than the available room temperature thermal energy
of ca. 26 meV. Quantification of the doping efficiency via impedance spectroscopy yielded
a value of (52 +6.4) % at 10 mol% dopant. This results in a significant increase over
conventional organic p-dopants such as Fe TCNNQ or CsoF36, both lying below 10 % doping
efficiency at 10 mol% and above. Testing the electrical conductivity of the doped system
revealed a temperature independent regime below 150 K, which is unusual for Arrhenius-
activated systems like doped organic semiconductors. As this phenomenon could not be
explained by published physical models, extensive temperature-dependent Mott-
Schottky and impedance measurements were conducted. Monovalent copper was
identified as a potent trap state, which is frozen out/inactivated below 150 K.
Bathocuproine as a selective copper(I) complexing agent is able to revert this effect to a
certain extent. Complemented by energetical analysis of the charge carrier hopping, the
complete picture of all reaction steps occurring during Cu(TFSI)2 doping Spiro-MeOTAD
was drawn. In short, we have demonstrated the necessity of fully understanding the

underlying mechanism in an organic doping reaction. Transition metal doping with
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Cu(TFSI)2 is presented as a highly efficient strategy, if the impact of metal ions on the hole

transport is accounted for.

Chapter 8: Applicability and mechanism of Carbonates as n-Dopants for an

Acceptor-Acceptor Polymer
(Published in Adv. Funct. Mater 2023, 2300614. DOI:10.1002 /adfm.202300614)

n-type organic semiconductors are becoming increasingly sought-after for thermoelectric
applications, organic electrochemical sensors and photovoltaics. However, the n-doped
state is considerably less stable towards ambient conditions than p-doped systems, which
is exacerbated by a lack of suitable n-dopants as well as acceptor polymers with low lying
LUMO values. Hence, we approach this problem by designing a novel polar n-type
acceptor-acceptor copolymer, which is n-doped in a new approach using abundant
Cs2C03. By lowering the LUMO of the polymer, we increase the stability of the n-doped
system towards oxidation. For caesium carbonate, conflicting explanations can be found
in literature to explain the doping mechanism for small molecule OSCs, while it is entirely
unknown for semiconducting polymers. In electrical conductivity measurements, we
measured eight orders of magnitude increase upon adding 40 mol% Cs2C03, comparable
to the reference n-dopant N-DMBI. Seebeck measurements confirmed electrons as the
majority carrier type for the carbonate doped polymer. This was accompanied by a rather
high power factor of (5.59 + 0.39) - 10 W m'1 K2, exceeding the performance figures of
N-DMBI doped donor-acceptor n-type polymers. To investigate the underlying
mechanism further, we conducted FT-IR and XPS studies. A distinct change in electron
density at the unsubstituted thiophene comonomer occurred due to deprotonation. We
correlated this to the Brgnsted basicity of a series of alkali metal- and organic carbonates,
where a less basic carbonate resulted in a lower conductivity. Inverse- and regular
photoelectron spectroscopy studies were conducted to investigate the impact of doping
on HOMO and LUMO orbitals. Although the deprotonation leads to the formation of
localized intragap states, electrons are transported mostly in the LUMO. Finally, GIWAXS
measurements revealed the formation of crystalline CsHCO3 after doping, with only minor
morphological changes after addition of the carbonate. To conclude, this work provides a

novel n-doping pathway for acceptor polymers following the unusual base n-doping
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mechanism. The bulk carbonate doping offers a great potential for applications in energy

conversion.
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Abstract

PEDOT:PSS [poly(3,4-ethylenedioxythiophene) polystyrene sulfonate] is a widely used
insoluble conducting polymer, which is therefore processed from dispersions. In this
work, PEDOT homopolymers (PEDOT-CsCs 1 and 2) highly soluble in common solvents
like toluene, tetrahydrofuran, and chloroform are synthesized with a high control of
molecular weight and low dispersity using Kumada catalyst transfer polymerization of a
newly synthesized EDOT monomer carrying a branched alkyl substituent. Pristine
PEDOT-CeCs allows the use in accumulation mode transistors with a high charge carrier
mobility of 5+ 10-% cm2 V-1s-1. Moreover, these polymers can be doped in a controlled
fashion, reaching conductivities of 103Scm-1 at 10 mol% of a dopant, Spiro-
MeOTAD(TFSI)2. The doped state is remarkably stable, retaining 80 % of the initial value
after annealing under nitrogen at 100 °C and being exposed to ambient atmosphere for
up to 12h. During doping, the hole injection barrier decreases and reaches an
impressively low value of 130 meV at only 2.5 mol% dopant loading without loss in
carrier mobility; as monitored using ultraviolet photoelectron- and impedance
spectroscopy. This new design concept leading to highly soluble polymers with well-
controlled molecular weights provides solution-processable PEDOT dopable in a well-

controlled fashion.

5.1 Introduction

m-conjugated semiconducting polymers as well as their doped counterparts called
conductive polymers, which show a good charge transport, low oxidation potential, and a
high stability of the oxidized state, are of great interest in the field of organic

thermoelectrics, solar cells, and in organic bioelectronics.[-31 The most widely used p-type
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conducting polymer is PEDOT:PSS [poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate], which is commonly processed as a dispersion in water due to its insoluble
nature.[*>] It is mainly transparent (80-95 %) within low thickness ranges and exhibits
high conductivity of up to 4600 S cm-1, catching up with elemental metals such as mercury
(1-10%S cm-1).[6:81 PEDOT:PSS is a mixture of two ionomers, where PSS has the function
of doping the short PEDOT segments and stabilizing their oxidized state. In this mixture,
the short PEDOT segments (7-18 units) are surrounded by the PSS chains with a much
higher molecular weight, forming a dispersion in solution and a granular structure in thin
films.°?l These unique properties predestine PEDOT:PSS for both high-volume
applications such as antistatic coatings as well as specialized fields of research on doped
polymers like thermoelectrics or organic solar cells.[10-13] However, there is a big demand
for soluble undoped PEDOT polymers due to its low oxidation potential and feasibility of
processing thin films from solutions. The advantages of doped PEDOT:PSS are
overshadowed by drawbacks such as: i) long-term and thermal instability of thin films; ii)
limited solubility in organic solvents; and iii) intrinsically conductive nature hampering
the use of undoped material in devices requiring a normally off-behavior, for example,
accumulation mode organic field effect transistors (OFET).[1415] This inherent limitation
has instigated recent interest in developing suitably substituted PEDOT homopolymers,
which are highly soluble in pristine form, processable from solution and more importantly
dopable in a controlled and desired fashion for, for example, bioelectronics and
thermoelectric applications.[16171 The key challenge in synthesizing soluble PEDOT
homopolymers is to select suitable substituents guaranteeing solubility, while still
maintaining high molecular weights, because unsubstituted PEDOT is insoluble even at a
few repeating units. In addition, the useful electrical properties of PEDOT:PSS, for
example, high conductivity, should also be achieved in the new PEDOT homopolymers.
Incorporating suitable substituents is a viable strategy, which is also shown in other
conjugated polymers like poly(3-hexylthiophene) to improve the solubility and
processability of the resulting polymer. In low band gap polymers, a common way to
increase the solubility is to introduce branched aliphatic side chains.l18] Various
approaches to tackle this challenge of making PEDOT polymers soluble were published,
ranging from cyclic alkyl-substituted 3,4-ethylenedioxythiophenes (EDOT) and 3,4-
propylenedioxythiophenes  (PProDOT) over acyclic linear alkyl branched

dioxythiophenes to more elaborate polar sidechains such as sulfonates or ethers.[19-23]
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Caras-Quintero previously published dihexyl-substituted PEDOT homopolymers
employing acid-catalyzed transetherification to form the corresponding EDOT
monomers, which were subsequently polymerized by electrochemical oxidation.[24]
Recently, Pittelli introduced branched (ethylhexyl-) and unbranched (octyl-) alkyl-
substituted poly(dioxythiophenes) synthesized by oxidative polymerization using FeCls,
to obtain doped polymers, however suffering from broad polydispersities (P =1.8-
3.8).[251 Yet, no report on a controlled polymerization of soluble PEDOT homopolymer was
published until Bhardwaj et al. functionalized an ethylenedioxythiophene monomer with
a hexyl side chain and used the controlled polymerization technique of Kumada catalyst
transfer polymerization (KCTP) to achieve a PEDOT-Cs homopolymer.[26] Nevertheless,
they achieved a polymer with low molecular weight of 4 kg mol-1, indicating that the hexyl
side chains did not enhance the solubility of the final polymer sufficiently. We introduced
branched side chains to overcome this issue and synthesized a new generation of
dibrominated EDOT monomer, to obtain a sufficiently high molecular weight and well-
controlled PEDOT homopolymer soluble in common organic solvents. A new monomer
synthesis route was developed to obtain an EDOT monomer with a branched 2-hexyldecyl
(CeCs) side chain. In this study we present highly soluble PEDOT homopolymer having
controlled molecular weight, low polydispersity as synthesized in a living fashion,
utilizing KCTP. The two resulting highly defined polymers, differing in the polymer chain
lengths, were investigated with spectro-electrochemistry measurements to evaluate their
electrochemical oxidizability. Furthermore, the charge carrier mobility in accumulation
mode OFETs was measured for the pristine samples. The change in work function and
hole injection barrier of doped states of PEDOT-CesCs polymer obtained by adding Spiro-
MeOTAD(TFSI)2 dopant were monitored using ultraviolet photoelectron spectroscopy
(UPS). The influence of doping on charge carrier mobility was studied using the negative
differential susceptance (-AB) method, applying impedance spectroscopy
experiments.[?’] To summarize, our strategy offers a route to synthesize soluble pristine
PEDOT polymers with controlled molecular weights, which allow any degree of doping in
solution in a well-controlled fashion, and the doped state was found to be remarkably
stable, retaining 80 % of the initial value for 12 h in ambient atmosphere after annealing

under nitrogen at 100 °C.
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5.2 Results and Discussion

In this study, we first synthesized the new polymer PEDOT-CsCs starting from 3,4-
dimethoxythiophene 1 as shown in Figure 5.1a. Detailed synthetic procedures for the
substituent are given in the experimental part.[281 A transetherification between 3-
hexylundecane-1,2-diol and 3,4-dimethoxythiophene results in EDOT-CsCs monomer 2
carrying a branched CesCs side chain. For the use in the Kumada catalyst transfer
polymerization, a further dibromination step is necessary, which was accomplished using
N-bromosuccinimide in CH3COOH/THF to yield the monomer 3. We chose two different
monomer to nickel catalyst ratios [M]o/[Ni(dppp)Clz] (30/1 and 10/1) to synthesize
PEDOT-CéCs 1 and 2, which should deliver theoretical molecular weights of 3500 and
10500 g mol-1. Furthermore, a study of the polymerization kinetics was conducted in a
separate experiment (Figure 5.1b). We observed a very rapid increase in molecular
weight in the first 30 min of the polymerization before the molecular weight levels off
indicating a chain-growth mechanism typically found in KCT polymerizations.[2°] After the
first 30 mins, the polymer chain grows less rapidly reaching almost a plateau after 4 h. To
determine the molecular weight distribution and dispersity of PEDOT-CsCs 1 and 2, we
used size exclusion chromatography (SEC) and MALDI-TOF analysis (see Table 5.1,
Figure 5.1c). SEC measurements revealed well-defined monomodal distributed with low
dispersities, but the elution with THF using PS calibration resulted in almost identical
molecular weights for the two polymers (Figure S5.2, Supporting Information). However,
the difference in molecular weights could be clearly resolved in MALDI-TOF analysis,
showing peak molecular weights of 3 (9 repeating units) and 10 kg mol-1 (= 27
repeating units), respectively (Figure 5.1c), as expected from the monomer/catalyst
ratio. In both MALDI-TOF spectra the molecular weight of the repeating unit (352 g mol-1)
could be confirmed for the peak series. The second peak series of the spectra of PEDOT-
CéCs1 can be attributed to the doubly charged species of the ionized polymer.
Commercially available PEDOT:PSS such as Clevios P is composed of high molecular
weight PSS chains (400 kg mol-1) and short PEDOT segments of only 1000-2500 g mol-1,
which translates to = 7-18 repeating units.[°l By eliminating PSS (later for doping), we can
increase the content of electroactive PEDOT with a high degree of control over the

molecular weight. We can deduce two advantages of our approach using a 2-hexyldecyl
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side chain monomer in PEDOT polymers: i) no copolymerization necessary to achieve
sufficient solubility; ii) high degree of control over molecular weight using KCTP; and iii)

low polydispersity (Table 5.1).
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Figure 5.1. a) Scheme of polymer synthesis for PEDOT-CsCs 1 and 2: i) 3-hexylundecane-
1,2-diol, p-TsOH, toluene, reflux; ii) N-bromosuccinimide, CH3COOH/THF, RT; iii) t-
BuMgCl, THF, RT, Ni(dppp)Clz, H20. b) Kinetic plot of PEDOT-CsCs polymerization with
monomer to nickel catalyst ratios [M]o/[Ni(dppp)Clz] 100:1. Mn determined by SEC using
THF as eluent, 1,2-dichlorobenzene as internal reference and narrowly distributed
polystyrene standards. c) MALDI-TOF spectra of PEDOT-CeCs recorded with dithranol as
matrix. d) UV/Vis absorption and photoluminescence (PL) spectra of PEDOT-CsCs 1 and

2 in THF solution, with a polymer concentration of 0.02 mg ml-1.
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Table 5.1. Characteristics of the two synthesized copolymers PEDOT-CsCs 1 and 2,
determined via SEC, MALDI-TOF, and OFET experiments.

Mp MALDI-TOF b®) Repeating UholeOFET

(kg mol-1)(@) units(© (cm?2V-1g1)
PEDOT-CesCs 1 3 1.38 9 1.6-10*
PEDOT-CeCs 2 9.8 1.19 27 5.0-10+

(3 Dithranol was used as a matrix material, dilution 1:1000.
(b) SEC with polystyrene calibration and THF as eluent.

() Calculated from peak molecular weight determined in MALDI-TOF.

Optical properties play a vital role in devices incorporating PEDOT thin films such as
organic solar cells, which were assessed consecutively via UV /Vis/NIR spectroscopy.
UV /Vis/NIR absorption and emission studies in THF solution reveal, that both polymers
exhibit similar vibronically resolved absorption and photoluminescence features, as well
as an identical optical bandgap (Figure 5.1d). The as-synthesized sample PEDOT-CsCs 1
exhibits absorption at wavelengths higher than 680 nm compared to PEDOT-CsCs 2,
indicating in-situ doping in the former. From the absorption or PL spectra, qualitative
information regarding aggregation in solution was deduced. Both polymers exhibit highly
ordered absorption spectra, in which the 0-0 transition peak for both polymers can be
distinguished at 638 nm and the 0-1 transition peak at 584 nm, respectively.[39! It can be
stated that both PEDOT polymers are highly aggregated in every solvent we tested
(chloroform, hexane, THF, etc.). By introducing an aliphatic 2-hexyldecyl side chain, we
expect an increased solubility of the pristine PEDOT-CsCs 2 homopolymer. To test our

hypothesis, we conducted solubility studies, summarized in Table 5.2 below.
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Table 5.2. Maximum solubilities of PEDOT-CsCs 2 in anhydrous organic solvents at RT.

Solvent Solubility Solvent Solubility Solvent Solubility
(gL1)E (g L& (gL1)E

Toluene 341+ CHCIs 25.1+ Ethyl acetate 0.43 +£0.15
5.20 3.33

CH2Cl> 299 + 1,4-Dioxane 0.67 £ Acetonitrile 0.29+0.18
0.60 0.05

THF 27.0 + Hexane 0.47 + | Dimethylformamide Insoluble(®)
0.40 0.06

@ Solubilities determined by preparing a saturated PEDOT-CsCs 2 solution in solvent of
choice and weighing the mass of the concentrated polymer after evaporation of a known

volume of supernatant solution, averaged over three samples.

(b) No influence of prolonged heating on solubility was found.

Pristine PEDOT-CsCs 2 offers exceptional solubility of up to 34.1 g L-1 in nonpolar, aprotic

solvents such as toluene and chlorinated solvents like dichloromethane and
trichloromethane. Surprisingly, we were able to dissolve moderate amounts of PEDOT-
CeCs evenin 1,4-dioxane, ethyl acetate, and hexane. Poor compatibility was found with the
highly polar solvents acetonitrile and dimethylformamide. Bu et al. synthesized
copolymers of dihexyl-substituted EDOT with the intended aim of high solubility in
organic solvents and achieved a solubility of 1.82 g L-1 in dichloromethane, affirming the
advantages of our homopolymer design strategy.31] We investigated the thermal stability
of the polymers using thermogravimetric analysis and observed that even the lower
molecular weight polymer PEDOT-CéCs 1 is stable until 321 °C (Ts%weight loss) under
nitrogen atmosphere (Figure S$5.3, Supporting Information). PEDOT:PSS on the other
hand is prone to thermal decomposition at much lower temperatures, showing multiple
degradation steps, namely water loss below 200 °C and PSS degradation at 230 °C before
the ultimate oxidation at 420 °C.[32] The tendency of oxidizability (doping) of both
polymers was monitored with spectro-electrochemistry measurements in a three-

electrode assembly. Here, we monitored the changes in the absorption spectra of the

polymer films in an aqueous NaCl electrolyte when they are subjected to increasing
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electrochemical doping potentials from 0 to 900 mV in 100 mV steps. The resulting
continuous changes in the absorption spectral features and the difference absorption
spectra are shown for PEDOT-CéCs2 as an example in Figures5.2a and 5.2b,
respectively. Upon applying a doping potential in the range of 300 to 400 mV, the
characteristic polaron absorption between 680 and 1100 nm arises, while concurrently
the main m-m* absorption decreases and finally vanishes completely at 900 mV, which
make theses polymers very attractive for transparent electrode applications in the highly
doped state (Figure5.2a and Figure S5.3, Supporting Information).[33] The
electrochromism of PEDOT-CsCs is comparable to PEDOT:PSS thin films in aqueous
solution. In the pristine state, the former offers a larger bandgap (lower absorption onset)
and therefore higher transmittance in the visible range than electrochemically de-doped
PEDOT:PSS.[34] PEDOT-CsCs 1 behaves similarly (data of PEDOT-CsCs 1 can be found in
Figure S5.4, Supporting Information). Between our polymers, a small variation is
observed in the onset potential values, where PEDOT-CsCs 1 shows a lower onset of
300 mV versus Ag/AgCl compared to PEDOT-CséCs 2 having an onset of 400 mV
(Figure 5.2c). However, the concentration of the electrochemically doped species
saturates at about 700 to 800 mV versus Ag/AgCl for both polymers, indicating that
probably the oxidation mechanism and the tendency of oxidation in both polymers are

similar.

127



5. A SOLUTION-PROCESSABLE PRISTINE PEDOT EXHIBITING EXCELLENT
CONDUCTIVITY, CHARGE CARRIER MOBILITY, AND THERMAL STABILITY IN THE DOPED
STATE

a)

e
S
T

Absorbance
o
no

0 1 1 L 1 1
400 500 600 700 800 900 1000 1100

g 0 :
2
c-0.1F
A
<-0.2F
q 03[ 1 1 1 1 1 1
400 500 600 700 800 900 1000 1100
Wavelength (nm)
2
C) 5 100 r ' : . .
o P 5
g yPEDOT: C6C8 1
% sok .PEDOT—C6C8 2
a
©
)
g 0 o—o—o—0 . .
=
- 0 0.2 0.4 0.6 0.8 1

Applied Voltage vs. Ag/AgCl (V)

Figure 5.2. a) Spectro-electrochemistry measurements of thin polymer films on ITO of
PEDOT-CeCs 2. The spectra were measured in 0.1 M NaCl when the films were biased from
0 to 0.9 Vin a three-electrode setup with an Ag/AgCl reference electrode and a Pt counter
electrode. -100 mV versus Ag/AgCl was applied prior to SEC measurement for de-doping
residual oxidized states. ITO transmittance cut-off below 400 nm is not shown. b)
Difference spectra of doped PEDOT-CsCs 2 obtained by subtracting the absorption spectra
of the polymers in the neutral state (0 V) from the absorption spectra under different
applied potentials from 0 to 900 mV. The arrow indicates the direction of spectral
changes. c) Correlation of the concentration of polarons indicated by the integrals
(obtained by integrating the area under the curve between 680-1100 nm corresponding

to the increasing polaron concentration) versus applied potential.

From the low intensity of the polaron absorption shown in Figure 5.2, we can expect a
low charge carrier density (Np) of pristine PEDOT-Ce¢Cs contrary to PEDOT:PSS, which is

typically used in depletion-mode organic field-effect transistors due to its inherently
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conductive nature. This intrinsic behavior allows PEDOT-CsCs to be used in normally-off
accumulation mode OFETSs, which is inconceivable for PEDOT:PSS without significant
chemical changes to the PEDOT backbone or additional de-doping chemistry.[35] The hole
mobilities in pristine state, an important electronic property, of both the polymers in
undoped state were investigated in commercially available OFET substrates containing
different channel lengths ranging from 10 to 20 um. By plotting the square root of the
drain current Ip versus the gate voltage Vi the hole mobility was calculated (see
Equation S5.1, Supporting Information). Hole mobility values of 1.6 - 104 cm? V-1s-1
(PEDOT-CeéC 1, Figure S5.5, Supporting Information) and 5.0-10-% (PEDOT-CsCs 2;
Figure S5.6, Supporting Information) were obtained, with an ON/OFF ratio in the range
of 2-103to 9 - 103. Undoped, solution processable EDOT-thiophene alternating oligomers
show comparable performance in accumulation mode OFETs  with
Uh=6-10"%cm?2V-1s-1136] PEDOT-CsCs 2, the higher molecular weight polymer with 27
repeating units, shows only a 3 times higher charge carrier mobility compared to the low
molecular weight one with nine repeat units. This indicates that the dependence of hole
mobility on molecular weight is not very pronounced after about nine repeating units,
unlike in many other polythiophenes such as P3HT, where orders of magnitude
improvement is observed for high molecular weight samples.[37] The facile polaron
formation upon electrochemical doping indicates good chances of obtaining a conducting
polymer via chemical doping akin to acid-doped PEDOT:PSS. To test our hypothesis, we
exploited the concept of p-doping through HOMO-HOMO electron transfer by employing
Spiro-MeOTAD(TFSI)2 as the p-dopant due to its deep singly occupied acceptor levels.
(-5.3 eV, chemical structure shown in Figure 5.3a).[27.3839 We used this kind of electron
transfer doping method due to the high stability of the doped state.l27] PEDOT-CsCs 1
(3 kg mol-1) displays slight in situ doped behavior in the pristine state, which could not
be chemically de-doped fully by treatment with the reducing agent sodium dithionite.
Therefore, PEDOT-CsCs 2 was selected for further chemical doping experiments and for a
detailed consequent study of the electronic properties. PEDOT-CsCs2 was first
investigated to determine the absolute ionization potential and work function in pristine
state using UPS. The recorded valence band maximum (VBM) and secondary electron cut-
off (SECO) regions of the pristine PEDOT-CsCs 2 film with respect to Er are shown in
Figure 5.3c. The onset of the VBM is located 460 meV below Er. Considering the optical
band gap (ca. 1.8 eV) of the polymer, Er is positioned near to the HOMO, suggesting an
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intrinsic p-type nature of the polymer. The measured ionization potential (-4.48 eV)
emphasizes its shallow HOMO levels, which could facilitate exothermic electron transfer
from the polymer HOMO to lower lying unoccupied levels, for example, Spiro-
MeOTAD(TFSI)2 HOMO (possibly SOMO) positioned at -5.3 eV, effectively p-doping
PEDOT-CeCs. UPS studies by Xing et al. on as-prepared, neutral PEDOT prior to PSS doping
revealed a similar HOMO value of —4.7 eV, with a reported work function of -4.0 eV.[40l
This similarity excludes effects of the introduced CesCs side chain on the frontier orbitals,
preserving the useful oxidizability of PEDOT:PSS. Further, the change in the electronic
levels of PEDOT-CsCs 2 as a function of dopant molar ratio was monitored through UPS
measurements (Figure 5.3c and 5.3d). The measured VBM and SECO regions of PEDOT-
CeCs 2 doped with Spiro-MeOTAD(TFSI)2 up to 2.5 mol% are shown in Figure 5.3c. With
increasing dopant concentration from 0.5 up to 1.25 mol%, Er continues to shift closer to
the VBM of PEDOT-CeCs 2, decreasing the hole injection barrier; concurrently, SECO also
moves towards the lower binding energy region, shifting down the work function value,
as typically observed in p-doped systems.[27] These changes are plotted in Figure 5.3d
and the absolute values are collected in Table S5.7, Supporting Information. Further
increase in the dopant concentration up to 2.5 mol% practically coalesce the polymer
VBM with EF, thus reducing the hole injection barrier down to 130 meV. This is an
impressive value for a p-type polymer with a remarkably low dopant content (2.5 mol%),
which emphasizes the facile and controlled oxidative nature of PEDOT-CsCs, as well the

efficient doping ability of Spiro-MeOTAD(TFSI)2.[27]
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Figure 5.3. a) UV/Vis/NIR spectra of 0.02 mg mL-1 PEDOT-C¢Cs 2 in anhydrous THF
doped with Spiro-MeOTAD(TFSI)2. The concentration of Spiro-MeOTAD(TFSI)2 was
increased from 0.5 mol% (dark blue) up to 5.0 mol% (faint blue). Absorption spectrum of
100 mol% Spiro-MeOTAD(TFSI)2 referenced in THF (0.01 mg mL-1) is also shown (black).
Inset shows the chemical structure of the p-dopant Spiro-MeOTAD(TFSI)2. b) Difference
spectra were obtained by subtracting the absorption of the pristine PEDOT-CesCs 2
reference from the chemically doped polymer solutions. The spectra were recorded under
N2 atmosphere in a sealed quartz glass cuvette of 1 cm optical path length. c) UPS
measurement of the secondary electron cut-off region (SECO, left) and the valence band
maximum (VBM, right) of PEDOT-CéCs 2 doped with increasing amounts of Spiro-
MeOTAD(TFSI)2. d) Workfunction (left y-axis) and hole injection barrier (right y-axis) of
pristine PEDOT-CsCs 2 and Spiro-MeOTAD(TFSI)2 and their mixtures as measured by UPS.

After assessment of the involved energy levels, which clearly allow for exothermic
electron transfer from PEDOT-CéCs HOMO to Spiro-MeOTAD(TFSI)2 HOMO and
evaluating the influence of doping on work function using UPS, we monitored the polaron
formation on the polymer by UV /Vis optical spectroscopy during chemical doping. The p-
doping process was investigated via a UV/Vis absorption titration experiment, in which
aliquot amounts of Spiro-MeOTAD(TFSI)2 were added to a PEDOT-CesCs 2 solution, and

consequent spectral changes were observed, as shown in Figure 5.3a and 5.3b. With
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increasing dopant concentration, as similar to SEC experiment, a continuous and linear
rise in polaron absorption in the range of 680 to 1100 nm and concomitant decrease of
the neutral main m-m* absorptions at 638 and 584 nm were observed. The linear increase
of the integral of polaronic peak absorption of the doped polymer solutions (integrated
between isosbestic point at 716 and 1000 nm) with the molar percentage of Spiro-
MeOTAD(TFSI)2 dopant in solution is given as an inset in Figure 5.4a. In addition a strong
feature around 370 nm arises with increasing molar ratio of Spiro-MeOTAD(TFSI)z,
possibly originating from the residual or reduced dopant content (compare the

absorption of pure dopant shown as a black curve in Figure 5.3a).
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Figure 5.4. a) Thin film conductivities of PEDOT-C¢Cs2 doped with Spiro-
MeOTAD(TFSI)2 as a function of molar dopant ratio with an inset showing the linear
correlation between the integral of polaronic peak absorption of the doped polymer
solutions (integrated between isosbestic point at 716 and 1000 nm) and the molar
percentage of Spiro-MeOTAD(TFSI)2 dopant in solution. b) Electrical conductivity
(pristine, doped unannealed, doped annealed at 100 °C under N2 for 30 min and 100 °C,
30 min N2 annealed samples after 12 h storage in air) of PEDOT-CsCs 1 and 2, which were
doped with 10 mol% of Spiro-MeOTAD(TFSI)z2. c) Zero-field mobilities po of PEDOT-CsCs 2
doped with different amounts of Spiro-MeOTAD(TFSI): as measured by negative
differential susceptance (-AB) method on metal-semiconductor devices. The field-free

mobilities were obtained by extrapolating log(u(F)) versus F%> plots towards the y-

intercept.
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As UV /Vis/NIR absorption experiments provide clear evidence for polaron formation and
UPS studies confirm the gradual shift of the workfunction towards VBM on doping, we
conducted conductivity studies on the chemically doped PEDOT-CsCs to assess the
influence of doping on conductivity and the stability of the formed polaronic states as
shown in Figure 5.4a and 5.4b and Tables S5.2 to S5.6, Supporting Information.
Sufficient delocalization and mobility of these charge carriers may result in significantly
enhanced electrical conductivity. The electrical conductivities of pristine and doped
polymers in thin films were measured on as cast and annealed films. Varying the molar
ratio of Spiro-MeOTAD(TFSI)2 to PEDOT-CsCs 2 reveals a steady increase in conductivity,
which asymptotically reaches 1.32 - 10-3 S cm~! (Figure 5.4a). For pristine as-cast films,
PEDOT-C6Cs 1 show the unusual high conductivity value of 10-5S cm-1, which can be
explained only due to possible in situ doping via air oxidation. On the other hand, the
pristine PEDOT-CsCs 2 exhibited an electrical conductivity of 1.04-10-7 S cm-1. Upon
doping with 10 mol% Spiro-MeOTAD(TFSI)2, both polymers gain orders of magnitude in
electrical conductivity, precisely PEDOT-CsCs 1 to 3.58 - 104 S cm~! and PEDOT-CeCs 2
reaching 1.10-10-3Scm-! (Figure 5.4b). In comparison to other reported PEDOT
homopolymers, acid-doped side-chain functionalized PEDOT-S conductivity was reported
as 2-10*S cm-1 by Cutler et al.[22] Poly(3,4-propylenedioxythiophene) PProDOT doped
with the electron acceptor Ni(tfd)z2reached 1.2 - 10-3 S cm~1, whereas branched alkyl side-
chain PProDOT oxidized with tris(4-bromophenyl)ammoniumyl hexachloroantimonate
displays a similar conductivity of ca. 10-3 S cm~1, rendering our reported PEDOT-CsCs
system highly competitive in the limited chemical space of doped soluble PEDOT
homopolymer materials.l[17.25] In addition, PEDOT:PSS typically lacks fine tuneability of
the electrical conductivity below 1 S cm~1 necessary in, for example, hole-transport layers
for solar cells, with most reports focusing on post-treatment to induce metal-like
conductivities for electrode applications.[”4142] Aside from controlled polymerization, as
well as high solubility in a broad range of solvents and tunable conductivity in films
processed from solution, resilience against environmental factors such as oxygen, water,
and heat are key requirements for use in commercial applications. To evaluate the
thermal stability of our pristine and doped PEDOT-CsCs system, we studied the changes
in electrical conductivity in details after: i) heating under inert atmosphere, followed by;

ii) heating of the same samples in ambient atmosphere; and iii) after storage at room
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temperature for 12 h. The annealing protocols and all the conductivity data are
summarized in under Tables S5.3 to S$5.6, Supporting Information. First, we annealed
stepwise the as-cast polymer films at 100° C up to 30 min under nitrogen atmosphere
(Figure 5.4b). Our measurements indicate that annealing under inert atmosphere
marginally enhances the conductivity of doped films, which is in agreement with the high
exothermicity found for the p-doping process in UPS experiments. Further, to probe the
stability of doped films against humid and oxygen rich environments at elevated
temperatures, we further annealed the oxidized films stepwise (30 and 120 min) at 100 °C
in air. On annealing in air, an initial minor decrease in conductivity of 14 % (PEDOT-
CeCs 1) and 18 % (PEDOT-CsCs 2) was observed in the first 30 min, which then stabilizes
fully. After all the annealing steps, on storing the samples for 12 h in air at RT, we could
confirm that the conductivity of doped films remains virtually unchanged for both PEDOT-
CeCs 1 and 2 confirming very high stability of these doped polymers. Contrarily, both
pristine polymers display signs of air-doping after prolonged exposure to ambient
atmosphere, resulting in enhanced conductivity values compared to as-cast pristine films.
Commercially available PEDOT:PSS degrades to ca. 63 % of the initial conductivity at
100 °C for 12 h in ambient atmosphere, further highlighting the remarkable stability of
our new generation chemically doped PEDOT-CesCs against thermal and environmental
factors.[*3] As outlined in our OFET experiments, the electrical mobility u is not only
important in field-effect transistors (according to Equation S5.1, Supporting
Information), but also dictates the electrical conductivity o together with the charge
carrier density Np and elementary charge e in unipolar (i.e. single carrier type) systems
via Equation 5.1 and consequently influences derived variables, for example, the Seebeck

coefficient S in organic thermoelectric materials.[44]

o = eNpu (5.1)

Since it is difficult to determine the charge carrier mobility of conducting systems (doped
polymers in general) using conventional methods such as OFET or SCLC methods, we
determined field dependent charge carrier mobilities of pristine and doped of PEDOT-
CeCs 2 using negative differential susceptance (-AB) method utilizing impedance
spectroscopy on metal-semiconductor substrates. A detailed description of this method

and the Equations S5.3 to S5.7, Supporting Information, used for the calculation of
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charge carrier mobility are given (Figures S$5.1 and S5.7, Supporting Information). In
Figure 5.4c, the zero-field charge carrier mobilities of the pristine and doped PEDOT-
CeCs 2 are plotted versus the dopant concentration. The measured zero-field mobility po,
1.37 - 10-% cm? V-1 s~1 for pristine sample (at 0 mol% dopant) is comparable with u values
from OFET measurements (uorer =5+ 10-* cm? V-1s-1), proving the applicability of the
negative differential susceptance (-AB) method. Adding 0.5mol% of Spiro-
MeOTAD(TFSI)2 to PEDOT-CeéCs 2 increases po by a factor of 4.8 from 1.37-10-% to
6.53 - 104 cm?2 V-1 51 possibly due to trap filling process. Further dopant addition up to
2.5 mol% proves to have no detrimental effect on charge transport, albeit yielding zero-
field mobilities comparable to pristine sample, consistent with the doping of highly
disordered OSC systems as shown by Arkhipov et al.[*5] Field-dependent mobilities of
doped PEDOT:PSS were reported to be 4.5-1072cm?V-1s-1 in OFET-structures with
calculated carrier densities of 1020 cm-3.[4¢] By applying Equation 5.1 to po and o of
PEDOT-CeCs at 2.5 mol% Spiro-MeOTAD(TFSI)z2, a carrier density of ca. 6 - 1018 cm~3 can
be estimated. By decreasing Np, p is commonly decreased concurrently in organic
semiconductors.[*7l Taking this relationship into account, PEDOT-CsCs offers a well-
balanced mobility at high conductivities. Our study proves chemical p-doping based on
HOMO-HOMO electron transfer yields delocalized and mobile charge carriers resulting in
an exceptionally stable and highly conductive PEDOT-Ce¢Cs system. Table S5.8,
Supporting Information, summarizes the parameters determined with OFET, impedance,

and conductivity measurements.

5.3 Conclusion

In summary, we synthesized a highly soluble, branched alkyl side chain bearing PEDOT
homopolymer via controlled Kumada catalyst transfer polymerization. A new monomer
synthesis route was developed to obtain a 3,4-ethylenedioxythiophene monomer Brz-
EDOT-CeCs, carrying branched alkyl chains. MALDI-TOF and SEC measurements revealed
well-defined polymers with low polydispersity and molecular weights of up to
10 kg mol-1 (= 27 repeating units). Absorption and photoluminescence spectroscopy

confirmed a high degree of aggregation in solutions of PEDOT-CeCs. In contrast to well-
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established, intrinsically conductive PEDOT:PSS, we were able to fabricate accumulation
mode organic field effect transistors using this PEDOT polymer delivering a promising
hole mobility of 5- 104 cm?2 V-1 s-1. Furthermore, the ease of PEDOT-CsCs oxidation is
explained by spectro-electrochemistry and UPS measurements. On employing the hole
conductor salt, Spiro-MeOTAD(TFSI)2 as a p-type dopant for PEDOT-CsCs results in a high
conductivity of 1.3 - 10-3 S cm~! for 10 mol% dopant. Deeper insight into the doped states
using UPS, UV/Vis/NIR absorption, and impedance spectroscopic measurements
highlights the reduced hole injection barrier of oxidized PEDOT-CesCs, while conserving its
original charge carrier mobility. The doped polymer exhibits a remarkable stability
against thermal and environmental factors, retaining a conductivity value of
1:10-3S cm™1 after annealing at 100 °C in nitrogen for 30 min and storing in ambient
atmosphere for up to 12 h. This outstandingly stable doped state mimicking PEDOT:PSS
could help to ease the availability of solution processable conducting polymers. This work
opens a new pathway to obtain highly soluble, solution processable PEDOT
homopolymers having controlled molecular weights, which are chemically dopable in a

desired fashion.
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5.4 Experimental Section

General

Anhydrous solvents with a purity of >99.5% for synthesis and spectroscopical
characterization were purchased from Thermo Fisher Scientific. Reagent-grade solvents
and reagents for synthesis were supplied by Sigma-Aldrich. All reagents were used
without further purification. In the following the synthesis of the branched alkyl
substituent and monomer (Scheme S$5.1, Supporting Information), as well as polymer,

(Figure 5.1a) is described.
Synthesis 2-Hexyldecanal

25 mL DMSO in 620 mL dichloromethane was added to a dry Schlenk flask under nitrogen
atmosphere. Thereafter, 12.4 mL (144 mmol, 1.40 equiv.) oxalyl chloride was added at
-72 °C and stirred for 30 min. Then, at -72 °C, 25 g (103 mmol) 1,2-hexyldecan-1-ol were
added and stirred again for 30 min. Subsequently, 73.8 mL (532 mmol, 5.16 equiv.) NEt3
was added dropwise and reacted at rt for 24 h. 30 ml deionized water was added to the
reaction mixture which then was extracted three times with 30 ml of diethyl ether. The
organic phase was washed with a 10 % HCI solution. Subsequently, the reaction product
was washed with a saturated NaHCO3 solution and with a saturated NaCl. The crude
product was purified via column chromatography over silica with ethyl acetate:n-hexane

1:5. (Yield: 23.1 g, 93 %)

1H NMR (300 MHz; ppm, CDCls, &1): 0.88 (t, 6H), 1.14-1.7 (m, 24H), 2.22 (m, 1H), 9.57 (d,
1H).

Synthesis 2-Hexyldecene

41 g (115 mmol, 1.2 equiv.) methyltriphenylphosphonium bromide was dissolved in
580 mL THF at -78°C in a dry Schlenk tube under nitrogen. Meanwhile, 129 g
(114.8 mmol, 1.2 equiv.) potassium t-butoxide was dissolved in anhydrous THF and
added to the reaction mixture. The mixture was stirred for 1h at -78°C. 23 g 2-
hexyldecanal (96 mmol, 1 equiv.) were dissolved in 96 mL THF and slowly added to the

mixture at =78 °C and stirred for 1 h. Then, the reaction mixture was allowed to warm up
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to room temperature and stirred overnight. The mixture was diluted with 250 mL n-
hexane and filtered over Celite. The raw product was purified via column chromatography

over silica with n-hexane as eluent. (Yield: 14.7 g, 65 %)

1H NMR (300 MHz; ppm, CDCls, 81): 0.88 (t, 6H), 1.14-1.42 (m, 24H), 1.94 (s, 1H), 4.88-
5.01 (m, 1H), 5.43-5.6 (m, 2H)

Synthesis of 3-Hexylundecane-1,2-diol

The synthesis was done according to Plietker et al. with minor modifications.[?8] 18 mL
H2S04 (18.3 mmol, 0.2 equiv.) and 29.4 g NalO4 (137 mmol, 1.5 equiv.) were dissolved in
60 mL water in a flask and cooled down to 0 °C. An aqueous suspension of 95 mg RuCls3
(0.46 mmol, 0.005 equiv.) in 5 mL water was added slowly to the solution. 274 mL ethyl
acetate was added and the suspension was stirred for 5 min. 274 mL acetonitrile were
added and the suspension was again stirred for 5 min. 22 g 2-hexyldecene (91 mmol,
1 equiv.) was slowly added and the mixture was stirred for 5 min. The reaction mixture
was poured into saturated solutions of 690 mL NaHCO3 and 910 mL Na2S203. The organic
phase was dried over Na2S04. The product was purified via column chromatography over

silica with n-hexane:ethyl acetate 5:1. (Yield: 9.73 g, 39 %)

1H NMR (300 MHz; ppm, CDCls, 81): 0.88 (t, 6H), 1.14-1.42 (m, 24H), 2.01 (s, 1H), 3.50-
3.59 (m, 1H), 3.61-3.77 (m, 2H)

Synthesis of 2-(Pentadecan-7-yl)-2,3-dihydrothieno[3,4-b] [1,4] dioxine - Compound 2

To a three-necked flask equipped with an argon purge 3,4-dimethoxythiophene 1 (1 g,
6.935 mmol) were added 3-hexylundecane-1,2-diole (3.779g, 13.87 mmol), p-
toluenesulfonic acid monohydrate (0.120 g, 3.467 mmol), and 25 mL anhydrous toluene.
The solution was heated at 90 °C for 24 h. After this time, another two equivalents of the
diol were added, and the reaction was conducted for another 3 h before it was allowed to
cool to room temperature. The reaction mixture was mixed with ethyl acetate and washed
twice with a saturated sodium bicarbonate solution. After removal of the solvent, the
remaining crude product was isolated by column chromatography (silica gel, n-

hexane:dichloromethane 8:2). (Yield: 1.54 g, 63 %)

1H NMR (300 MHz; ppm, CDCl3, 81): 0.90 (t, 6H), 1.14-1.42 (m, 24H), 1.68 (s, 1H), 3.95-
4.03 (m, 2H), 4.06-4.13 (q, 1H), 4.14-4.20 (dd, 1H), 6.31 (s, 2H)
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Synthesis of 5,7-Dibromo-2-hexyl-2,3-dihydrothieno[3,4-b] [1,4] dioxine - Compound 3

N-bromosuccinimide (1.633 g, 9.173 mmol) was dissolved in a mixture of THF (30 ml)
and acetic acid (30 ml) and cooled to 0 °C using an ice bath. 2-(pentadecan-7-yl)-2,3-
dihydrothieno[3,4-b] [1,4] dioxine 2 (1.54 g, 4.368 mmol) was added against an argon
stream dropwise at 0 °C and the solution was stirred at rt for 4 h under the exclusion of
light. The solution was then extracted with diethyl ether and washed with water,
saturated solution of sodium bicarbonate, and 1 molar solution of sodium hydroxide. The
organic phase was dried over anhydrous MgSOs, filtered, and concentrated. The raw
product was purified by column chromatography over silica with n-

hexane:dichloromethane 8:2 as eluent. (Yield: 1.87 g, 84 %)

1H NMR (300 MHz; ppm, CDCl3, 61): 0.90 (t, 6H), 1.14-1.42 (m, 24H), 1.68 (s, 1H), 3.95-
4.03 (m, 2H), 4.06-4.13 (q, 1H), 4.14-4.20 (dd, 1H)

Synthesis of Poly(2-(pentadecan-7-yl)-2,3-dihydrothieno[3,4-b] [1,4] dioxine) PEDOT-CsCs

5,7-dibromo-2-hexyl-2,3-dihydrothieno[3,4-b] [1,4] dioxine 3 (1 eq.) was added to a dry
flask under argon and the vessel was evacuated once again and flushed with nitrogen.
Then the concentration was set with anhydrous THF to 0.5molL-1 and t-
butylmagnesiumchloride (1.22 M in THF, 0.96 equiv.) was added dropwise. The reaction
mixture was stirred for 20 h under the exclusion of light. Then the reaction mixture was
diluted with anhydrous THF to 0.1 mol L-1. The respective amount of Ni(dppp)Clz
(suspension in 2-3 mL anhydrous THF) was added in one portion to start the
polymerization. After 4 h the polymerization was quenched with water. The mixture was
concentrated, and the polymer was precipitated in methanol. Furthermore, the polymer
was purified by Soxhlet extraction with n-hexane, methanol, and chloroform and dried

under vacuum.

1H NMR (300 MHz; ppm, CDCls, 61): 0.88 (t, 6H), 1.14-1.42 (m, 24H), 1.94 (s, 1H), 4.01-
4.57 (m, 4H)
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5.8 Supporting Information

5.8.1 Methods

IH-NMR: Spectra were recorded in deuterated CDCls on a Bruker Avance 250
spectrometer at 300 MHz at room temperature. Chemical shifts are noted in ppm and
coupling constants in Hz. All spectra were calibrated according to the residual solvent

peaks (CDCl3, 6 = 7.26 ppm).

Size exclusion chromatography (SEC): SEC was performed utilizing a Waters 515 HPLC
pump and THF with 0.25 wt% tetrabutylammonium bromide (TBAB) as eluent at a flow
rate of 0.5 mL min-1. A volume of 100 pL of polymer solution (1-2 mg mL-1) was injected
with a 707 Waters auto-sampler into a column setup comprising a guard column (Agilent
PLgel Guard MIXED-C, 5-0.75 cm, particle size 5um) and two separation columns
(Agilent PLgel MIXED-C, 30 - 0.75 cm, particle size 5 pm). Polymer size distributions were
monitored with a Waters 998 photodiode array detector at 254 nm and a Waters 414
refractive index detector. Narrowly distributed polystyrene standards were used for

calibration and 1,2-dichlorobenzene as an internal reference.

UV/Vis Spectroscopy: UV /Vis spectra were recorded on a Jasco V-670 spectrophotometer.
The spectra were recorded in quartz cuvettes with an internal diameter of 10 mm. The
thin polymer films were spin-coated from methanol and from mixtures of methanol and

THF on glass substrates.

Spectro-electrochemistry Measurements: Thin films were prepared on ITO coated glass
substrates. Measurements were carried out using a UV/Vis spectrometer (OceanOptics
USB 2000+) integrated with an Ivium CompactStat potentiostat. A Pt mesh was used as
the counter electrode and an Ag/AgCl electrode as the reference electrode. The indicated

voltages were applied versus Voc for 10 s until the current stabilized prior to recording of
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the spectrum. A voltage of -100 mV vs. Ag/AgCl was applied prior to SEC experiment to

de-dope the semiconductive polymer film electrochemically.

Organic Field Effect Transistors (OFETs): Bottom gate/bottom contact organic field effect
transistors (OFET Gen4) were purchased from Fraunhofer IPMS. n-doped silicon (doping
at the surface n ~ 3 - 1017 cm3) was used as the surface and gate electrode. The dielectric
consists of a 230 + 10 nm layer of silicon oxide. Each substrate consisted of 16 devices
with a constant channel width of 10 mm and varying channel length of 2.5-20 um. The
source and drain electrodes were a 30 nm thick gold layer on a 10 nm ITO adhesion layer.
The devices were prepared by cleaning in acetone and subsequently in iso-propanol in an
ultrasonic bath for 10 min, followed by 15 min treatment in an ozone oven at 50 °C and
subsequent silanization by 45 min treatment in a bath of 1 wt% octadecyltrichlorosilane
(ODTS) in toluene at 60 °C. The devices were rinsed with toluene and i-propanol and
dried. Thin polymer films were spun cast from 6 mg mL-1 chloroform solutions at a
spinning speed of 3000 rpm under ambient conditions. All devices were stored and
measured under nitrogen atmosphere. The I-V-characteristics were measured using an
Agilent B1500 semiconductor parameter analyzer. Using Equation $5.1 the charge
carrier mobilities were calculated from the slope of the (14)%> - Vg plots.

w 2
Iy = Zcl-y(vg - 1) (S5.1)

Ultraviolet Photoelectron Spectroscopy: UPS measurements were carried out on a PHI
5000 VersaProbe III system fitted with a He discharge light source providing stable and
continuous He I and He II lines, under ultrahigh vacuum (ca. 10-1° mbar). PEDOT-CeCs 2
(pristine and doped with Spiro-MeOTAD(TFSI)2) samples for UPS measurements were
spin cast on clean ITO (15 squarel) substrates using anhydrous THF solutions
(3 mg mL-1) in a N2 filled glovebox. The thickness of the spun films is ca. 30 nm, measured
by using dummy samples in a profilometer. The samples were directly transported to the
UPS instrument by using a N2 filled, sealed stainless steel transport vessel without
exposing them to the ambient conditions. The Fermi level Er position of the polymer
samples (doped and pristine) were referenced to the Fermi level of sputter-cleaned Au

foil. The energy resolution of the valence band maximum (VBM) and secondary electron
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cut-off (SECO) is 0.15 eV, which is derived from the full-width half-maximum of the Au

Fermi edge.

Conductivity 0 Measurements: Prepared substrates (OFET Gen 4) were purchased from
Fraunhofer IPMS. In these substrates, an n-doped silicon (doping at the surface
n=3-1017 cm-3) bulklayer has a 230 + 10 nm layer of silicon oxide as the dielectric layer.
The source and drain electrodes were a 30 nm thick gold layer on a 10 nm ITO adhesion
layer. The substrates were cleaned with acetone and subsequently with iso-propanol in
an ultrasonic bath for 5 minutes. The polymers (10 mg mL-1) and appropriate amounts of
dopant (MDR = 0.1, where, MDR is defined as: moles of oxidized Spiro-MeOTAD(TFSI)2 /
moles of repeating unit) were dissolved at room temperature in THF and thin films were
spin coated (1000 rpm for 90 s) on precleaned substrates for conductivity measurements.
All steps of sample preparation were performed in argon filled glovebox. Each substrate
(chip) consists of four groups with four identical transistors, with a channel length of 2.5,
5, 10 and 20 pm respectively and a constant channel width of 1 cm. For calculating
conductivity, the source-drain current Ips was measured as a function of the source-drain
voltage Vps (+ 2 V), without applying a gate potential Vc. An increase in the drain potential
Vps led to a linear increase in the current Ips. From the linear fit of the I-V plots, the slope
of was used to calculate the conductivity using the following equation:

_ slope-L

- $5.2
T w4 (552)

where L is channel length, Wis channel width (1 cm, constant) and d is the layer thickness,

which was measured with Dektak Profilometer.

Mobility Measurements (-AB): All following steps were conducted under inert atmosphere
(nitrogen) and in absence of H20 (< 1 ppm) and Oz (< 1 ppm). 10.0 mg of PEDOT-CsCs 2
were dissolved in 667 pL of THF and stirred for 15 min at rt. A dopant stock solution of
150 pL. 5 mg mL1 Spiro-MeOTAD(TFSI)2 in THF (2.8 pmol mL-1) was prepared. The

dopant stock solution was stirred for 15 min at rt. To obtain the desired molar ratios of
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PEDOT-CeCs repeating units to Spiro-MeOTAD(TFSI)2, the following amounts of dopant
stock solution were added to 100 ul of the polymer solution: 0 mol% (0 uL), 0.5 mol%
(7.6 uL), 0.83 mol% (12.7 pL), 1.25 mol% (19.0 puL), 1.67 mol% (25.0 pL) and 2.50 mol%
(38.0 puL). The PEDOT-CsCs 2 : Spiro-MeOTAD(TFSI)2 solutions were stirred for 15 min at
rt. TEC-7 (XOP glass, 1" - 1" - 2.2 mm, 6 - 8 () square-1, ~ 500 nm FTO on glass) substrates
were etched with dilute HCl/Zn-dust. After obtaining the etched electrode pattern, the
substrates were brushed manually with sodium dodecyl sulfate and deionized water,
followed by ultra-sonication in 2 vol% aqueous hellmanex-III solution, water, acetone and
isopropanol. The substrates were blown dry with nitrogen and pre-treated with 03/UV
for 15 min at 50 °C. The doped PEDOT-CsCs films were deposited on top of the electrodes
utilizing spin coating (30 pL, 1 krpm, 50 s, no annealing, static solution application) under
inert atmosphere. To avoid edge effects, a part of the conductive electrodes was masked
with Kapton tape, which was removed after the OSC deposition. 100 nm of Au was
thermally evaporated on top of the OSC layer using a shadow mask to complete the device
stack. The impedance of the devices was measured with a two-electrode setup and
increasing electrical field (1 MHz to 100 Hz, 25 points per frequency decade, 0-2 Vgias in
15 voltage steps, 10 mVrums) using a Metrohm Autolab PGSTAT204 equipped with an
FRA32M module. The NOVA 2.1.4 Software package provided by Metrohm, Germany was
used to process the impedance data. The ITO back contact was connected to the working
electrode (WE) and sense (S), while the Au top electrode was connected to the counter
electrode (CE) and reference electrode (RE). Devices under test were shielded from
ambient light and external electrical fields. From the imaginary Z” and real Z’ impedance,

the capacitance of the organic layer was extracted assuming an Rs(RC) equivalent circuit:

. 1
Z(lw)R(RC) = Rseries + . 1 (S5.3)
leParallel +

RParallel

Which can be solved for Cparaliel to yield:

: _ Im(2)
Parallel = (=Im(Z)? + (Re(Z) — Rg)?)w

(S5.4)
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The geometric capacitance Cceo of each device was determined in the high frequency

region of the C(w) plot (Figure S5.1).
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Figure S5.1. Angular frequency w dependent capacitance C(w) of an ITO/66 nm PEDOT-
CeCs 2:1.66 mol% Spiro-MeOTAD(TFSI)2/Au device (blue, left y-axis) and logarithmic
negative differential susceptance -AB calculated by Equation S$5.5 (black, right y-axis). A
bias voltage ranging from 0.13 V to 2 V was applied during the measurement. From the
maximum wmax of - AB, the transit time 7« (Equation S$5.6) and consecutively, the

mobility u can be calculated (Equation S5.7).

Together with the measured capacitance, the mobility was extracted from the negative
differential susceptance —AB at different electrical fields. The negative differential

susceptance —AB can be calculated according to Equation S5.5.

—AB = —w(C(w) — Cyeo) (S5.5)

The global maximum fmax of the —AB(f)-plot was extracted and used to calculate the

transit time 7,

Tee = 0.56f0L (S5.6)
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Local maxima above the transit frequency without physical meaning were discarded. The

mobility can then be extracted as

4 d?

= (S5.7)
3 TtrVBias

U

with d being the thickness of the organic layer. The zero-field mobility u, was calculated

by extrapolating the obtained Poole-Frenkel type field dependency.
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5.8.2 Experimental

For the synthesis and structural analysis of the dopant Spiro-MeOTAD(TFSI)z2, refer to the

published paper under reference no. 27 in main text of Chapter 5.

3-hexylundecane-1,2-diol

OH O / OH

i) i) ii) OH

Scheme S1. i) 2-hexyldecan-1-ol 1, oxalyl chloride, TEA, -72°C ii) KOt-Bu,
methyltriphenylphosphonium bromide, -78 °C, iii) NalOs, RuCls, RT, acetone, water, ethyl

acetate, RT.
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5.8.3 Supporting Measurements

—— PEDOT-C,C, 2
PEDOT-C,C, 1

1

Normalized UV-intensity

1000 10000 100000

Molecular weight (g mol'l)

Figure S5.2. SEC chromatograms measured with THF as eluent and narrowly distributed

polystyrene as calibration materials.
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Figure S5.3. TGA measurement of PEDOT-C¢Cs 1 under nitrogen with a heating rate of
10 K min-L
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Figure S5.4. a) Spectro electrochemistry measurements of thin polymer films on ITO of
PEDOT-CesCs 1 respectively. The spectra were measured in 0.1 M NaCl when the films
were biased from 0V to 0.9V in a three-electrode setup with an Ag/AgCl reference
electrode and a Pt counter electrode. Difference spectra obtained by subtracting the
absorption spectra of the polymer in the neutral state (0 V) from the absorption spectra
under different applied potentials during the in situ electrochemical oxidation of PEDOT-
CeCs 2 by applying a potential from 0 to 900 mV. The pristine absorption in the 400-

680 nm range decreases with a concomitant increase in polaron absorption in the range

of 680 to 1100 nm. The arrow indicates the direction of spectral changes.
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Figure S5.5. OFET output (a) and transfer curve (b) of PEDOT-CsCs 1, measured in a

bottom-gate (Si), bottom-contact (Au) geometry in range from 0 V to -80 V.
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Figure S5.6. OFET output (a) and transfer curve (b) of PEDOT-CsCs 2, measured in a

bottom-gate (Si), bottom-contact (Au) geometry in range from 0 V to -80 V.
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Figure S5.7. Field dependent mobilities of PEDOT-C¢Cs 2 doped with a) 0 mol%, b)
0.5mol%, c¢) 0.83mol%, d) 1.25mol%, e) 1.67 mol% and f) 2.50 mol% Spiro-
MeOTAD(TFSI)2. Inset values show the calculated average mobility with standard

deviation of each concentration.
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Table S5.1. Characteristics of the two synthesized copolymers PEDOT-CsCs 1 and 2,
determined via SEC and MALDI-TOF experiments.

[M]/[Ni] Theoretical Mn,sec(® Mpmarpi-  Psec@  Repeating

(mol) molecular (kg mol1) TOF(P) units(©
weight (kg mol1)
(kg mol-1)
PEDOT- 10 3.5 10 3 1.38 9
CeCs 1
PEDOT- 30 10.5 9.5 9.8 1.19 27
CeCs 2

(@ SEC with polystyrene calibration and THF as eluent.
(b) Dithranol was used as matrix material, dilution 1:1000.

() Calculated from peak molecular weight determined in MALDI-TOF.

Table S5.2. Summary of the measured conductivities (as cast, no annealing) with
interdigitated electrode geometry (2.5 um apart) of PEDOT-CsCs 2 doped with different
amounts of Spiro-MeOTAD(TFSI)z.

Doping ratio Thickness  Conductivity (S cm™D
(mol%) (nm) Channel length
(2.5 um)

0 40 1.26-10¢+0.17 - 106
0.50 41 9.85-106+2.31-10°
0.83 48 2.27-10>£0.57 - 105
1.25 40 4.09-10>+£0.60- 105
1.67 48 6.62-10>+£0.99-10°
2.50 39 1.18-104 4 0.06 - 104
10.0 18 1.32-10340.07 - 103
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Table S5.3. Summary of the measured conductivities of pristine PEDOT-C¢Cs 1 in thin
films (as cast, annealed at 100 °C for 5 min under N2, annealed at 100 °C for 30 min under
N2, annealed at 100 °C for 30 min in air and annealed at 100 °C for 120 min, stored in air
for 12 h after annealing) with different widths of interdigitated electrodes (2.5, 5, 10 and

20 um). Annealing experiments were conducted successively with the same samples.

PEDOT- Conductivity Conductivity Conductivity Conductivity Conductivity
CeCs 1 (Scm1) (Scm) (Scm1) (Scm) (Scm)
pristine Channel Channel Channel Channel Average of

Thickness: length length (5 pm) length length four
54.71 nm (2.5 pm) (10 pm) (20 um) channels
As cast - 9.12-10¢ 9.13-10¢ - 9.12-10¢
Annealed  9.14-10¢ 9.13-10¢ 1.82-10° 0.73-10¢ 5.20-10°
at 100 °C
for 5 min
under N2
Annealed - 9.13-10¢ 1.82-10¢ 1.10-10¢ 4.02-10¢
at 100 °C
for 30 min
under N2
Annealed  18.2-10% 9.13-10¢ 3.65-10° 3.65-10° 8.66-10-¢
at 100 °C
in air for
30 min
Annealed  22.8-10¢ 18.2-10¢ 7.31-10° 3.65-10° 12.99 .10
at 100 °C
in air for
120 min
Stored for 31.9-10° 54.8-10° 1.10- 106 7.3-10° 23.78 - 10¢
12 hin air
@RT
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Table S5.4. Summary of the measured conductivities of doped PEDOT-CsCs 1, with
10 mol% of Spiro-MeOTAD(TFSI)2 in thin films (as cast, annealed at 100 °C for 5 min
under N2, annealed at 100 °C for 30 min under Nz, annealed at 100 °C for 30 min in air and
annealed at 100 °C for 120 min, stored in air for 12 h after annealing) with different
widths of interdigitated electrodes (2.5, 5, 10 and 20 pm). Annealing experiments were

conducted successively with the same samples.

PEDOT-  Conductivity Conductivity Conductivity Conductivity Conductivity
CeCs 1 (Sem) (Sem1) (Sem) (Scm) (Scm)
pristine Channel Channel Channel Channel Average of

Thickness: length length length length four

94.55 nm (2.5 pum) (5 um) (10 pm) (20 pum) channels
As cast 1.58- 104 1.58 - 104 2.11-104 1.48-104 1.69 - 104

Annealed 5.29-10% 5.28-104 7.40 - 104 8.46 - 104 6.60 - 104

at 100 °C

for 5 min

under N2

Annealed 1.32-103 1.05-103 1.05-103 1.69 - 103 1.28- 103
at 100 °C
for 30 min

under N2
Annealed 1.05-103 1.05-103 1.05-103 1.27-103 1.10-103
at 100 °C

in air for

30 min
Annealed 1.05-103 1.05-103 1.05-103 1.27-103 1.10-103
at 100 °C

in air for

120 min
Stored for  1.05-10-3 1.05-103 1.05-103 1.27 - 103 1.10- 103
12 hin air

@RT
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Table S5.5. Summary of the measured conductivities of pristine PEDOT-C¢Cs 2 in thin
films (as cast, annealed at 100 °C for 5 min under N2, annealed at 100 °C for 30 min under
N2, annealed at 100 °C for 30 min in air and annealed at 100 °C for 120 min, stored in air
for 12 h after annealing) with the corresponding channel length of the transistor (2.5, 5,

10 and 20 um). Experiment conducted successively with the same samples.

PEDOT-  Conductivity Conductivity Conductivity Conductivity Conductivity

CeCs 1 (Sem1) (Sem1) (Sem1) (Scm1) (Scm)
pristine Channel Channel Channel Channel Average of
Thickness: length length length length four
44.32 nm (2.5 pum) (5 um) (10 pum) (20 pum) channels

As cast 0.56-107 1.12-107 1.12-107 1.35-107 1.04 - 107
Annealed
at 100 °C
5.64-107 1.12-107 1.12-107 0.32-107 2.05-107
for 5 min
under N2
Annealed
at 100 °C
451-107 6.76 - 107 451-107 3.16 - 107 1.49-106
for 30 min
under N2
Annealed
at 100 °C
3.38-10¢ 0.90-10° 1.24 - 106 1.80-10° 1.83-10°
in air for
30 min
Annealed
at 100 °C
8.46-10° 2.25-10°¢ 2.25-10° 3.16- 106 4.03-10°
in air for
120 min
Stored for
12 h in air 16.9 - 106 6.20-10° 6.76 - 106 3.61-10° 8.37-10¢

@RT
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Table S5.6. Summary of the measured conductivities of doped PEDOT-CsCs 2, with
10 mol% of Spiro-MeOTAD(TFSI)2 in thin films (as cast, annealed at 100 °C for 5 min

under N2, annealed at 100 °C for 30 min under Nz, annealed at 100 °C for 30 min in air and

annealed at 100°C for 120 min, stored in air for 12 h after annealing) with the

corresponding channel length of the transistor (2.5, 5, 10 and 20 pum). Experiment

conducted successively with the same samples.

PEDOT- Conductivity Conductivity Conductivity Conductivity Conductivity
CeCs 1 (Scm1) (Scm) (Scm) (Scm) (Scm1)
pristine Channel Channel Channel Channel Average of
Thickness: length length length length four
44.32 nm (2.5 pm) (5 um) (10 pm) (20 pm) channels
As cast 4.77 - 104 2.86-10+4 2.86-10+4 3.82-10+4 3.58-10+4
Annealed
at 100 °C
4.77 - 104 4.77 - 104 4.77 - 104 3.82-10+4 4.53-10+4
for 5 min
under N2
Annealed
at 100 °C
4.77 - 104 4.77 - 104 4.77 - 104 5.73-10+4 5.53-10+4
for 30 min
under N2
Annealed
at 100 °C
4.77 - 104 4.77 - 104 4.77 - 104 3.82-10+4 4.53-10+4
in air for
30 min
Annealed
at 100 °C
4.77 - 104 4.77 - 104 4.77 - 104 3.82-10+4 4.53-10+4
in air for
120 min
Stored for
12 h in air 4.77 - 104 4.77 - 104 4.77 - 104 3.82-10+4 4.53-10+4
@RT
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Table S5.7. Calculated work function, ionization potential and hole injection barrier

values for pristine and p-doped PEDOT-CsCs 2 films with spiro-MeOTAD(TFSI)z2 from UPS

measurements.

Doping ratio Work Ionization Hole injection
(mol%) function potential barrier

(eV) (eV) (eV)

0 -4.02 -4.48 0.46

0.50 -4.13 -4.49 0.36
0.83 -4.18 -4.41 0.23
1.25 -4.23 -4.40 0.17
1.67 -4.22 -4.38 0.15
2.50 -4.25 -4.38 0.13
100 -5.06 -5.33 0.27

Table S5.8. OFET and impedance characteristics of PEDOT-CsCs 1 and 2 determined in

bottom-gate (Si), bottom-contact (Au) transistors and metal-semiconductor (MS) devices.

The hole mobility phole, was estimated out of the transfer curves (Figure S5.5, $5.6) and

Poole-Frenkel plots (Figure S5.7). Conductivity measurement of the polymers as cast,

doped as cast with Spiro-MeOTAD(TFSI)2 and the conductivity after storing the film in air

for 12 h. The thickness of the polymer films was determined with a Dektak Stylus

profilometer.
OFET -AB Conductivity
Uhole,average  ON/OFF | pio,average | Opristine, ~ Odoped, as Oin air Thickness
ratio as cast cast
(cm? V-1 (cm2V1t | (Sem- (Scml)  (Scm) (nm)
s1) s1) 1
PEDOT- 1.6-10* 2-103 - 9.12 1.28- 1.10-10- 95%*9
CeCs 1 -10-6 103 3
PEDOT- 5-10+# 9-103 1.37 - 1.04 553 4.53-100 105%10
CeCs 2 104 <107 104 4
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Abstract

Chemical doping is a vital tool for tuning electronic properties of conjugated polymers.
Most single electron acceptors used for p-doping necessitate high dopant concentrations
to achieve good electrical conductivity. However, high-molar doping ratios hamper
doping efficiency. Here a new concept of using multielectron acceptor (MEA) salts as
dopants for conjugated polymers is presented. Two novel MEA salts are synthesized and
their doping efficiency towards two polymers differing in their dielectric properties are
compared with two single electron acceptors such as NOPFs and magic blue. Cutting-edge
methods such as ultraviolet photoelectron spectroscopy/X-ray photoelectron
spectroscopy (XPS), impedance spectroscopy, and density of states analysis in addition to
UV /Vis/NIR absorption, spectroelectrochemistry, and Raman spectroscopy methods are
used to characterize the doped systems. The tetracation salt improves the conductivity by
two orders of magnitude and quadruples the charge carrier concentration compared to
single electron acceptors for the same molar ratio. The differences in charge carrier
density and activation energy on doping are delineated. Further, a strong dependency of
the carrier release on the polymer polarity is observed. High carrier densities at reduced
dopant loadings and improved doping efficacies using MEA dopants offer a highly efficient

doping strategy for conjugated polymers.

6.1 Introduction

In recent years, doped conjugated polymers have emerged into different areas of
applications and the scientific interest in this field of research is unbroken. A variety of
modern devices require doped conjugated polymers as their active materials, for example,
in high-mobility OFETSs,[1-3] as novel thermoelectric materials*l or in organic
photovoltaics.[56] Inherently insulating conjugated polymers primarily require doping in
order to achieve high electrical conductivity. During molecular doping, the conjugated
polymer transfers electrons to the dopant (p-type doping leading to oxidized radical
cation states) or back (n-type doping resulting in radical anion states). These redox

processes introduce one preferred majority carrier type, e.g., holes in the case of p-doping
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and causes the shift of the Fermi level towards either valence band (p-doping) or
conduction band (n-doping).[”]. Depending on the electronic structure and sterical
demands of the host:dopant system, hybridization of the frontier orbitals with a
concomitant formation of charge transfer complexes or redox reactions can be observed.
The simplest doping mechanism is described by the integer charge transfer, where an
integer number of electrons is transferred between the host and dopant. During p-type
doping, the redox process occurs in which electrons are transferred from highest
occupied molecular orbital (HOMO) of the conjugated polymer to empty lowest
unoccupied molecular orbital (LUMO) or partially filled singly occupied molecular orbital
(SOMO) of the dopant!8 The most common p-type dopants are
tetracyanoquinodimethane (F4TCNQ)[o-11] and its derivative,
hexafluorotetracyanonaphthoquinodimethane (FeTCNNQ).[12] Other dopants are
conventional oxidizing agents like iron(Ill)chloride (FeCl3), nitrosonium
tetrafluoroborate (NOBF4) or nitrosonium hexafluorophosphate (NOPFs),[#1314]1 which
are usually capable of accepting one electron per dopant molecule. This circumstance
necessitates the employment of high dopant loadings in the range of 20 mol% or more in
order to achieve appreciable electrical conductivities required for the intended
application.[11.15] By doping, the charge carrier concentration is increased and ideally the
conductivity and charge carrier mobility are enhanced concurrently,[1¢] predominantly in
the low-doping regime (<1 mol%) due to filling of deep-lying trap states.[17] On the other
hand, it is accepted that excessive amounts of dopants have detrimental effects on the
polymer microstructure and film morphology, leading to decreased charge transport
properties.[18-20] Lying dormant, the acceptor anions or the ionized dopant molecules act
as Coulombic traps, i.e., charge carriers are temporarily bound by these trap states and
contribute significantly less to the overall current.[?1] This problem is amplified by a
rapidly decreasing doping efficiency with increasing doping ratio, meaning that less and
less dopants participate in the desired redox reaction.[822] As a consequence, the
introduced molar dopant amounts need to be kept as low as possible to fully exploit the
potential of both, high doping efficiency as well as good charge transport in the doped
conjugated polymer. In this context, it is known that radical cation salts of hole transport
materials (HTMs) such as spiro-MeOTAD?*(TFSI-)2 or MeOTPD*(TFSI-) can be used as
additives to the pristine spiro-MeOTAD (2,2',7,7'-Tetrakis[N,N-di(4-

methoxyphenyl)amino]-9,9'-spirobifluorene) to redistribute the charges
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(comproportionation) and thus to improve the electrical conductivity of the latter.[23-25]
Inspired by this fact, we have earlier demonstrated the proof of principle of a highly
thermally stable doping strategy for conjugated polymers where spiro-MeOTADZ*(TFSI-)2
was employed for HOMO-HOMO electron transfer with a conjugated polymer.[26] In a
similar fashion, Hofmann et al. showed that a singly oxidized triarylammonium radical
cation salt, tris(4-bromophenyl) ammonium hexachloroantimonate (Magic Blue), is
capable of p-doping a variety of conjugated polymers.[27] In most of these reported cases,
only one electron is accepted by such a radical cation dopant molecule and therefore to
achieve high conductivity high molar dopant ratio is required. Since spiro-MeOTAD can
be theoretically oxidized to a tetracation salt and MeOTPD to its dication salt, here we ask
a fundamental question on the efficacy of such multivalent radical cation salts as
multielectron acceptors (MEAs). Our motivation is based on the idea that theoretically the
tetracation salt of spiro-MeOTAD should exhibit the highest degree of doping for the same
molar dopant ratio, if it can take up four electrons from the conjugated polymer. This can
then fulfill the requirement of desired low doping levels, as explained earlier, if we can
make use of multication salts. To study this, we chemically synthesized fully oxidized
novel radical cation salts, spiro-MeOTAD#*(PF¢~)4 and MeOTPD?2+(PF¢~)2 and addressed
the feasibility and efficacy of using such multication salts (which are themselves HTMs)
as MEA dopants for two different polydiketopyrrolopyrroles (PDPPs) differing in their
polarity and dielectric constants. To quantify the results, we compare the properties of
the doped systems with those doped with the well-known monoradical cation salts, magic
blue as well as NOPFe¢. We study in detail how the doping efficiency and the electronic
properties of the doped polymers change. The three triphenylamine radical cation salts
having oxidation states 1, 2, and 4 used here are: tris(4-bromophenyl)ammonium
hexachloroantimonate (“Magic Blue”, D2), N,N,N’,N’-tetrakis(4-
methoxyphenyl)benzidine hexafluorophosphate (“MeOTPD2+(PFs-)2”, D3) and 2,2",7,7"-
tetrakis[N-(4-methoxyphenyl)amino]-9,9'-spirobifluorene hexafluorophosphate (spiro-
MeOTAD**(PFs~)4 D4). Here the dication salt D3 and tetracation salt D4 are expected to
have very similar electronic energies and absorption features, thus enabling a fair
comparison of doping efficiency just based on their capacity to accept two or four
electrons, respectively. Two DPP-based polymers with varying hydrophilicity, but similar
electronic properties were selected as host materials to study the changes in electrical

conductivity, charge carrier mobility and charge carrier density imparted by the different
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dopants in environments of different polarity. We address the following scientific

questions in this work.

1. Can the tetracation dopant D4 (spiro-MeOTAD#*(PFs¢~)4) generate four times the
charge carrier density compared to single electron acceptors, NOPFs or Magic

Blue?

2. What are the consequences on electrical conductivity, charge carrier mobility and
activation energy on using triphenylamine radical cation salts, which are
themselves HTMs, as p-dopants compared with the conventional redox-dopant

NOPF¢?
3. How does the polarity of the host polymer affect the doping process?

Here, the compatibility of dopant and host as a key requirement for efficient doping is
studied using X-ray photoelectron spectroscopy (XPS) mapping. The electronic properties
and energy levels of the dopants and polymers are assessed by ultraviolet photoelectron
spectroscopy (UPS). The doping process is monitored using optical absorption
spectroscopy as well as UPS. The electrical conductivity and thermal activation energy
thereof are measured to study the impact of different dopants on macroscopic charge
transport properties, depending on the polymer polarity and polarizability. To study the
differences in charge carrier density in the doped polymers using mono-, di-, and
tetracation salt dopants as compared to single electron oxidants and to determine the
resulting doping efficiency, impedance spectroscopy experiments were performed. We
also elucidated how HTM-dopants such as D3 and D4 differ on their influence on the
charge carrier density, charge carrier mobility, activation energy for charge transport and
density of states of doped polymers compared to a non-HTM dopant such as NOPFe.
Altogether, we present a comprehensive and comparative study of a series of triarylamine
cation salt dopants with increasing oxidation state from 1 to 4 in two different DPP-
polymers, thus highlighting the benefits and drawbacks, if any, of multiple oxidized
triarylamine based HTM-dopants. Thereby, the electrical conductivity gained by doping
with 5 mol% of a tetracation dopant spiro-MeOTAD**(PFs~)4 is 255 times higher than that
obtained with an equal molar amount of NOPFs. Thus, we introduce an elegant concept
for highly efficient doping of conjugated polymers using multielectron acceptors at
unprecedented low dopant molar ratios, opening up innovative and novel p-doping

strategies.
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6.2 Results and Discussion

The chemical structures of all the dopants and conjugated polymers investigated in this
work are displayed in Figure 6.1a. We studied two PDPPs with an identical backbone
structure consisting of a thiophene-flanked DPP-core (DPP[T]z) and 3-(2-(2-
methoxyethoxy)ethoxy)thiophene (3-MEET) as comonomer. The presence of 3-MEET as
comonomer helps to maintain a low ionization potential in the range of 4.6 eV.[28] These
are donor-acceptor polymers capable of undergoing p-doping.[29.301 The DPP[T]2 core is
either equipped with hydrophilic triethylene glycol {TEG} substituents in the polymer
PDPP[T]2{TEG}2-3-MEET denoted as P1, or hydrophobic 2-hexyldecyl {2-HD} chains in
the polymer PDPP[T]2{2-HD}2-3-MEET, denoted as P2. Both polymers exhibit sufficient
solubility in common organic solvents. Further, the replacement of the 2-HD substituents
with TEG chains leads to an increase of the fraction of ethylene glycol from 13 to 52 wt%.
Due to this, a difference in miscibility between the dopant salts and polymer can be
expected and the dissociation of generated charge transfer state may be facilitated by the
higher dielectric constant due to ethylene glycol groups. This may influence both charge
carrier mobilities and electrical conductivities.[11.31.32] The three HTM-dopants are based
on the common basic structural motif triphenylamine and have different oxidation states.
The singly oxidized Magic Blue (D2) carrying hexachloroantimonate as counter ion was
purchased. The new dication salts, N,N,N’,N’'-tetrakis(4-methoxyphenyl)benzidine
hexafluorophosphate (D3, MeOTPD2*(PFs)2) and the tetracation salt, 2,2",7,7"-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene hexafluorophosphate
(D4, spiro-MeOTAD#**(PFs-)4) were chemically synthesized by reacting the pristine
molecules, MeOTPD and spiro-MeOTAD with carefully dried nitrosonium
hexafluorophosphate in large molar excesses required for complete oxidation under
extremely dry conditions and argon atmosphere (see Supporting Information). UPS was
conducted on thin film samples of P1, P2, and D2 to D4 on ITO to assess the HOMO energy
levels and work functions (Figure $6.1, Supporting Information). From the energy
diagram in Figure 6.1b it is apparent, that both polymers exhibit very similar ionization
potentials of 4.6-4.7 eV, in accordance with the fact that the polymer backbones are
identical, which dictate the HOMO energy levels. All three triarylamine dopants, D2 to D4

are thermodynamically capable of oxidizing the polymers, as their partially occupied
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HOMOs (5.7, 5.3, and 5.3 eV, respectively) lie well below those of the polymers. From the
measured SOMO levels, the most exothermic electron transfer from polymer to dopant
can be expected for D2, followed by D3 and D4. We postulate that the doping-mechanism
of the HTM-dopants occurs via integer charge transfer, as hybridization and the formation
of charge-transfer complexes is unlikely in these sterically demanding dopants and
nonplanar polymers.[3334] First we confirmed the uniform distribution of the dopants in
our doped polymer thin films using an XPS mapping technique for 5 mol% D2, D3, and D4
(highest molar ratio) over an area of 0.56 mm?2. By selecting binding energies which are
exclusive to either the polymer (thiophene sulfur 2ps/2) or dopant (antimony 3ds/2 or
fluorine 1s), we could demonstrate a uniform distribution of D2 to D4 in both polymers
with a lateral resolution of 10 um (Figure 6.1c to 6.1h). High miscibility in both alkyl- and
TEG side chain substituted polymers results in astonishing compatibility of our HTM
dopants with semiconducting PDPP polymers. This also excludes inhomogeneities, which
may otherwise will have to be considered in the electrical characterizations and

interpretations of the resulting thin films.
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Figure 6.1. a) Structures of the studied dopants D1 (NOPFs, black), D2 (Magic Blue, blue),
D3 (MeOTPD?*(PF¢)2, green), D4 (spiro-MeOTAD#*(PF¢)s4, red) and the polymers P1
(PDPP[T]2{TEG}2-3-MEET, black) and P2 (PDPP[T]2{2-HD}2-3-MEET, gray). b) Ionization
potentials (solid lines) and work function (dotted lines) of D2-D4, P1, and P2 w.r.t.

vacuum level as obtained from UPS experiments. D1 value taken from ref. [35]. ¢)-h) XPS

elemental maps of P1 and P2 doped with 5 mol% D2, D3, and D4 over an area of 750 by

750 um featuring a lateral resolution of 10 pm. Colors represent the peak intensity of the

mapped elements at a particular binding energy, which are exclusive to either polymer or

dopant. P1 and P2 are attributed to their thiophene sulfur 2ps/2 (165 eV, red) signal, D2

to the antimony 3ds/2 (539 eV, green) signal, D3 and D4 to the fluorine 1s signal (688 eV,

green).
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6.2.1 Dopant Characterization

The triarylamine based cation salts D2-D4 were thoroughly characterized using
additional spectroscopic methods such as UV/Vis/NIR and Raman spectroscopy as given
in Figure $6.2 and Figure S6.3 of the Supporting Information, respectively. All the
triarylamine dopants, D2-D4 feature an absorption at # 700 nm due to localized HOMO-
LUMO transitions of the triphenylamine moiety (Figure S$6.2, Supporting
Information).[35] The close similarity of electronic levels of D3 and D4 are reflected both
in the HOMO energy values (both = 5.3 eV) as well as in the maximum absorption in the
near-infrared region at * 900 nm, which arises due to optically induced hole transfer from
the triarylamine unit to the linking bridge leading to this strong and broad absorption.
This peak is obviously not visible in Magic Blue for the lack of any bridging units between
the ArsN units.35] It is to be noted that D3 shows similar absorption signatures as a
reported dication obtained from MeOTPD by oxidation using a silver salt of perfluorinated
alkoxyaluminates.[36] A small shoulder visible in the absorption spectrum of D2 at 630 nm
is explained by symmetry breaking of the tris(4-bromophenyl)amine radical cation,
which is not present in D3 and D4 due to their twisted arrangement of the phenyl groups
around the nitrogen centers.[3637] In the Raman spectra of thin films (Figure $6.3,
Supporting Information) typical aromatic hydrocarbon stretching vibrations are present;
most notably, the C-H out-of-plane wagging from mono substituted benzene (908 cm™1,
A), C-H in plane bending from benzene rings (1175cm-1, *) and C-N stretching
(1320 cm™1, +) are observable. C-C stretching bands are susceptible to quinoid to benzoid
transitions of the mesomeric structures. This explains the higher intensity of the more
stabilized quinoid vibration in the biphenyl bridged cations, MeOTPD?2*(PFs)2 and spiro-
MeOTAD#*(PFe)4 (1564 cm-1) as compared to the energetically more favored benzoid
structure in the less stabilized Magic Blue (1606 cm1).[3638] The redox behavior and
energy levels of our dopants and their pristine states are further studied by measuring
the frontier orbitals using cyclic voltammetry (CV), as well as differential pulse
polarography (DPP) by sequentially oxidizing the pristine molecules (Figure S6.4,
Supporting Information). All the values are summarized in Table 6.1, together with the

UPS values.
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Table 6.1. HOMO energy EHOMO yalues of neutral tris(4-bromophenyl)amine (TPA-Br3),
MeOTPD, and spiro-MeOTAD obtained by cyclic voltammetry (CV) half wave potential and
differential pulse polarography (DPP) peak potential. Oxidation states of the
corresponding peaks are given as (+x) in brackets. lonization potential IP and
workfunction WF were obtained by ultraviolet photoelectron spectroscopy on D2, D3, and

D4.

Cv(@ DPP( UPS®)
Compound EHOMO(+x) Compound IP WF
(eV) (eV) (eV) (eV)
TPA-Brs -5.69 (+]) -5.81 (+]) D2 -5.67 -5.11
MeOTPD -5.50 (+]) -5.51 (+I) D3 -5.34 -5.01
-5.77 (+1I) -5.76
(+1D)
Spiro-MeOTAD -5.38 (+]) -5.39 (+]) D4 -5.25 -491
-5.53 (+1I) -5.54
(+1D)
-5.75 (+1V) -5.75
(+1V)

(@ Measured in anhydrous dichloromethane (sample concentration 10-3-10-5> M) using
supporting electrolyte: 0.1 M TBAPFs, reference electrode: Ag/AgNOs, counter electrode:
Platinum disk, and working electrode: platinum disk at a scan rate: 100 mV s-1, at rt and
ambient pressure. For DPP measurements, a pulse size of 20-50 mV with 100 ms pulse
duration was chosen. The half wave potentials E1/2 versus Ag/AgNO3 were referenced to
the vacuum level by EHOMO(compound) = [-e{E1/%(compound vs ref. Ag/AgNOs3) -
(EY/%2(Fc/Fc* vs Ag/AgNOs3)}] + EHOMO(Fc/Fc* vs Evac, solvent corrected). The ferrocene
reference half-wave potential E1/2(Fc/Fc* vs Ag/AgNO3) was determined to be +0.10 V in
DCM at a scan rate of 100 mV s-1, Enomo(Fc/Fc* vs Evac, solvent corrected) was taken as

-5.16 eV.[*0] For complete dataset, see Table S6.1 of the Supporting Information.

(b) UPS was measured on 20 nm thin films of D2, D3, and D4 on ITO.
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To avoid radical cross-coupling of the dopants, high scan rate was chosen for CV, which
results in large peak-to-peak separation energies AEp (Table S6.1, Supporting
Information). All the pristine molecules show fully reversible redox cycles; the number of
redox peaks depending on the number of nitrogen centres (Figure S6.4, Supporting
Information). Obviously, TPA-Brs shows a single reversible oxidation, whereas MeOTPD
exhibits two (mono- and dication) and spiro-MeOTAD three (mono-, di-, and tetracation)
oxidation steps in both CV and DPP measurements. The monooxidation step of MeOTPD
to MeOTPD1+ and the dioxidation step of spiro-MeOTAD!* to spiro-MeOTAD?2* are almost
degenerate in energy (-5.50 and -5.53 eV, respectively, in CV). This indicates that most
probably, spiro-MeOTAD?2* resembles the monocation, MeOTPD1* electronically.
Therefore, it can be deduced that spiro-MeOTAD?2* consists of two decoupled MeOTPD1*
radical cations anchored at one common spiro carbon center, rather than a doubly
charged MeOTPD?Z* moiety linked to another neutral half. The chemical structures of all
four possible spiro-MeOTAD oxidation states are compiled in Figure S6.5 of the
Supporting Information. Moreover, both spiro-MeOTAD!* and MeOTPD1* possess
sufficient low ionization potentials or Enomo of -5.38 and -5.50 eV, making exothermal
multielectron electron transfer from P1 or P2 (IP = 4.6-4.7 eV) feasible to reach the zero
oxidation states of both D3 and D4. The peak current obtained from the DPP experiment
is directly related to the amount of electrons transferred and the concentration of the
redox species, which is constant in our experiment.[391 When comparing the differential
pulse polarogram peak current of spiro-MeOTAD?2* and spiro-MeOTAD#* signal, a two
electron oxidation process from dication to tetracation can be inferred (Figure S6.4b,
Supporting Information). This implies an intrinsically unstable triply charged spiro-
MeOTAD3*, consistent with an earlier report by Zhang et al.[*01 Quantitative X-ray
photoelectron spectroscopy analysis was employed to obtain the atomic composition
(N/P) of D3 and D4 powder samples (see Table S$6.2, Supporting Information). By
comparing the theoretical nitrogen to phosphorous atomic ratios (N/P =1 for both
tetracation, D4 and dication D3) to experimentally determined nitrogen 1s and
phosphorous 2p signal integral ratios (1.2 and 1.4, respectively), average contents of at
least 60 % for D3 and 80 % for D4 can be assessed from XPS. Considering all the
supporting data from CV, DPP, UPS, and XPS, it can be very well concluded that the di- and
tetracation organic salts D3 and D4 were successfully synthesized, where both dopants

are capable of exothermal multielectron transfer from the polymers P1 and P2.
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6.2.2 Monitoring of the Doping Process

As afirst step to study the charge transfer between dopants and polymers, we performed
UV/Vis/NIR absorption spectroscopy experiments, as it is a simple, yet powerful
technique to probe changes in electronic states due to doping of polymers. Prior to
chemical doping, the changes in spectral features of polymers P1 and P2 on
electrochemical oxidation were determined by spectroelectrochemical (SEC)
measurements in solution to identify the polaron features. For this, both polymers were
biased from zero to +800 mV oxidation potential in 200 mV steps and absorption spectra
are measured (Figure 6.2a). The ground-state absorptions for both P1 and P2 are located
at 820 nm and upon electrochemical oxidation, the ground state absorption is bleached
and new polaronic features appear at * 1200 nm in the near-infrared region. The detailed
absorption spectra for P1 and P2 for all the dopant concentrations ranging from 0.1 to
5 mol% for D1-D4 are shown in Figure S6.6 of the Supporting Information. Figure 6.2b
shows the absorption spectra of chemically doped P1 and P2 for the four different dopants
D1-D4 at a typical 2 mol% dopant concentration in 0.01 mg mL-1 polymer solution. For
both polymers, the MEAs, D3 and D4 show pronounced doping effects compared to the
monovalent dopants D1 and D2. For all dopant concentrations, the TEG substituted
polymer P1 exhibit the highest polaron absorption intensities in the increasing order from
D2, over D3 to D4. Similarly, in the 2-hexyldecyl substituted polymer P2, a lower and less
gradually expressed polaron absorption is observed with both D1 and D2. To delineate
the changes in the absorption spectra, difference spectra were plotted in Figure 6.2c.
Difference spectra are obtained by subtracting the spectrum of the pristine polymer from
each spectrum of the doped polymers, thus emphasizing spectral changes upon doping.
The upper plot in Figure 6.2c shows the difference spectra of the TEG substituted
polymer P1 at a typical dopant concentration of 2 mol% for all four dopants. It shows a
clear trend with increasing polaron intensity from D1 over D2 to D3 and D4. In the lower
part, the difference plots for the alkyl substituted polymer P2 are shown. As before, only
low doping can be achieved using D1, and the intensity of the polaron absorption
increases with the oxidation state of the dopants. A notable difference for P2 is that D1
and D2 yield similar and low polaron intensities, as compared to D3 and D4. For dopant

molar ratios up to 2 mol% (Figure 6.2c), there is no other considerable difference
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between P1 and P2 in terms of polaron intensity. However, for the dopant D4, a higher
absolute polaron absorption was measured in the case of the hydrophilic polymer P1 as
compared to the hydrophobic derivative P2 at 5 mol% doping ratio (Figure 6.2d). This
can be attributed probably due to better miscibility of D4 in the former at higher
concentrations. Similar behavior was previously observed by Kroon et al,, who doped
ethylene glycol substituted polythiophenes using F4TCNQ and found an improved
solubility and conductivity by the introduction of polar side chains.['!l This can be
explained as follows: for a successful molecular doping, the polar dopants must access the
conjugated polymer backbone whereby the glycol substitution assists this mixing and
therefore, a more steady and uniform doping process is attained with the more

hydrophilic polymer P1.

176



6. HIGHLY EFFICIENT DOPING OF CONJUGATED POLYMERS USING MULTIELECTRON
ACCEPTOR SALTS

a) b) 1_ ;)1 T T T T
0.754{—Dz2 .
4 05 s [} 3
. Q S4— 4
4 = L )
< T 0.25 : -
= N
g Té 1_ T : { T } -
g g 0.754 : \\'/\‘
§ 0.5 1 \\_’_\
: 0.25 P2
0 T T ] 1 1 0 ]
500 750 1000 1250 1500 500 750 1000 1250 1500
Wavelength (nm) Wavelength (nm)
0-3 T T T T T 1 T a T ] T
C) d) 1 ._
O.IS-W 0.75 1 P1 / \ 5 mol% D4 -
01 : 051 |
] —D1 ——pD3 ] a ]
B -0.15 - ) g 0.25 L i) 0 mol% D4 ’
2 s : : : : : g 1 :ﬁ/\
0.15 . E 0.75 4 P2 5 mol% D4 -
0+ 7 5 0.51 .
-0.15- ] “ 025h 0 mol% D4 -
'03 T T T T T O T T T —
500 750 1000 1250 1500 500 750 1000 1250 1500
Wavelength (nm) Wavelength (nm)

Figure 6.2. a) Spectroelectrochemical spectra of the polymers P1 and P2 in DCM obtained
by biasing from 0 mV to +800 mV. A de-doping step of -100 mV was applied prior to
measurement to ensure pristine polymer samples. b) Comparison of the optical
absorption spectra of the doped P1 and P2 for four different dopants. D1-D4 at 2 mol%
dopant loading in 0.01 mg mL-1 polymer solution. c) Comparative difference spectra of
both polymers with 2 mol% dopant loading, obtained by subtracting the pristine polymer
absorption from the oxidized polymer absorption (b). d) Change in absorption for P1 on
doping with 0 to 5 mol% D4 in DCM. Spectra (b-d) obtained under inert and anhydrous

conditions.

Concomitant with polymer doping, the formation of reduced dopant species can be
expected and consequently their original absorption changes. The pristine precursors
(non-oxidized forms) of D2-D4 absorb only below 400 nm. To identify the optical
signatures of intermediate reduction products of D3 and D4, i.e., MeOTPD*(PF¢)

monocation and spiro-MeOTAD?*(PFs-)2 dication salts, these were prepared by titration
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of their respective neutral precursors MeOTPD or spiro-MeOTAD using the necessary
equivalents of oxidizing agents. Spectra of these salts can be found in Figure S6.2b of the
Supporting Information. Both exhibit pronounced NIR absorption at * 1500 nm with
almost no absorption at 900 nm (typical absorption for the dopant D3 and D4,
Figure S6.2a). Since the polaron absorption of P1 and P2 overlaps with the absorption of
the reduced dopant intermediates at about 1500 nm, it is very difficult to elucidate the
contribution of the reduced species toward near infrared absorption. It is to be noted that
the contribution of the reduced species at low molar dopant regime is negligibly small.
However, the increase in absorption below 400 nm can be attributed to the neutral
triarylamine species of the dopants, even though the molar amount of the dopant used is
very small. Nevertheless, it is valid to focus on the polaron absorptions for the first
estimate of the doping process. It is clearly demonstrated, that D4 introduces a much
higher polaron concentration than all other dopants for the whole dopant concentration
up to 5 mol% in both polymers P1 and P2 studied here, regardless of the polarity of the

polymer.

6.2.3 Impact on the Electrical Conductivity and Activation Energies

The above discussed absorption studies have proven the highly efficient doping of
polymers by the multication salts in general and the highly pronounced nature of doping
using D4. The coulombically bound polaron-counter ion pair can now release electrons
upon thermal activation, thus increasing the bulk conductivity. Figure 6.3a shows the
electrical conductivity values of the doped systems measured in thin films in the range of
zero to 5mol% dopants for both the hydrophilic polymer P1 and the hydrophobic
polymer P2. Interestingly, an increase in electrical conductivity over one to two orders of
magnitude develops within 1 mol% of doping for any dopant for both P1 and P2. Below
1 mol% dopant concentrations, no big differences among the doping capabilities of D1-
D4 are discernible. This initial strong increase of the conductivity at low doping
concentrations is well-known in the literature and characteristic for filling of energetically
deep lying states in highly disordered systems.[#1] On increasing dopant concentration,
substantial differences for the four different dopants, as well as for the two polymers are

evident. For example, above 1 mol%, the conductivity of doped P1 increases drastically
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for D3 and D4, whereas it levels off for D1 and D2, with the highest conductivity reached
for the samples doped with D4 throughout the whole dopant concentration range. The
final value for P1 doped with D3 reaches 1.9-10-2Scm-1 and with D4 0.2 S cm™1 is
obtained at 5 mol% dopant. In comparison, D1 and D2 increase the bulk conductivity of
P1 to amere 9.1-10%Scm1, and 1.1 -10-3 S cm™1, respectively (Tables S6.4 and S6.5,
Supporting Information). Thus, the tetracation salt D4 causes two orders and D3 results
in one order of magnitude higher conductivity compared to monocation salts D1 and D2
at 5 mol% doping. In the hydrophobic polymer P2 also a strong increase in electrical
conductivity is observed at lower dopant loadings, which however increases slower than
in the hydrophilic polymer. This can be attributed to the lack of glycol-substitution leading
to a decreased accessibility of the polar dopants to the polymer backbones and therefore,
to a lower efficiency of polaron formation in P2.In P2, D1 and D2 have an identically lower
doping effect as compared to D3 and D4. Here, the final conductivity values at 5 mol%
reach 1.8-10-% and 2.3:10*Scm-! for D1 and D2, respectively, and 2.6 - 10-3 and
1.7 - 103 Scm™1 for D3 and D4, respectively. Thus, a distinctive difference between the
low efficient monocation salts (D1, D2) and highly efficient multication salts (D3 and D4)
can be observed with respect to the achieved conductivity values. Further, an increased

polarity of the conjugated polymer in P1 facilitates the doping process.
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Figure 6.3. a) Electrical conductivity measurement. b) Evolution of the activation
energies. c) Ea-progression of NOPFs-doped films up to 20 mol% showing the drop of
activation energy, which accompanies shift of the Fermi energy towards the transport
level. d) Variation of work function (left y-axis, solid lines) and hole-injection barrier
(right y-axis, dashed lines) of P1 (black) and P2 (gray) as a function of molar doping ratio

from 0 to 5 mol% DA4.

To gain an understanding of the charge transport mechanism, the thermal activation
energies of the conductivity in doped polymers were determined. The activation energies
Ea were calculated from Arrhenius plots by measuring the temperature dependent
conductivity o(T) for arange between room temperature and 100 °C. From the Arrhenius-
plots (Figure S6.7, Supporting Information), the activation energy values Ea were
extracted using the Arrhenius equation o(T) = g,e ~Ea/*8T) where kg is the Boltzmann
constant. The activation energy obtained by this consists of two processes: a contribution

for the charge transfer salt dissociation and the contribution of the thermally activated
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hopping, as described earlier by Schwarze et al.[*2] The activation for charge transfer
dissociation, schematically shown in Equation 6.2, is typically at least one order of
magnitude greater than the activation for hopping.[*243] Interestingly, we found drastic
differences in Ea both, among the dopants, as well as between the two polymers.
Figure 6.3b shows the activation energies of both doped polymers using different
dopants for a dopant molar ratio up to 2 mol%. In the first glance, there is a distinct
difference in behavior between NOPF¢ (D1) and the triarylamine cation salts (D2-D4). In
the hydrophilic polymer P1, a steadily decreasing activation energy is obtained for D1
starting from 0 to 5 mol% (Figure 6.3b). This steady decline is very distinctive for an
increased charge carrier density in organic semiconductors. By filling low lying,
exponentially distributed trap states and shifting the Fermi level closer to the transport
energy ETr, the hole injection barrier and the thermal activation energy for charge
transport are lowered.[17] E7r delimits mobile from trapped charges, with only states
higher in energy contributing to charge transport.[*4l The hydrophobic polymer P2
exhibits a comparable behavior, although the decrease of the activation energy upon
doping with D1 proceeds much slower than for P1 (Figure 6.3b). This is also observable
in the doping regime beyond 2 mol% (Table $6.3, Supporting Information) and it is
explained with the inferior compatibility of the NOPF¢ salt with the hydrophobic polymer.
In order to fully understand the steady decrease in Ea, for D1, we measured additionally
the Ea for dopant concentrations up to 20 mol% of D1 for both P1 and P2. Figure 6.3c
clearly shows, that Ea asymptotically approaches zero for 20 mol% D1. The activation
energy upon doping P2 with the oxidized triarylamine cations (D3-D4), which are HTM-
dopants, remains, as in the polar polymer, almost constant. A slightly increasing activation
energy is however found for D2 in polymer P2, which indicates an obstructed charge
transport. On the contrary, in the case of the multication HTM-dopants D3 and D4, the
activation energy for charge transport remains unchanged upon the introduction of
dopants. In the context of hopping transport, this indicates a relatively unchanged
distance between Fermi- and transport level. UPS experiments on the polymers P1 and
P2 doped with D4 (Figure 6.3d) confirm the downshift of Er toward the respective
HOMO, with a distinct pinning at 200 meV above the valence band maximum for both
polymers. Since the transport levels Etr in a Gaussian density of states (DOS) remains
fairly independent of the charge carrier concentration, the downshift of the Fermi level Er

seems to be compensated by the additional broadening of the DOS by doping.[*5] To
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determine the impact of the (partially or fully) reduced HTM-dopant compared to a non-
HTM dopant on the HOMO density of states and their distribution in polymers, ultraviolet
photoelectron spectroscopy was carried out on 20 nm thin films of undoped P1 and P2
and their doped samples with NOPFs (non-HTM dopant) and spiro-MeOTAD#**(PFes~)4
(HTM-dopant). After measurement of the valence band maximum (VBM), the onset was
fitted with a modified exponential Gaussian distribution to account for localized/tail
states arising due to ionized dopants (Equation $6.10, Supporting Information). The
broadening of the DOS was quantified by fitting Equation $S6.10 of the Supporting
Information to the VBM (see also Figure 6.4a; numerical results summarized in
Table S6.7, Supporting Information). A comparison of the standard deviation of the
gaussian distribution of DOS (ocpos) confirms that D1 (ocpos =120 meV) causes less
change in the variance of the Gaussian part of the fit function than D4 (ocpos = 198 meV)
in P1. A similar broadening of DOS is observed in using an HTM-dopant like D4 in P2.
Additionally, the most pronounced disorder, and exponential tailing of the pristine
polymers was measured for the polar TEG-substituted P1, which is consistent with the
experimental observations made by Borsenberger and Bassler, that static dipole
moments increase the energetic disorder in organic semiconducting systems.[“¢ Together
with the increased energetic disorder found via UPS experiments and the high number of
dipoles (i.e., static disorder) added in the form of multiply charged small molecules, the
constant activation energy for P1 and P2 using HTM-dopants can be attributed to a highly
disordered system. However, at doping concentrations of 2 mol% and above, the use of
multivalent dopants D3 and D4 result in doped polymers having conductivities orders of
magnitude higher than D1 and D2. This advantage, however, comes along with the
disadvantage, that a significant amount of static disorder is introduced by the highly
charged HTM materials, causing no considerable decrease in activation energies for

charge transport on increasing doping content.
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Figure 6.4. a) Valence band maxima of P1 and P2 doped with 0 mol% (top), 5 mol% D1
(center), and 5 mol% D4 (bottom) obtained from UPS and fitted with an exponentially
modified Gaussian distribution (see Supporting Information for detailed calculation). p-
doping with D4 induces a higher variance of the Gaussian distribution as compared to D1
doped polymers. b) Charge carrier density obtained from a calibration curve (see
Supporting Information for details). c) Calculated charge carrier mobility u of P1 and P2
doped with D1-D4, determined from Equation 6.1 using the measured charge carrier
concentration and conductivity. Holes were assumed as the majority carrier type in the p-
doped systems, neglecting electron contribution. d) Doping efficiency of the polymers P1
and P2, upon doping with the different dopants D1-D4. The doping efficiencies of D3 and

D4 are normalized to 100 % (denoting the uptake of two and four electrons, respectively).
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Additionally, the difference in behavior of P1 and P2 toward the dopants can be explained
as follows. As the ionization potential difference between P1 and P2 is almost negligible
(= 0.05 eV), we do not expect the IP to cause any difference in the degree of ionization
after doping by a significant amount. In addition, both polymers support an exothermic
electron transfer to all dopants. Especially at higher doping ratios (i.e., 5 mol%), tail states
should not impact the doping efficiency, as the Fermi level has well crossed all intragap
and tail states at this point (Figure 6.3d). This leaves the polarity/side-chains as the only
major difference in both polymers, as the possible cause for the difference in doping

efficiency and ultimately the observed conductivity trend.

6.2.4 Charge Carrier Density

The number of introduced charge carriers Np is an important figure of merit in unipolar
(p- or n-type) doped systems and is directly linked to the elementary charge e, the hole

mobility un and conductivity o via Equation 6.1.

o = eNpuy (6.1)

In doped systems, Nb is conveniently accessible via capacitance-voltage (Mott-Schottky)
experiments on metal-insulator-semiconductor devices.[?6] In metal-insulator-
semiconductor devices, holes are either accumulated or depleted at the semiconductor-
insulator interface upon applying an electrical bias at the metal contact. Spatial width and
capacitance of this depletion- or space-charge layer is, inter alia, very sensitive to the
amount of ionized donors Np present in the bulk. Using impedance spectroscopy, the
change in depletion layer capacitance and consequently Np of the doped system can be
monitored (see Supporting Information for detailed information). Therefore, we have
measured the charge carrier densities (Np) of polymer films doped with D1 from 0 to
20 mol% and correlated the resulting values with the respective polaron absorption
intensities from optical absorption spectroscopy measurements. Since Np correlates
perfectly linear with the polaron peak integral obtained from UV /Vis studies, a calibration
curve can be obtained to deduce Np, once the polaron intensity is measured (Figures S6.8

and S$6.9, Supporting Information). Based on this calibration curve, the charge carrier
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densities for both polymer films doped with the other three dopants D2-D4 were read out
from the polaron absorption values. Details regarding the method are elaborated in the
respective section of the Supporting Information. For both polymers, for the whole range
of dopant concentration, the doped samples using triarylamine dopants D2-D4 exhibit
considerably higher Np values compared to NOPFs. The charge carrier densities in the
doped hydrophilic polymer P1 scale with the oxidation state of the HTM-dopants; D4
doping exhibiting almost 3-5 times the value of D2 doping. Figure 6.4b shows this clear
trend for P1 above 2 mol% dopant. At the highest concentration of 5 mol%, the
anticipated scaling of the charge carrier density with the oxidation state is perfectly
expressed: the monovalent dopant D2 creates a carrier density of 3.5 - 1018 cm-3, which
doubles to 6.9 - 1018 cm~3 for D3 (dication) and quadruples for the fourfold oxidized D4,
reaching a carrier density of 13.8 - 1018 cm~3. This correlation could not be observed in
the doped hydrophobic polymer P2; indeed, the charge carrier density of D4 doped P2
films rises more strongly below 2 mol% dopant concentration, as compared to all the
other dopants. Beyond 2 mol% in P2 however, the charge carrier densities generated by
all three HTM-dopants D2-D4 merge and saturate reaching 5 - 1018 cm=3 at 5 mol%. This
is still almost five times the value obtained for NOPF¢-doped P2. Thus, the HTM-dopants
induce drastically higher carrier densities than D1, which affords a saturated value of only
1.2 - 1018 cm=3 at 5 mol%. The fact that for both, the polar polymer P1, and the nonpolar
polymer P2, the redox dopant D1 performs worse than any of the HTM-dopants D2-D4
for the whole range of dopant concentrations up to 5 mol%, indicates the increased
efficacy of doping conjugated polymers using triarylamine-cation based salts in general.
Moreover, the higher the oxidation state of the dopant, the more efficient is the doping

process.

6.2.5 Charge Carrier Mobility

The widely studied p-type dopants such as F4ATCNQ, and the fluorinated fullerene CsoF36
are being reduced upon doping to form their anions such as F4sTCNQ-, and CeoF36-, or
charge transfer salts thereof.[”] Typically, these reduced species do not contribute to the
charge transport, or may even hamper it, ultimately resulting in reduced charge carrier

mobilities. Our dopants D2-D4, consisting of oxidized triarylamine hole conductors, are
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able to transport charges in their pristine as well as partially oxidized states. The lower
oxidized states (which are de facto the reduced dopant species after doping the polymer)
are extensively used as charge transport layers for, e.g., solar cells.[7l We therefore
examined if the use of cation salts of hole conductors as dopants can have additional
contributions toward charge transport within the host:dopant mixture, as compared to
NOPFs, which has no HTM component at all. For this, first the zero-field charge carrier
mobilities po of the pristine dopant precursors TPA-Brs, MeOTPD, and spiro-MeOTAD
were determined by impedance spectroscopy by fitting a Poole-Frenkel field-dependency
(Figure S6.10a, Supporting Information). For this, negative differential susceptance
measurements on hole-only FTO/semiconductor/Au devices were carried out. Holes are
injected at one electrode if a sufficient electrical field F across the device is applied. By
measuring the capacitive response of the biased device at different frequencies, an
average carrier transit time for a given organic layer thickness and electrical field can be
deduced. This ultimately yields uo of the organic semiconductor after extrapolating u(F)
against zero electrical field. Details of calculation are published elsewhere and explained
in the Supporting Information.[2¢] It was found, that all the pristine compounds possess
similar values of wo (MeOTPD: 2.6-10-3cm?V-1s-1, followed by spiro-MeOTPD:
2.0-103cm?V-1s-1 and TPA-Brs: 1.3 - 103 cm? V-1 s-1). Rohr et al. reported a similar
value of 3.2-103cm2V-1s-1 for spiro-MeOTAD from space-charge limited current
measurements.[8]1 The impact of the HTM-dopants on charge carrier mobility of the doped
polymer P1 and P2 was estimated by extracting the charge carrier mobility from the
known parameters such as charge carrier density and conductivity using Equation 6.1.
The results for both polymers doped with D1-D4 (0-5mol%) are summarized in
Figure 6.4c. Both, the polar P1 and the alkyl-substituted P2 improve in charge carrier
mobility upon doping, regardless of the used dopant. This leads to the conclusion, that the
presence of charged HTM dopants or their reduced products does not introduce trap
states deeper in energy than already present in the disordered polymer
semiconductor.[*] This is substantiated by the measured activation energy, which
remains virtually constant upon doping with D3 or D4 (Figure 6.3b). The more polar P1
shows signs of filling energetically low-lying tail states below the gaussian HOMO DOS
(“trap-filling”), as evidenced by lowered activation energy in the case of D1 and D2. Trap-
filling substantially increases the charge carrier mobility at low doping ratios, consistent

with the mobility data shown in Figure 6.4c).[17.22] The strong initial increase in un tends
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to flatten more for the alkyl-substituted polymer P2 and is in agreement with the initial
steep drop of the hole-injection barrier and the Fermi-level pinning at > 2 mol% of D4 as
seen in UPS experiments for both polymers (Figure 6.3d). When comparing the
mobilities of the both doped polymers using the HTM dopants and NOPFs, it appears that
none of them affect the charge carrier mobility adversely and no considerable advantage
is observed for the former, even though doping as such improves the charge carrier

mobility.

6.2.6 Doping Efficiency

Besides fundamental electronic properties such as conductivity, charge carrier mobility,
and charge carrier density, the doping efficiency (1pop) allows for comparison of our HTM-
dopants versus NOPFe. npop is defined as the ratio of the number of free holes Np (obtained
by Mott-Schottky measurements) and the total number of dopant molecules Na per unit
volume. A higher npop implies a more efficient dissociation of the bound charge transfer
state formed by [Dopant(»¥+*Polymer*] into free majority charge carriers as given in

Equation 6.2, where D and P stand for dopant and polymer, respectively.

[D(n—x)Px+] kiT) D(n—x) + pxt (6.2)

One important point to note here is that the first step in the integer charge transfer doping
reaction, i.e., the formation of the so-called charge transfer state is temperature
independent.[>0] This implies, that nearly all dopants introduced into the system form
ionized CT states, which are coulombically bound semiconductor-dopant pairs. In a
second step, via thermal activation, free charge carriers responsible for the conductivity
increase can be generated from the CT states. The ratio between the total amount of
dopant molecules in the bulk versus free charge carriers can be understood as the doping
efficiency. As evident from Figure 6.4d, the polar polymer P1 displays an exponential
decrease in npop at the lowest doping ratios, to below 25 % ionization efficiency at 1 mol%
dopant concentration. The pronounced loss in carrier generation efficiency with an

increasing amounts of dopant molecules is known in the literature for organic
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semiconductors. It can be explained by a free hole capture process by ionized dopant
molecules, which become statistically more likely, the more dopant is present in the
system.[22] Accumulation of unreacted dopant was detected in the absorption spectra for
the highest doping concentration of 5 mol% D4 at 380 nm in Figure 6.2d. Consistent with
our electrical conductivity and UV /Vis/NIR absorption studies, the more hydrophobic
polymer P2 overall hinders the charge transfer salt dissociation, resulting in lower doping
efficiency. This can be traced back to a decreased accessibility of the polymer backbone
for dopant molecules and molecular miscibility. Ethylene glycol polar side chains are
known to improve the dopant miscibility and doping efficacy for donor-acceptor
copolymers.[51-33] Further, a large relative permittivity & introduced by the TEG
sidechains (&r(P1) = 5.41) helps to overcome Coulomb interaction of the charge transfer
salt compared to the alkyl-substituted P2 with &:(P2) = 4.74 (Figure $S6.10b, Supporting
Information, for detailed calculation of dielectric constants). In both polymers, D4 offers
the highest ratio of dissociated to total dopant molecules, closely followed by D3. To
conclude, multivalent oxidized HTM dopants offer an advantage in carrier generation
efficiency from their charge transfer salts compared to Magic Blue and NOPFs, which

especially manifests itself at high dopant concentrations of > 2 mol%.

6.3 Conclusion

We synthesized novel and stable HTM-dopants, dication (MeOTPD2+(PF¢~)2, D3) and
tetracation (spiro-MeOTAD#*(PFs-)4, D4) salts and comparatively studied their use as p-
dopants or MEAs for two conjugated polymers belonging to the class of PDPPs differing
in their polarity and dielectric constants. Their superiority over conventional one-
electron oxidants such as NOPF¢ (D1) and Magic Blue (D2) for p-doping was clearly
proven. We observed a fourfold amount of positively charged polarons in both polymers
when using the tetracationic salt D4, resulting in a higher electrical conductivity and
charge carrier density as compared to equivalent molar amounts of mono and divalent
dopants. Unlike NOPF¢ (D1), a higher amount of energetic disorder is introduced in the
density of states of doped polymer by MeOTPD2*(PFs-)2 and spiro-MeOTAD**(PF¢)as,
resulting in higher activation energies for charge transport. No negative effects on the

charge carrier mobility were observed due to the presence of these dopants or their
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reduced species. Finally, the doping efficiency of D4 remains the highest among all the
dopants for the whole range of dopant concentration from 0 to 5 mol%. Thus, a highly
efficient method of generating charge carriers in conjugated polymers is demonstrated
using multiply charged salts of triarylamine derivatives to help decrease the dopant
loading necessary for achieving strongly improved electronic properties, thereby
overcoming issues associated with excess use of dopants. Synergistic effects between
multivalent HTM dopants and hydrophilic polymers further boost the doping efficiencies.
Our findings pave the way for a new and highly efficient route of doping conjugated

polymers using MEA cation salts.
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6.7 Supporting Information

6.7.1 General Methods

All the materials were thoroughly dried under high vacuum prior to their use. The
reactions sensitive to humidity and/or oxygen were conducted in flame-dried Schlenk
type apparatuses under argon atmosphere and the doping experiments were performed
in a nitrogen-filled glovebox. Anhydrous solvents were purchased from Sigma Aldrich /
Acros Organics in sealed bottles and were used as received. Other solvents for chemical
reactions, Soxhlet extractions etc. were freshly distilled in-house and reagents for
syntheses were used as received from commercial sources if not stated otherwise.
N,N,N’,N’-tetrakis(4-methoxyphenyl)benzidine (abbr. 4-MeO-TPD) was obtained from
TCI  Chemicals, Japan. NZ2NZ2N2'N2'N7,N7,N7',N7'-octakis(4-methoxyphenyl)-9,9'-
spirobi[fluorene]-2,2',7,7'-tetraamine (abbreviated as “SpiroMeOTAD”) was supplied by
Sigma-Aldrich, Germany and used as received. 4-MeOTPD was dried under vacuum at rt
for 1 h prior to use. Nitrosonium hexafluorophosphate was obtained from ThermoFischer,
Germany and purified according to the synthetic procedure described below. Anhydrous
dichloromethane and acetonitrile were supplied from ThermoFischer, Germany and used
as received. Doped polymer solutions were fabricated by mixing of definite amounts of
the respective polymer and dopant in dichloromethane; doped polymer films were
similarly obtained by spin casting the respective polymer-dopant solution for 60 s at
1500 rpm. No further annealing was conducted. The polymerization reactions were
conducted under microwave irradiation using a Biotage Initiator+ synthesis microwave
machine. Solution NMR-spectra were recorded on a Bruker Avance spectrometer
(300 MHz) at rt with deuterated solvents from Deutero GmbH and the chemical shifts are
reported with respect to the residual solvent signal in units of (ppm). Gel permeation
chromatography (GPC) measurements were performed on an instrument having an SDV
linear XL gel column (particle size = 5 um) with separation range from 100 to 3000000 Da
(PSS, Mainz, Germany) together with a refractive index detector (1200 Series, Agilent
Technologies). CHCl3 (HPLC grade) was used as solvent (for dissolving polymer and as
eluting solvent) with a flow rate of 0.5 mL min! at room temperature. As internal
standard toluene (HPLC grade) was used. The calibration was done with narrowly

distributed polystyrene (PS) homopolymers (PSS calibration kit). An injection volume of
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20 pL was used for the measurements. The sample was dissolved in CHCl3 and filtered
through a 0.22 pum PTFE filter before analysis. Optical absorption spectroscopy
measurements were recorded using a Jasco V-670 spectrophotometer with a custom-built
nitrogen flooded measurement chamber. Quartz cuvettes of an internal diameter of 1 cm
were employed and for spectroelectrochemical absorption measurements, a Gamry
Interface 1010T was used as the potentiostat in a conventional three-electrode setup (Pt-
mesh WE, Pt-wire CE, Ag/AgCl RE). Ultraviolet photoelectron spectroscopy was
performed on a PHI 5000 VersaProbe III machine equipped with a helium discharge
radiation source providing stable and continuous He I and II lines, under ultrahigh
vacuum (10-19 mbar). Samples for UPS measurements were obtained by spincoating on
clean ITO (15 Q square1), affording ca. 30 nm thick films (measured by using a dummy
sample in a profilometer). The samples were transferred from the glovebox to the

instrument in a nitrogen filled and sealed stainless steel transport vessel.

6.7.2 Monomer and Polymer Synthesis

The synthetic pathway toward the polymers was described by us earlier. (Krauss et al.,,
Adv. Funct. Mater. 2021, 2010048). The obtained polymers exhibited the following basic

properties.
H NMR:

PDPP[T]2{TEG}2-3-MEET: (300 MHz, CDCls): d = 8.59 - 9.13 (br., 2 H), d = 6.41 - 7.15 (br.,
3 H),d =2.84-5.09 (br, 41 H).

PDPP[T]2{2-HD}2-3-MEET: (300 MHz, CDCls): d = 8.76 - 9.27 (br., 2 H),d = 6.67 - 7.22 (br.,
2 H),d =3.53-4.76 (br, 8 H),d = 3.28 - 3.51 (br., 3 H), d = 0.44 - 2.14 (br., 66 H).

GPC:
PDPP[T]2{TEG}2-3-MEET: Mn = 11 kg molL, = 2.5, X = 14.

PDPP[T]2{2-HD}2-3-MEET: Mn = 14 kg mol1, = 2.9, Xn = 18.
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6.7.3 Dopant Synthesis

N2,N2 N2’ N2''N7N7N7',N7'-octakis(4-methoxyphenyl)-9,9'-spirobi[fluorene]-2,2",7,7'-

tetraamine!V, hexafluorophosphate salt (1:4)

Commercially available nitrosonium hexafluorophosphate was dried under vacuum for
3 dinadesiccator loaded with phosphorus pentoxide. A 250 mL flame-dried Schlenk flask
was flushed with Ar and charged with 45 mL of anhydrous and degassed benzene. The
solvent was cooled to 0 °C and dry nitrosonium hexafluorophosphate (2 g, 11.4 mmol)
was added in small portions using air-free techniques to remove nitronium
hexafluorophosphate. The mixture was stirred for 1 h at 0 °C. The solvent was removed
and the purified nitrosonium hexafluorophosphate was dried under vacuum at rt and
stored under inert conditions. Spiro-MeOTAD (107.6 mg, 87.8 umol) was loaded into a
flame-dried Schlenk flask flushed with Argon and dissolved in anhydrous
dichloromethane (20 mL) cooled to 0 °C under strong stirring for 10 min. Nitrosonium
hexafluorophosphate (103.8 mg, 593 pumol, 6 eq.) was loaded into a Schlenk flask flushed
with Argon and dissolved in anhydrous acetonitrile (10 mL) and stirred at rt for 5 min.
The nitrosonium hexafluorophosphate solution was added drop-wise to the ice-cold
Spiro-MeOTAD solution using air-free techniques. Upon addition, the solution turned
dark red with a gradual color change to royal blue. After complete addition, the mixture
was allowed to heat up to rt and stirred for 20 min. The solution was precipitated in ice-
cold, anhydrous hexane (500 mL), dried at rt in vacuum and stored under nitrogen. Yield:

127.9 mg (70.8 umol, 81 %) of a dark-green powder.

N,N,N’,N’-Tetrakis(4-methoxyphenyl)benzidine!!, hexafluorophosphate salt (1:2)

4-MeO-TPD (115.4 mg, 190 pumol) was loaded into a flame-dried Schlenk flask, flushed
with Ar and dissolved in anhydrous dichloromethane (20 mL) cooled to 0 °C under strong
stirring for 10 min. Nitrosonium hexafluorophosphate (86.2 mg, 493 umol, 2.6 eq.) was
loaded into a Schlenk flask flushed with Ar and dissolved in anhydrous acetonitrile
(10 mL) and stirred at rt for 5 min. The nitrosonium hexafluorophosphate solution was
added drop-wise to the ice-cold 4-MeO-TPD solution using air-free techniques. Upon

addition, the solution turned dark red with a gradual color change to dark blue. After
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complete addition, the mixture was allowed to heat up to rt and stirred for 20 min. The
solution was precipitated in ice-cold, anhydrous hexane (500 mL), dried at rt in vacuum

and stored under nitrogen. Yield: 114 mg (127 umol, 67 %) of a fine, dark-green powder.
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6.7.4 Supporting Measurement Data
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Figure S6.1. Ultraviolet photoelectron spectra showing the SECO (secondary electron
cut-off, left) and VBM (valence band maximum, right) of D2 (blue), D3 (green), D4 (red),

P1 (black) and P2 (grey), prepared as 20 nm thin films on ITO. Scaled w.r.t. Fermi Level
(0 eV).
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Figure S6.2. UV/Vis/NIR spectra of the pure HTM-dopants in acetonitrile solution (a),
and the intermediately oxidized HTM-dopants (b).
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Figure S6.3. Raman spectra of the pure dopants D2, D3 and D4 measured on thin films on

glass.
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Figure S6.4. (a) Cyclic voltammograms and (b) differential pulse polarography (DPP)

measured in dichloromethane solution using 0.1 M TBAPFs as the supporting electrolyte.

A small redox current in the DPP measurement of Magic Blue at 260 mV vs. Ag/Ag+

indicates possible coupled by-products.
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Figure S6.5. All the possible chemical structures of stepwise oxidation (removal

electrons) of spiro-MeOTAD.
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Table S6.1. Cyclic voltammetry (CV) half wave E1/2 potential (average of cathodic and
anodic peaks) measured against Ag/AgNO3 in DCM and peak-to-peak potential difference
AE, and differential pulse polarography (DPP) peak potential Ep, for neutral tris(4-
bromophenyl)amine (TPA-Brs), 4-MeO-TPD and spiro-MeOTAD. Oxidation states of the
corresponding peaks are given as (+x) in brackets. Measured in anhydrous

dichloromethane with 0.1 M TBAPFs.

Cv DPP
Compound E1/2(+x) AE, Ep

(mV) (mV) (mV)
TPA-Brs 628 (+I) 368 (+) 650 (+I)
4-MeO-TPD 339 (+]) 314 (+]) 345 (+])
611 (+1I) 302 (+ID) 595 (+II)
Spiro-MeOTAD 223 (+]) 162 (+]) 230 (+])
374 (+1I) 168 (+II) 375 (+1I)
590 (+1V) 216 (+1V) 585 (+1V)

X-Ray Photoelectron Spectroscopy

XPS measurements were carried out with a PHI 5000 VersaProbe III system fitted with an
Al Ka excitation source (hv = 1486.6 eV) and a dual neutralizer (electron gun and Ar*) at
10-10 mbar. An X-ray source diameter of 100 mm was used to locally excite the samples;
the corresponding photoemission with 45° take-off angle was collected at a multichannel
analyzer. The survey and detailed spectra were measured with pass energies of 224 eV
and 26/55 eV, respectively. The standard deviation on the reported energy values is
+ 0.1 eV. The reproducibility of the observed results was confirmed by performing at least
three measurements at different places of the samples. The spectra were analyzed with a
Multipak software pack provided by the manufacturers. All emission signals were
referenced to adventitious C1s peak at 284.8 eV. For atomic composition determination,
the samples were transported to the instrument using a N2-filled transport vessel to avoid
air/02 contamination. For quantitative measurements, at least two areas of ca.

400 - 400 mm? were selected in each samples using secondary ion X-ray imaging
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technique (SXI) to ensure spatial average composition of the dopants. The final reported
atomic composition values are the average of 2 measurements. For quantitative analysis,
the background of all spectra was corrected using the Shirley function. For XPS mapping
experiments, a homogeneous sample area of 750 pm by 750 um was selected with the
help of SXI imaging. The photoelectrons of the selected area were collected using parallel
acquisition mode of the detector with a resolution of 256 by 256 pixel. A pass energy of
55eV, 4 frames per element and 20 ms time per step were chosen to increase the
sensitivity. P1 and P2 were mapped according to their thiophene sulfur 2ps3,2 peak at
161.5 eV, D2 according to the antimony Sb3ds,2 peak at 539 eV, D3 and D4 to the fluorine
1s signal (688 eV). Prior to acquisition, the selected area was subjected to 30s Ar
sputtering (2 - 2 mm, 2 kV, Zalar rotation) to remove surface residues. Finally, the color-

coded images were overlaid to produce the mapped two-dimensional image.
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Table S6.2. Comparison of the atomic composition of D3 and D4 between theoretical and

XPS determined values.

Elements Theoretical composition (ratio of atoms) XPS
determined
Spiro-MeOTAD2*(PF¢)2 | Spiro-MeOTAD*+(PF¢)a
N 4 4 55.2%
P 2 4 44.8 %
N/P 2 1 1.2
P 2 4 143 %
F 12 24 85.7 %
P/F 0.17 0.17 0.17
MeOTPD*(PFe) MeOTPD2+(PFs)2
N 2 2 58.8 %
P 1 2 41.2%
N/P 2 1 1.4
P 1 2 16.2 %
F 6 12 83.8%
P/F 0.17 0.17 0.19

XPS determined values:

atomic composition values are determined from ca.

400 - 400 mm?2 area scan with 55 eV pass energy and 100 mm X-ray source size. The

values are the average from 2 measurements.
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Figure S6.6. Solution (dichloromethane) UV /Vis/NIR progression of the two polymers P1
and P2 doped with D1 (a), D2 (b), D3 (c) and D4 (d) with the molar doping ratios of
pristine (solid), 0.1 (dashed), 0.2 (dotted), 0.5 (dotted), 1 (dotted), 2 (dotted) and 5 mol%

(dotted) in ascending order.
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Electrical Conductivity

Electrical conductivities were measured using 30 nm thick interdigitated gold electrodes,
patterned on thermally grown silicon oxide with a channel width of 2.5 pm and a channel
length of 1 cm. The substrates were cleaned by sonication in isopropanol and acetone for
10 min each, followed by activation of the surface in an ozone plasma for 15 min at 50 °C.
Polymer and doped polymer films were deposited by spin-coating from 5 mgmL-!
solutions (dichloromethane) at 1500 rpm in a nitrogen filled glovebox. I-V characteristics
were measured using an Agilent Technologies B1500A Semiconductor Device Analyzer.
The electrical conductivities were extracted from the linear fit of the I-V curve in the

Ohmic region according to the Equation S6.1 below.

(S6.1)

Where o: electrical conductivity, a: slope of the linear fit, L: channel length, W: channel
width, d: film thickness. The film thicknesses were measured after the conductivity
measurements, using a profilometer. The activation energies for the charge transport
were extracted from temperature dependent electrical conductivity measurements. The
sample preparation was done analogous to room-temperature electrical conductivity
measurements. For the measurement, the devices were placed on a Linkam Scientific
temperature control stage in a nitrogen filled glovebox and heated from rtto 100 °Cin 5 K
steps. The heating rate between each step was adjusted to 5 K min-! and each temperature
was kept constant for 30 s for equilibration before measuring the I-V characteristics. The
activation energies were obtained from fitting the Arrhenius plot (In o vs. T-1) with a linear

curve and the Arrhenius equation yielded the activation energies.
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Figure S6.7. Arrhenius-plots of the polymer P1 (left side column) and P2 (right side
column) for D1 (a, b), D2 (c, d), D3 (e, f) and D4 (g, h).
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Table S6.3. Conductivity o, thermal activation energy of conductivity Ea, charge carrier

density Np, doping efficiency noop and hole mobility un of P1 and P2 doped with D1

(NOPFs).
System o (Scm) Ea Np (cm3)  npop (%) Uh
(meV) (cm V-1gs1)
P1:D1 Omol% 1.16-10- 4849 1.1-1018 - 0.0081
PDPP[T]2{TEG}2- 5
3-MEET : NOPFs
0.1 mol% 4.4-10°5 - 1.7 - 1018 148 -
0.2mol% 5.05:10 - 1.7 - 1018 75 -
5
0.5 mol% 8.04-10- 455.6 1.7 1018 30 0.00107
5
1mol% 7.36-10- 3556 1.9-1018 17 0.00168
5
2mol%  1.6-10+ 2325 25-101% 11 0.00429
5mol% 9.13-10- 848 16-1018 3 0.01579
4
10 mol% - 24.3 - - -
15 mol% - 0 - - -
20 mol% - 0 - - -
P2 :D1 Omol% 6.15-10- 3175 3.7-1018 - 0.0019
PDPP[T]2{2-HD}>- 6
3-MEET : NOPFs
0.1 mol% 1.04-10 - 3.9-1017 41 -
5
02mol% 1.26-10- - 44-10v 23 i
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0.5mol% 2.38-10- 2756 5.6-107 12 4.7 -10-5
5
1mol% 4.54-10- 2514 7.6-1017 8 0.00104
5
2 mol% 6.9-10> 2458 9.8-1077 5 0.00116
S5mol% 1.78-10- 1889 1.2-1018 2 0.00217
4
10 mol% - 114.3 - - -
15 mol% - 105.5 - - -
20 mol% - 76.5 - - -
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Table S6.4. Conductivity o, thermal activation energy of conductivity Ea, charge carrier
density Np, doping efficiency npop and hole mobility yunh of P1 and P2 doped with D2 (Magic
Blue).

System o(Scml) Ea(meV) Nb(cm3) 1Dop Uh
(%) (cmzV-'ilst)

P1:D2 Omol% 1.16-10° 4849 1.1-1018 - 0.0081
PDPP[T]2{TEG}.-
0.1 1.16 - 10 - 1.8-1018 156 41105
3-MEET:
mol%
Magic Blue
0.2 6.67 -10-5 - 1.9-1018 82 0.00022
mol%
0.5 1.3-10+4 516.9 2.2-1018 38 0.00037
mol%
1mol% 4.24-10+4 431.1 2.6-1018 23 0.00101
2mol% 8.01-10+ 309.5 3.1-1018 14 0.00161
5 mol% 0.00112 - 3.5-1018 6 0.00198
P2:D2 0Omol% 6.15-10° 317.5 3.7-1018 - 0.0019
PDPP[T]2{2-
0.1 1.45-106 - 5.0-10v7 53 1.8-10-5
HD}2-3-MEET :
mol%
Magic Blue
0.2 7.5-10¢6 - 5.9-1017 31 7.9-105
mol%
0.5 2.49-10-5 325.1 9.4.1017 20 0.00016
mol%
1mol% 3.19-10° 410.8 1.3-1018 14 0.00015
2mol% 6.03-10°5 4329 2.6-1018 14 0.00014
5mol% 2.27-10+% - 4.6-1018 9 0.00031
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Table S6.5. Conductivity o, thermal activation energy of conductivity Ea, charge carrier

density Np, doping efficiency noop and hole mobility un of P1 and P2 doped with D3

(MeOTDP(PFs)2).
System o(Scml) Ea(meV) Np(cm3)  npop Un
(%) (cm?V-is1)
P1:D3 Omol% 1.16-10° 484.9 1.1-1018 - 0.0081
PDPP[T]2{TEG}.-
0.1 3.29-105 - 1.7 - 1018 152 0.00012
3-MEET :
mol%
MeOTDP(PFe)2
0.2 6.53 105 - 1.9-1018 82 0.00022
mol%
0.5 1.9-10+4 465.1 2.3-1018 40 0.00052
mol%
1mol% 2.65-10+% 477.2 2.6 -1018 23 0.00063
2mol% 7.76-10% 472.9 3.4-1018 15 0.00142
5 mol% 0.0185 - 6.9 - 1018 12 0.01653
P2:D3 0 mol% 6.15-10° 317.5 3.7-1018 - 0.0019
PDPP[T]2{2-
0.1 7.38-10° - 6.1-1017 64 7.5-10°
HD}2-3-MEET :
mol%
MeOTDP(PFs)2
0.2 1.13-10° - 5.6 - 1017 29 0.00012
mol%
0.5 2.7 105 339.6 8.6 - 1017 18 0.001019
mol%
1 mol% 5-10° 347.8 1.3-1018 14 0.00024
2mol% 3.12-10+% 331.2 2.6 -1018 13 0.00076
5 mol% 0.00259 - 5.7 - 1018 12 0.00286
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Table S6.6. Conductivity o, thermal activation energy of conductivity Ea, charge carrier

density Np, doping efficiency npop and hole mobility un of P1 and P2 doped with D4 (Spiro-

MeOTAD(PFs)a).
System o(Scm1) Ea(meV) Np(cm-3) 1Dop Un
(%) (cm2 V-1s1)
P1: D4 Omol% 1.16-10 484.9 1.1-1018 - 0.0081
PDPP[T]2{TEG}2- 5
3-MEET : Spiro-
0.1 1.32-10- - 2.7 -1018 241 2.9-10-5
MeOTAD(PFs)a
mol% 5
0.2 2.24-10 - 1.8-1018 79 7.7 -10-5
mol% 5
0.5 9.24-10- 493.8 2.2-1018 39 0.00026
mol% 5
1mol% 2.44-10- 446.9 2.9-1018 26 0.00052
4
2 mol% 0.00112 479.7 411018 18 0.0017
5 mol% 0.233 - 1.4-1019 24 0.10506
P2:D4 Omol% 6.15-10- 317.5  3.7-1018 . 0.0019
PDPP[T]2{2- 6
HD}2-3-MEET :
Spi 0.1 1.11-10- - 5.3-1017 56 0.00013
piro-
0 5
MeOTAD(PFq), | ™OI%
0.2 1.58-10- - 6.2 - 1017 32 0.00016
mol% 5
0.5 5.26-10- 279.7 9.9.1017 21 0.00033
mol% 5
1 mol% 8.7-10" 280.4 1.5-1018 16 0.00036
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2mol% 5.88-10 257.8 4.0-1018 21 0.00091

4

5mol% 0.00167 - 54-1018 11 0.00195
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Impedance Spectroscopy

Solid State Mott-Schottky Analysis

TEC-7 (XOP glass, 1"-1"- 2.2 mm, 6-8 (1 squarel, ~500 nm FTO on glass) substrates
were etched with dilute HCl/Zn-dust. After obtaining the etched electrode pattern, the
substrates were brushed manually with sodium dodecyl sulfate and deionized water,
followed by ultra-sonication in 2 vol% aqueous hellmanex-III solution, water, acetone and
isopropanol. The substrates were blown dry with nitrogen and pre-treated with 03/UV
for 15 min at 50 °C. 100 nm of Al203 were deposited on the FTO-electrodes using ALD
(H20/AI(CH3)s3, 15 ms pulse duration, 150 °C, 5 s purge time, 1111 cycles), while leaving
areas insulator-free for contacting the device during measurements. The aluminium oxide
layer was passivated by spin coating 100 nm of BCB (10 vol% Cyclotene 3022-35 in
toluene, 70 pL, 50 s, 3000 rpm) on top and soft curing for 10 s at 250 °C in air, followed
by a hard bake at 250 °C for 1 h under Argon. The polymer:dopant-solutions were doctor
bladed onto the substrates from DCM solutions (5 mg mL-1, 40 pL, manual speed control,
60 um blade height.) under inert atmosphere and used without further thermal annealing.
To enhance the wettability, DCM was doctor bladed onto the substrates prior to
polymer:dopant-coating and dried completely. Finally, Au electrodes were thermally
evaporated using a shadow mask (dau=70nm). The impedance of the devices was
measured with a two-electrode setup and varying electrical field (10 kHz to 10 Hz,
8 points per frequency decade, -1.5 to 1.5 Vsias in 48 voltage steps, 7 mVrums) using a
Metrohm Autolab PGSTAT204 equipped with an FRA32M module. The NOVA 2.1.4
Software package provided by Metrohm, Germany was used to process the impedance
data. The Au top electrode was connected to the counter and reference electrode, the FTO
contact to the working and sense electrode of the potentiostat. Devices under test were
shielded from ambient light, external electrical fields and kept under inert atmosphere.
From the imaginary Z” and real Z’ impedance, the capacitance of the organic layer was

extracted assuming an Rs(RC) equivalent circuit (Equation S6.2).

. 1
Z(iw)R(RC) = Rgeries T
. 1 S6.2
leParallel + ( )

RParallel
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Equation S6.2 can be solved for Cparalel to yield

: _ Im(2)
Parallel — (_Im(Z)Z + (Re(Z) — Rs)?)w

(56.3)

The density of free charge carriers Np was the extracted by plotting C-2 vs the Boltzmann
corrected applied bias voltage Vsias and fitting Equation S6.4 to the linear depletion
regime.

. 2 kT
Cparallel = cosctod?aNy (VBias - T) (S6.4)

where gp5c and g, are the dielectric constants of the organic semiconductor layer
(approximated with 3) and the vacuum permittivity, respectively. A2 is the area of the

organic layer in cm?, q the elementary charge and ks the Boltzmann constant in eV K-1.
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Figure S6.8. 1/(? vs. applied bias voltage of metal-insulator-semiconductor (MIS) device
structures of P1, resp. P2 doped with D1. The stack is comprised of FTO/Al203
(100 nm)/x-linked BCB (100 nm)/Polymer:Dopant (500 nm)/Au. A negative voltage
applied to the Au top electrode results in the formation of a depletion zone at the
insulator/semiconductor interface, where Equation S6.4 is applied to calculate the

charge carrier density Np from the slope (Mott-Schottky measurement).
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Figure S6.9. Linear correlations between measured charge carrier density Np and
measured absorption integral of polaron peak obtained by UV/Vis/NIR spectroscopy of
solutions in DCM of P1 (blue) and P2 (red) doped with 0 to 20 mol% D1. Np was obtained
from Mott-Schottky measurements on metal-semiconductor-insulator devices
(Figure S6.8). The obtained linear relationship was used to determine the charge carrier
densities of P1 and P2 doped with D2, D3 and D4 from their respective polaron absorption

integrals in solution, while keeping the concentrations of all species involved constant.

Negative Differential Susceptance Measurements

TEC-7 (XOP glass, 1"-1"- 2.2 mm, 6-8 Q squarel, ~500 nm FTO on glass) substrates
were etched with dilute HCl/Zn-dust. After obtaining the etched electrode pattern, the
substrates were brushed manually with sodium dodecyl sulfate and deionized water,
followed by ultra-sonication in 2 vol% aqueous Hellmanex-III solution, water, acetone
and isopropanol. The substrates were blown dry with nitrogen and pre-treated with
03/UV for 15 min at 50 °C. The organic semiconductor films were doctor bladed onto the
substrates from DCM solutions (5 mg mL-1, 40 pL, manual speed control, 60 um blade
height) under inert atmosphere and used without further thermal annealing. To enhance
the wettability, DCM was doctor bladed onto the substrates prior to coating and dried

completely. To avoid edge effects, a part of the conductive electrodes was masked with
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Kapton tape, which was removed after the OSC deposition. 100 nm of Au was thermally
evaporated on top of the OSC layer using a shadow mask to complete the device stack. The
impedance of the devices was measured with a two-electrode setup and increasing
electrical field (1 MHz to 100 Hz, 25 points per frequency decade, 0-2 Vsias in 15 voltage
steps, 10 mVrums) using a Metrohm Autolab PGSTAT204 equipped with an FRA32M
module. The NOVA 2.1.4 Software package provided by Metrohm, Germany was used to
process the impedance data. The ITO back contact was connected to the working
electrode (WE) and sense (S), while the Au top electrode was connected to the counter
electrode (CE) and reference electrode (RE). Devices under test were shielded from
ambient light and external electrical fields. From the imaginary Z” and real Z’ impedance,
the capacitance of the organic layer was extracted assuming an Rs(RC) equivalent circuit
(Equation S6.2 and $6.3). The geometric capacitance Cceo of each device was determined
in the high frequency region of the C(f)-plot. Together with the measured capacitance, the
mobility was extracted from the negative differential susceptance -AB at different
electrical fields. The negative differential susceptance -AB can be calculated according to

Equation S6.5.

—AB = —w(C(w) — Cyeo) (S6.5)

The global maximum fmax of the —AB(f)-plot was extracted and used to calculate the

transit time 7y,

Tee = 0.56 ik (S6.6)

Local maxima above the transit frequency without physical meaning were discarded. The
mobility can then be extracted as

4 d*

= (S6.7)
3 TtrVBias

U

with d being the thickness of the organic layer. The zero-field mobility u, was calculated

by extrapolating the obtained Poole-Frenkel type field dependency.
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Figure S6.10. (a) Hole mobility un of the pristine dopant molecules spiro-MeOTAD (red
circles), MeOTPD (green triangles) and tris(4-bromo)phenylamine (TPA-Brs, blue
squares), measured by negative differential susceptance measurements on FTO/0OSC/Au
devices. The applied bias voltage was varied from 0 to 2 V with the working electrode
connected to the Au top electrode, while the FTO contact was connected to the counter
electrode in a two-electrode setup. The impedance was measured from 1 MHz to 10 Hz
with 25 frequency steps per decade and 7 mVrms amplitude of the AC signal superimposed
on the DC bias. By plotting the square root of the applied electrical field vs. the natural
logarithm of the measured mobility, the zero field-mobility po can be extracted from the
y-intercept of a linear fit, if the mobility obeys a Poole-Frenkel type field dependency. (b)
Frequency dependent capacitance of a metal-insulator-semiconductor (MIS) stack,
compromised of FTO/Al203 (100 nm)/x-linked BCB (100 nm)/Polymer:Dopant
(500 nm)/Au measured at -1.5 V Bias at complete depletion. The constant high frequency
capacitance Cmin above 200 kHz was used to calculate the dielectric constant of the

polymer using Equation $6.13.

Ultraviolet Photoelectron Spectroscopy

UPS measurements were carried out with a PHI 5000 VersaProbe III system fitted with a
He discharge light source providing stable and continuous He I and He II lines. For
measurement, all samples were spun cast on clean ITO (15  square'l) substrates to

produce ca. 20 nm thick films using dry solvents in a N2 filled glovebox. The thickness of
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the samples was measured by using dummy samples in a profilometer. The samples were
directly transported to the UPS system by using a N2 filled, sealed stainless steel transport
vessel without exposing them to the ambient conditions. All measurements reported in
this study were carried out with the He [ (21.22 eV) line with -5 V sample biasing and the
corresponding photoemission with 90° take-off angle was collected at the multichannel
analyzer. The reproducibility of the signal position was confirmed by repeating the
measurement at least in 2 spots from the same sample. The reference Fermi level was
determined using a sputter cleaned gold foil. The standard deviation on the reported
energy values is + 0.15 eV, calculated using the full-width-half-maximum of the gold foils
Fermi edge. To determine the impact of the (partially or fully) reduced dopant on the
HOMO density of states and their distribution, ultraviolet photoelectron spectroscopy was
carried out on 20 nm thin films of PDPP[T]2{TEG}2-3- MEET and PDPP[T]2{2-HD}2-MEET,
both undoped as well as doped samples with either NOPFs or spiro-MeOTAD**(PFs)a.
After measurement of the valence band maximum (VBM), the onset was fitted with an
exponentially modified Gaussian distribution to account for localized/tail states arising

due to ionized dopants (Equation $6.8).

9g(E, h, 11, 06pos, T)

ho i o] 2
_ GDosJ:exp (0'5( GDOS)
T 2 T (S6.8)

e (20

where E is the energy w.r.t. vacuum level, h the peak height of the gaussian distribution, u
the center of the distribution, ocpos the standard deviation of the gaussian distribution
and 7 the decay energy of the exponential tail. The parameters obtained by least squares

fitting are summarized in Table S6.7 below.

218



6. HIGHLY EFFICIENT DOPING OF CONJUGATED POLYMERS USING MULTIELECTRON
ACCEPTOR SALTS

Table S6.7. Values obtained by fitting Equation S6.8 to the VBM of P1 and P2 doped with
0 mol% and 5 mol% D4. R? > 0.98 for all fits.

Sample h(1) wu(eV) ocpos(meV) t(1)
P1, pristine 21.2 1.61 184 0.337
P1,5mol% D1 339 0.86 120 0.250
P1,5mol% D4 199  0.95 198 0.231
P2, pristine 18.0 1.31 102 0.294
P2,5mol% D1 33.1  0.82 121 0.218
P2,5mol% D4 173  0.86 146 0.215

Dielectric Constants of Semiconducting Polymers

FTO/Al203 (100 nm)/BCB (100 nm)/0OSC/Au devices were prepared for measurement of
the dielectric constant. The impedance of the devices was measured with a two-electrode
setup and varying electrical field (1 Hz to 1 MHz, 8 points per frequency decade, -5 to
5 Vsias in 11 voltage steps, 1 Vrms) using a Metrohm Autolab PGSTAT204 equipped with
an FRA32M module. The NOVA 2.1.4 Software package provided by Metrohm, Germany
was used to process the impedance data. The Au top electrode was connected to the
counter and reference electrode, the FTO contact to the working and sense electrode of
the potentiostat. Devices under test were shielded from ambient light, external electrical
fields and kept under inert atmosphere. From the imaginary Z” and real Z’ impedance, the

capacitance of the organic layer was extracted assuming an (RC) equivalent circuit(!:

C(w) =C"(w)—iC"(w) (56.9)

where C’(w) is the real part of the capacitance and C”(w) the imaginary part

(Equation S6.10 and S6.11).
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C'(w) = —I (2) S6.10
(@) w|Z(w)]? (56-10)
C"(w) = —e( ) S6.11
(@) w|Z(w)[? (56.11)

To avoid influences of the space charge conduction, the real capacitance was extracted in
the high frequency depletion regime of the MIS device. To achieve this condition, a
negative bias was applied to the gold electrode, resulting in the formation of a hole
depletion zone at the insulator/semiconductor interface. Since the organic semiconductor
was measured in its pristine, i.e. intrinsic state, the depletion layer width can extent
throughout the whole film thickness. The minimal, constant real capacitance Cmin was then
extracted from the saturated region at high frequencies (depletion region). Response
from a possible inversion charge can be ruled out by the high measurement frequency not
allowing enough minority carriers to form at the insulator/semiconductor interface. Since
the film stack consists of two capacitors, Cosc and Cinsulator in series, Cosc can then be

extracted from Cmin

Cmin Clnsulator

COSC = (5612)

Clnsulator - Cmin

In our devices, Cmnsulator itself consists of two separate stacks, therefore
1/Cinsulator = 1/Cai203+1/Cscs. Using the vacuum permittivity o, the active area Aosc and
organic layer thickness dosc of the MIS device, one can extract the dielectric constant of

the organic semiconductor gosc

COSCdOSC

SOSC S (8613)

€odosc
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Abstract

Copper salts are a popular choice as p-dopants for organic semiconductors, particularly
in N2,N2,N2 N2 ,N7,N7,N7' N7-octakis(4-methoxyphenyl)-9,9'-spirobi[9H-fluoren]-
2,2',7,7'-tetramine (Spiro-MeOTAD) hole transport material for solar cells. While being
exceptionally effective, no scientific consensus about their doping mechanism has been
established so far. This study describes the thermodynamic equilibria of involved species
in copper(Il) bis(trifluoromethanesulfonyl)imide (Cu(TFSI)2) doped, co-evaporated
Spiro-MeOTAD. A temperature-independent formation of charge transfer states is found,
followed by an endothermic release of free charge carriers. Impedance and electron
paramagnetic resonance spectroscopy unravel low activation energies for hole release
and hopping transport. As a result, (52.0 + 6.4) % of the total Cu(TFSI)2 molecules form
free, dissociated holes at 10 mol% and room temperature. Cu! species arising out of
doping are stabilized by formation of a [Cul(TFSI)z]- cuprate, inhibiting elemental copper
formation. This Cu! species presents a potent hole trap reducing their mobility, which can
be averted by simple addition of a bathocuproine complexing agent. A nonlinear
temperature-dependent conductivity and mobility that contradicts current charge
transport models is observed. This is attributed to a combination of trap- and charge
transfer state freeze-out. These insights may be adapted to other metal salts, providing

guidelines for designing next-generation ultra-high efficiency dopants.

7.1 Introduction

Ever since the advent of organic solar cells and recent, but fast improvements in
perovskite solar cells, a profound understanding of the fine interplay in these multilayer
devices becomes a focus of research. With an ever-growing number of interfaces,
extracting photogenerated charge carriers fast, efficient and selective is crucial for high-
performance solar cells.[tl N2N2N2,N2,N7,N7,N7 N7-octakis(4-methoxyphenyl)-9,9’-
spirobi[9H-fluoren]-2,2',7,7'-tetramine (Spiro-MeOTAD) has found widespread use as a
hole transport material (HTM) in solar cell research, where it is commonly p-doped (i.e.,

oxidizing Spiro-MeOTAD) by air (02) with the help of LiTFSI additives to increase the free
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charge carrier density.[23] Li et al. first incorporated copper(I) thiocyanate and copper(I)
iodide into Spiro-MeOTAD HTM and found distinct benefits such as improved power
conversion efficiency and HTM conductivity over conventional dopants like LiTFSI/O2 or
the cobalt complex FK209.[4l This concept was refined by other groups designing stable
copper(Il) complexes with tunable valance band levels and solubilities by counter-ion
choice.[>71We replaced the solution doping using copper salts by a solvent free and highly
controlled co-evaporation route employing copper(II)
bis(trifluoromethanesulfonyl)imide Cu(TFSI)2 as a p-type dopant to yield conductive,
uniform, and pinhole-free HTM layers. Our concept was previously successfully applied
to conventional MAPbIs based 3D perovskite solar cells.[8] While practically proven to be
useful in perovskite solar cells, the field still lacks a conclusive picture of the physical and
chemical processes inside the Cu!' doped Spiro-MeOTAD bulk. Especially the role of
dopant side products on charge transport is unclear, which turns out to be of quite
complex nature. To close this gap, we herein report the occurring thermodynamic
equilibria between redox states in co-evaporated, Cu(TFSI)2 doped Spiro-MeOTAD
necessary to draw a complete picture of the doping process and discuss the consequences
thereof. First, the theoretically predicted and experimentally observed doping reaction of
Cu(TFSI)2 with Spiro-MeOTAD was investigated using ultraviolet photoelectron- and
UV/Vis/NIR absorption spectroscopy. Temperature controlled optical spectroscopy
experiments are used to gain insight into the formation of charge transfer (CT) states as
the product of the doping reaction. Via electron paramagnetic resonance spectroscopy
(EPR), electrical conductivity and impedance spectroscopy, possible endothermic release
of free charge carriers by dissociation of the CT state was monitored. We quantitatively
pin-point the activation energies for CT dissociation Eacr by temperature dependent
studies. A low Eacr may result in high doping efficiencies even at increased dopant
loadings, which will be experimentally verified in the course of this work. The mobility
and thermodynamic equilibria of the bound and unbound charge carriers are investigated
in detail by impedance- and EPR spectroscopy. Further, we determine the influence of the
thermodynamic equilibria on the thermal activation energy for fundamental hopping
processes Eanop. Well-documented electronic properties of pristine Spiro-MeOTAD such
as temperature-dependent mobility are thoroughly compared to that of Cu(TFSI)2 doped
samples. Distinct nonlinearities in conductivity, carrier concentration and mobility for
Cu(TFSU)2 doped Spiro-MeOTAD below 150 K are extensively studied. We try to shed

light on the source of nonlinear behavior by investigating reversible CT- and trap state

224



7. INTRICACIES AND MECHANISM OF P-DOPING SPIRO-MeOTAD USING Cu(TFSI)2

recombination with the help of [Cu(MeCN)4]BF4 as a model Cu! source. Additional focus is

set on the influence of dopant products on charge transport in the bulk.

7.2 Results and Discussion

7.2.1 Charge Transfer Formation

We investigate the doping mechanism of Cu-salts in Spiro-MeOTAD by first considering
the process of charge transfer formation in thin films. In a typical p-doping experiment,
the dopant is required to possess unoccupied energy levels deeper in energy than the
highest occupied molecular orbital (HOMO) of the organic semiconductor (0SC).[%10] [f
this condition is met, an exothermic electron transfer from OSC to dopant can be expected.
By using UV photoelectron spectroscopy (UPS) we measured the ionization potential (IP),
which is by Koopmans-theorem in first approximation identical to the HOMO, and
workfunction of Spiro-MeOTAD (Figure 7.1a).[11] The electron affinity EA with respect to
vacuum level of Cu(TFSI)z was calculated from CV half-wave reduction potentials
according to a known literature procedure (Figure S$7.1, Supporting Information).[2] An
electron affinity of EA = 6.15 eV of Cu(TFSI)2 and IP = 5.03 eV of pristine Spiro-MeOTAD
w.r.t. vacuum level were determined. Clearly, the EA of Cu(TFSI)2 is positioned 1.12 eV
deeper than the Spiro-MeOTAD HOMO, facilitating electron transfer. The removal of
electrons from Spiro-MeOTAD upon doping is expected to result in a downshift of the
workfunction toward the HOMO of the OSC. We monitored this electron transfer by UPS
in a second experiment on co-evaporated Spiro-MeOTAD thin films with 0-10 mol%
Cu(TFSI)2 dopant ratio (Figure 7.1b). A continuous decrease of the workfunction from
4.25 eV down to 5.02 eV was recorded. This downshift was verified by a decreasing hole-
injection barrier HIB (the difference between HOMO and workfunction) shown in
Figure 7.1b. We noticed a slight variation in HOMO position during doping, which is
responsible for the unexpectedly pronounced decrease of HIB between 2 and 4 mol% (see
also summary of all UPS values collected in Table $7.1, Supporting Information). From
Figure 7.1b, two distinct processes can be discerned: first, a strong initial HIB drop of
~ 740 meV in the pristine state to 390 meV at 2 mol% Cu(TFSI)2. This steep HIB gradient
marks the region, where Er moves through a lower density of states per energy interval

compared to the deeper lying valence band. We assign these states lying higher in energy
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as trap states, that is, the generated holes are being consumed entirely in passivating these
trap states above the valence band up to 2 mol% Cu(TFSI)2.l131 We clearly differentiate
those trap states from trap states originating from dopant products, which are
characterized in Section 7.2.4. Despite the high purity of Spiro-MeOTAD used in this work
of 99.9% (HPLC, see Supporting Information for manufacturer details), reducing
impurities are common for organic semiconductors, shifting the Spiro-MeOTAD intrinsic
carrier density from = 9 - 1014 cm-3 published by Abate etal. to 1.2 - 1017 cm~3 in this work
(see Section 7.2.1).[14] However, we propose the influence of these intrinsic trap states
on subsequent doping experiments to be low, being fully passivated after 2 mol%
Cu(TFSI)2 (Figure 7.1b). Further, the characteristic slope change of Er (dopant
concentration) has also been associated with the Fermi level crossing an mid-gap
acceptor level, which originates from dopant:host interaction.['5] Second, for doping
concentrations greater than 2 mol%, the Fermi level Er (e.g., workfunction) is pinned at
~ 330 meV above the Spiro-MeOTAD valence band. At this stage it can be assumed, that
the dopant releases free holes, which moves Er closer to the HOMO with a shallow
slope.[16-18] Fortifying the designated role as a hole conductor, the workfunction of 5.02 eV
at 10 mol% Cu(TFSI)2 allows for a very efficient injection of holes in the co-evaporated
Spiro-MeOTAD films using high workfunction electrodes such as Au. Due to the twisted
nature of the spiro-core inducing steric hindrance and bulky (nonplanar) form of the
Spiro-MeOTAD, we expect Spiro-MeOTAD and Cu(TFSI)z to react according to an integer
charge transfer. This infers that no hybridization of frontier orbitals (HOMO or lowest
unoccupied molecular orbital) takes place and the system can be treated like a
conventional redox-couple forming CT states upon doping.[l®1 Optical UV/Vis/NIR
absorption spectroscopy was employed as a powerful tool to study the CT state evolution
in 0-10 mol% Cu(TFSI)2 doped Spiro-MeOTAD thin films (Figure 7.1c; Figure S7.2,
Supporting Information). Simultaneous vacuum co-evaporation was used to deposit high-
quality, pinhole-free thin films on glass, circumventing solvent influence and miscibility

issues (see Supporting Information for experimental details).[8!
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Figure 7.1. a) Energy level diagram of pristine Spiro-MeOTAD (orange) and Cu(TFSI)2
(black) as determined by UPS (WF and IP of Spiro-MeOTAD) and CV (EA of Cu(TFSI)z2). b)
Workfunction (left, grey circles) and hole-injection barrier HIB (right, black squares) of
co-evaporated Spiro-MeOTAD films with increasing Cu(TFSI)2 molar ratio. c) UV /Vis/NIR
absorption spectra of co-evaporated films with increasing molar ratios of Cu(TFSI):
highlighting the formation of spectral features identical to that of chemically synthesized,
pure Spiro-MeOTAD(PFs)2 (green). d) Difference in optical absorption of 10 mol%
Cu(TFSI)2 doped Spiro-MeOTAD thin film UV/Vis spectra obtained at 200 K (blue), 100 K
(dark blue), and 5K (black) to the spectrum obtained at 300 K (see Figure S7.3,

Supporting Information).

The ground-state absorption of Spiro-MeOTAD at 370 nm is continuously bleached upon
adding Cu(TFSI)2, with new peaks emerging at 517 nm, 687 nm, and 1445 nm (see
Figure S7.2, Supporting Information, for difference spectrum). The broad NIR absorption
at 1445 nm was assigned to intervalence charge-transfer (IV-CT) from a positively
charged radical-cation triphenylamine to the linking biphenyl bridge.[2%] In addition, a
characteristic fingerprint for charged Spiro-MeOTAD species is the absorption at 517 nm
(as well as 687 nm).[211 We conclude a steady formation of charged Spiro-MeOTAD species
upon co-evaporation with Cu(TFSI)2, complementing earlier studies by Mohanraj et al.[8]

To study the thermodynamic nature of the CT state formation, we carried out temperature

227



7. INTRICACIES AND MECHANISM OF P-DOPING SPIRO-MeOTAD USING Cu(TFSI)2

dependent absorption spectroscopy on co-evaporated films (Figure 7.1d, see Supporting
Information, for spectra of all doping concentrations). No significant change in absorption
intensity of the 517 nm band is observable. As a consequence, we conclude the formation
of the CT states to be temperature independent, in line with experiments by Tietze et al.
on doped small molecules.[?2] Lastly, we want to shed light on the nature of the charged
Spiro-MeOTAD species. Three stable oxidation states of Spiro-MeOTAD are known in
literature, namely Spiro-MeOTAD*, Spiro-MeOTAD?2*, and Spiro-MeOTAD#+.[23] UPS
studies on Spiro-MeOTAD(PFs)4 revealed a HOMO energy of 5.25 eV, which is situated
0.90 eV above the EA of Cu(TFSI)2. Consequently, all oxidation products of Spiro-MeOTAD
are theoretically accessible by exothermic electron transfer to Cu(TFSI)z, showcasing its
capabilities as a powerful p-type dopant. For experimental identification of the formed
oxidation state, we synthesized chemically pure Spiro-MeOTAD?2* by reacting Spiro-
MeOTAD with two equivalents of the single-electron oxidant NOPFs. Thin films of the
obtained Spiro-MeOTAD(PF¢)2 were characterized by UV/Vis/NIR spectroscopy
(Figure 7.1c, green curve). We noted very similar optical absorption features between
pure Spiro-MeOTAD(PF¢)2 and the Cu(TFSI)2 doped Spiro-MeOTAD. However, we cannot
reliably distinguish the two oxidation states Spiro-MeOTAD*/2* due to i) both states being
almost degenerate in energy, with a separation of less than 110 mV versus Ag/Ag* resp.
Fc/Fc* and ii) a very similar optical absorption spectral profile.[21.24] A comparison with
Spiro-MeOTAD(PFs)4+ absorption spectrum reveals, that Spiro-MeOTAD(PF¢)s is
characterized by a broad peak at 875nm, which is absent in our experiments
(Figure 7.1c).[23] Therefore, both Spiro-MeOTAD!+ and Spiro-MeOTAD?2* are presumed as
the most probable products of Spiro-MeOTAD doped with <10 mol% Cu(TFSI)2. After
proving the temperature-independent formation of charged Spiro-MeOTAD+/2+ CT states
upon doping by optical absorption spectroscopy and UPS, the next step is to investigate
the dissociation of the CT state and generation of mobile charge carriers. However, the CT
state, being a salt, can be subject to strong coulombic binding energies in the range of
> 100 meV.[22] Thus, a certain activation energy must be provided in order to separate CT
states into free carriers. Only free charge carriers can contribute to the observed
macroscopic conductivity in disordered organic semiconductors by thermally activated
hopping processes. Our group has monitored and reported the change in electrical
conductivity by measuring current-voltage scans of Spiro-MeOTAD:Cu(TFSI)2 co-
evaporated on top of interdigitated Au electrodes in a previous study.[8] Upon co-

evaporating Cu(TFSI)z, a linear increase followed by conductivity saturation (at 6 mol%
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Cu(TFSI)2) with an average value of #7 - 10-4 S cm-! was observed, in agreement with the
constant HIB found in our UPS experiments above 6 mol% dopant. Elevated temperatures
in the Spiro-MeOTAD effusion cell during evaporation do not significantly enhance the
charge carrier density, as evidenced by the low conductivity (1-10-7Scm-1) of the
evaporated pristine Spiro-MeOTAD sample. Increase in electrical conductivity values
demonstrate the presence of mobile charge carriers in Spiro-MeOTAD:Cu(TFSI):2 co-
evaporated samples. Here, we intend to quantify this observation by determining the
amount of free charge carriers p in the doped bulk via solid state Mott-Schottky
experiments. More precisely, this analysis yields the density of ionized acceptors (from
dopants) Na- in the bulk, which is equal to the density of free holes p in the hole conductor,
since charge neutrality must be obeyed. This is achieved by measuring the voltage
dependent capacitance C(V) of a metal-insulator-semiconductor device stack such as
FTO/Al203/Hexamethyldisilazane/Cu(TFSI)2:Spiro-MeOTAD/Au  using impedance
spectroscopy. Since the spatial width of a depletion layer (which in turn dictates its
electrical capacitance) is very sensitive to the number of free carriers present in the
semiconductor, measuring the series capacitance can give information about Na-.
Applying a negative bias voltage causes the formation of a charge carrier depletion zone
at the insulator/p-type semiconductor interface, which changes the overall device
capacitance. By evaluating the slope dC-2/dV of the device capacitance versus applied
potential, the number of free carriers Na- can be evaluated (Figure 7.2a, see Figure S7.4,
Supporting Information, for exemplary fit). In agreement with a very strong decrease in
HIB and increase in conductivity when adding 2 mol% Cu(TFSI)2, the charge carrier
density rises from 1.2 - 1017 cm=3 to 1.0 - 1019 cm-3 at 1.5 mol% dopant. Above 1.5 mol%,
Na- is increasing in a linear fashion up to 3.2 - 101° cm-3 at 10 mol% without showing
saturation effects (Figure 7.2b). Having successfully quantified the density of free
carriers, we focus on the density of bound CT states. Contrary to Mott-Schottky analysis,
which is sensitive to only free charge carriers in the bulk, EPR detects all paramagnetic
species within the sample volume. Specifically, EPR is used to determine the absolute sum
of bound (in the form of a CT state) and free charge carriers. For measuring EPR, we co-
evaporated Cu(TFSI)2 and Spiro-MeOTAD onto poly(ethylene terephthalate) substrates
of known area with a defined thickness, which were consequently sealed in quartz tubes
under inert atmosphere. The EPR parameters are optimized for the highest signal of the
10 mol% doped film (Bmod=0.02mT, Puw=0.8mW). As a fact, the presence of

paramagnetic Cul! ions is not affecting the results, as they cannot be resolved with the
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optimized parameters (Figure S$7.5, Supporting Information). Cu! cations are
diamagnetic due to a 4s93d10 electron configuration and therefore EPR inactive.[25] With
increasing dopant concentration, the Lorentzian shaped EPR peak increases in area
(Figure 7.2c). A g-value of 2.0026 was found, comparable to H-TFSI and Li-TFSI/O2
doped Spiro-MeOTAD.[26-28] By convention, the EPR spectra (Figure 7.2c) are displayed
as the first derivative of the original microwave absorption signal, thus double integration
yields the absolute number of paramagnetic species Nspins, normalized to unit volume and
referenced to a sample with known spin concentration (Figure 7.2b). The quantity Nspins
includes all paramagnetic species per unit volume, whether bound to a counter ion (CT
state) or free to move under the influence of an electric field (free holes p). Nspins follows
the same doping concentration dependent trend as Na-, yet we noticed a constant offset,
which is equal to the states not detectable by Mott-Schottky measurements, the bound CT
states. They contribute to about a factor of 4-6 in the range of 3-10 mol% doping ratio. It
should be emphasized, that no information about the ratio between free and in CT states
bound carriers can be deduced from the absolute number of spins Nspins, owing to their
high absolute error. Depending on the spin reference used, the absolute error is up to 1
order of magnitude, yet their relative values used in this work are exact. Hence, we used
impedance spectroscopy to determine the ratio between bound and free charge carriers
(see Section 7.2.3). Aiming to understand the evolution of ratio between Na- and Nspins
upon doping, we correlated both values with the UV /Vis/NIR CT state absorbance integral
from our previous experiment (Figure 7.1c). Both Na- and Nspins were found to increase
monotonic and linearly with the absorbance integral (Figure S7.6, Supporting
Information). This indicates, that no additional EPR silent species or bipolaron species are
formed at up to 10 mol% Cu(TFSI)2. Notably, the electrical conductivity saturates despite
a monotonical increase in Na- and Nspins, which hints to effects of the doping on the carrier

mobility u and will be discussed in the next paragraph in detail.
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Figure 7.2. a) Exemplary, normalized C-2 versus applied potential plot of metal-insulator-
semiconductor (MIS) devices fabricated with an
FTO/Al203/Hexamethyldisilazane/Cu(TFSI)2 doped Spiro-MeOTAD/Au structure.
Negative potentials deplete the majority charge carriers (holes) from the interface,
decreasing the capacitance. The positive slope in the positive potential range indicates
low frequency inversion at the insulator/Spiro-MeOTAD interface. b) Charge carrier/spin
densities obtained by Mott-Schottky (circles) and EPR (triangles) measurements. c)
Doping concentration dependent EPR spectra of Cu(TFSI)2 doped Spiro-MeOTAD thin
films, co-evaporated on PET substrates. Modulation amplitude Bmod=0.02 mT,
microwave power Puw = 0.8 mW. d) Double integral (proportional to spin susceptibility,
i.e.,, spin density) of the EPR signal as a function of the inverse temperature proves

localized spin species (Curie contribution). Doping concentration = 7.5 mol%.

Finally, for charge transport considerations later in this work, it is necessary to
understand the degree of charge carrier localization in Cu(TFSI)2 doped Spiro-MeOTAD.
For this, we conducted temperature dependent EPR measurements on one typical sample
(7.5 mol% Cu(TFSI)2 doped Spiro-MeOTAD). The double integral of the EPR signal is
proportional to the susceptibility X and was found to depend linearly on the inverse
sample temperature 1/T in our experiment (Figure 7.2d).[2930] [t is well described by
Curie contribution (= Nspins/T), characteristic for localized spin species. The linear trend

underlines the absence of additional paramagnetic species arising at different
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temperatures, which would induce a deviation from 1/T behavior, fitting to temperature-
independent formation of CT states.[30] By correcting the internal spin reference density
to the cavity temperature, we verified a temperature-independent spin density Nspins(7T)
for a 7.5 mol% Cu(TFSI)2 doped sample (Figure S7.7, Supporting Information). When
extrapolating to the y-axis intercept, an offset remains in the magnitude of the
determination inaccuracy. Nevertheless, Pauli contribution, that is, band like transport, is
not typical for Spiro-MeOTAD even at high concentrations, as discussed below. Hence, free
charge carriers are formed at room temperature in Cu(TFSI)2 doped Spiro-MeOTAD,
increasing the macroscopic bulk conductivity via hopping in mostly localized sites. To
conclude, the ratio between free and in CT states bound charge carriers was determined

and their changes upon varying the dopant concentration.

7.2.2 Charge Transport

As we quantified the nature and density of reaction products formed in Cu(TFSI)2 doped
Spiro-MeOTAD, we proceed further to complete the microscopic description of charge
transport and thermally activated processes leading to free charge carriers. To select a
proper model capable of describing the charge transport, we recorded the temperature
dependent conductivity o(T) of co-evaporated Cu(TFSI)2 doped Spiro-MeOTAD thin films
from 400 K to 20 K in a He-cryostat (Figure 7.3a).
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Figure 7.3. a) Temperature dependent, individually normalized conductivities o
measured on FTO/Cu(TFSI)2:Spiro-MeOTAD/Au devices with different doping
concentrations from 400 K to 20 K. b) Temperature dependent hole mobilities un of
Cu(TFSI)2 doped Spiro-MeOTAD, determined from impedance measurements on
FTO/Cu(TFSI)2:Spiro-MeOTAD/Au devices using the negative differential susceptance
-AB. Black dashed fit line shows typical ES-VRH behavior In(un) o (To/T)'/2 in the case of
pristine Spiro-MeOTAD sample. All values were obtained at a constant electrical field
F=100KkVcm-L Full temperature scale measurements are shown in Figure $7.10,
Supporting Information, detailed temperature dependent —AB versus frequency spectra
in Figure S7.11, Supporting Information. ¢) Temperature dependent charge carrier
densities Na~(T) of 1.5 mol% and 10 mol% Cu(TFSI)2 doped Spiro-MeOTAD, determined
by Mott-Schottky measurements. A vertical dotted line demarcates the freeze-out points,
for example, the thermal energy available below these marked values is not sufficient to
dissociate the intimate CT pair. d) Arrhenius-type temperature dependency of Na-(T)

measured via Mott-Schottky experiments above the freeze-out point (150 K for 10 mol%
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Cu(TFSI)2 (blue), resp. 200 K for 1.5 mol% (orange)) with fitted activation energies Ea.cr.
e) Logarithmic EPR linewidth (FWHM) of a 7.5 mol% Cu(TFSI)2 doped Spiro-MeOTAD
thin film as a function of inverse temperature. An activation energy for hole transport
Eanop = (18.4 + 3.3) meV (black fit) for higher temperature and (4.6 + 1.4) meV (grey fit)
below 160 K can be determined. Full temperature dependent EPR spectra can be found in

Figure S7.12, Supporting Information.

Focusing on the pristine sample, a distinct linear region was found between 400 K and
150 K. We observed a positive slope do/dT, clearly indicating a temperature activated
hopping behavior. Commonly, the popular Mott law is employed to model 6(T) in organic
semiconductors.31] As it assumes a constant density of states surrounding the Fermi
energy, which can hardly be assumed, we refer to Efros-Shklovskii variable range hopping
(ES-VRH) accounting for a Coulomb gap surrounding EFr.3233] As Spiro-MeOTAD is
disordered in terms of the energetic landscape with localized, spatially randomly
distributed states (amorphous nature), the ES-VRH model is sufficient to explain the
pristine case.[33] In addition, this model accounts for a Coulomb interaction of localized
states introduced by the dopant molecules and hopping distances exceeding the nearest
neighbor distance at low temperatures.3435] ES-VRH predicts the dependence
In(o/00)  T-1/2 and the experimental data on pristine Spiro-MeOTAD is in accordance to
this.[3436] In Cu(TFSI)2 doped Spiro-MeOTAD samples, we noticed a restriction of the
linear o(T) region to smaller temperature ranges (Figure 7.3a). Additionally, in all doped
samples, a distinct temperature independent behavior is found below 150 K. Li et al.
pointed out, that a temperature independent charge carrier transport in organic
semiconductors may be explained sufficiently within the VRH model framework. At high
carrier densities and low temperatures, Li proposed that the energy required for a carrier
hop is provided entirely by the electric field across the device. This implies, that no
thermal activation is necessary and the transport can be described as field-assisted
tunnelling in the low temperature regime.l371 We could qualitatively adapt Lis modified
VRH model to o(T) of Cu(TFSI)2 doped Spiro-MeOTAD using Na- from Mott-Schottky
measurements (Figure 7.2b; Figure $7.13, Supporting Information). Applying Lis
theory, one could assume the origin of ¢(7T) nonlinearities in Cu(TFSI)2 doped Spiro-
MeOTAD to stem from field-assisted tunnelling. Yet, carefully analyzing Lis model

suggests a similar trend for the temperature dependent mobility u(T) if the Fermi level Er
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and Na- are considered constant, i.e.,, a monotonic mobility decrease followed by a weakly
temperature dependent region at lower temperatures. As a consequence, temperature
dependent conductivity measurements are not sufficient to analyze the origin of
nonlinear o(T), which shifts our focus toward temperature dependence of charge carrier
mobility u. To probe the temperature dependent mobility of free charge carriers in
Cu(TFSI)2 doped Spiro-MeOTAD, we carried out impedance spectroscopy experiments on
FTO/Cu(TFSI)2:Spiro-MeOTAD/Au metal-semiconductor devices employing the negative
differential susceptance method (see Supporting Information for details). Using a metal-
semiconductor device structure, holes are injected at one electrode if a sufficient electrical
field F across the device is applied. By measuring the capacitive response of the biased
device at different frequencies, an average carrier transit time for a given organic layer
thickness and electrical field can be deduced, even at moderate bulk conductivities of
doped semiconductor samples (where most common methods fail). Indium-tin-
oxide/Li(TFSI) doped Spiro-MeOTAD/Au devices have recently been used to study the
Spiro-MeOTAD charge carrier mobility via negative differential susceptance by Li et al.
Carrier densities of up to 2.8:-10°cm=3 were reported using Mott-Schottky
measurements, proving the applicability of this method for highly doped Spiro-MeOTAD
samples.[38] Again, pristine Spiro-MeOTAD follows a temperature activated behavior,
characterized by an increase in carrier mobility upon heating the sample up to 400 K.
Between 350 Kand 175 K, In(u) is proportional to the inverse sample temperature. Closer

analysis yields a slope of 0.5, thus resembling ES-VRH dependency for the hole mobility

1/2
with In(u) « (%) , where To =8.5- 103 K. (Figure 7.3b).3°1 We like to point out, that

2
for the temperature range between 350 K to 20 K, a poor fit was found for In(u) (%)

predicted by models using a Gaussian density of states distribution, which are often
employed in literature to describe the electrical behaviour of doped organic
semiconductors (Figure S7.14, Supporting Information).[*0] Rohr et al. obtained
comparable y(T) of undoped Spiro-MeOTAD in space charge limited current device data
fitted by Mott-Gurney law, verifying the negative differential susceptance method used in
this experiment.[*1] Consequently, o(T) and u(T) of pristine Spiro-MeOTAD is described
sufficiently by the ES-VRH model. To our surprise, doped samples are clearly subject to a
different nature of charge transport, even increasing in charge carrier mobility upon
cooling the sample below a threshold point of = 150K, followed by a temperature
independent region between 150 K and 20 K (Figure 7.3b). We further note, that the
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negative correlation du/dT < 0 is exclusive to higher doping concentrations = 5 mol%. At
this point we want to highlight, that a negative temperature coefficient mobility is no
unambiguous fingerprint of band-like transport typically found in metals. Exemplary,
similar behavior was found in poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-
b]thiophene) PBTTT field-effect transistors, explained by Luttinger liquid behavior.[42]
Additionally, Spiro-MeOTAD, even at high doping ratios, cannot be described in terms of
band transport due to the large amount of energetic disorder.[*3] Thus, invoking VRH
models, which expect a monotonic decrease in mobility and conductivity, are not able to
explain the nonlinear charge transport in Cu(TFSI)2 doped Spiro-MeOTAD samples. Based
on the relationship ¢ = qN, u with q being the elementary charge, we formulate the lack
of thermal energy at low temperatures to dissociate the CT-state as a possible cause for
the nonlinearities found in Cu(TFSI)2 doped Spiro-MeOTAD. Intuitively, this so-called
carrier freeze-out would be reflected in Na-(T), necessitating a quantification. For this, we
coupled the Mott-Schottky experimental setup as described in an earlier paragraph with
a helium cryostat. Figure 7.3c shows Na(T) measurements on 1.5 and 10 mol%
Cu(TFSI)2 doped Spiro-MeOTAD between 20 K and 350 K. Here we observe a sharp jump
in carrier density at 137 K (for 10 mol% dopant) and 187 K (1.5 mol% dopant), which we
denote as transition points. Above these transition points, Na- is proportional to the
sample temperature. At lower temperatures, we noticed a decrease in free carrier
concentration for both samples. Ultimately, Na- is not correlated to the sample
temperature below these transition temperatures. We assign the distinct loss in free
carrier concentration Na- at low temperatures to the recombination of free holes and
counterion to re-form the bound CT state (freeze-out). Above the freeze-out, Na-(T) can
be well described by a Arrhenius type activation process, with the activation energy Eacr
corresponding to the CT state dissociation energy (Figure 7.3d).[22] Eacr decreases from
(18.5 + 4.7) meV at 1.5 mol% Cu(TFSI)2 to (11.4 + 3.8) meV at 10 mol%, presumably due
to increased energetic disorder, facilitating CT state dissociation.[?2] These values are
directly reflected in the freeze-out temperatures of 187 K and 137 K, which translate to
thermal energy values of 16.1 meV (1.5 mol%) and 11.8 meV (10 mol%). Eacr is in line
with previously published results of disordered systems, ranging from 9 to 54 meV.[22]
The measured freeze-out temperatures yield first evidence for our hypothesis,
overlapping with the mid-point temperatures of nonlinear effects of o(T) and u(T)
(Figure 7.3a,b). We aim to fortify our hypothesis by approaching the thermodynamics of

carrier hopping. Our previous u(7T) measurements (Figure 7.3b) clearly show an increase
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in carrier mobility below the freeze-out. Therefore, we test the correlation between the
average activation energy Eauop for carrier site transition (a “hop”) and Na-(T). The full
width at half maximum (FWHM) of an EPR signal can be related to the average
microscopic charge carrier mobility uepr in doped organic systems.3%1 In general,
increasing microscopic mobility narrows the EPR linewidth due to averaging of hyperfine
interactions (motional narrowing).[2844]1 Subsequently, we determined Eaunop by
evaluating the FWHM of the EPR signal of a 7.5 mol% doped sample for different
temperatures and applying Arrhenius fits (Figure 7.3e). With increasing temperature,
the FWHM decreases continuously, indicating increasing mobility in doped samples. A
distinct change in slope occurred for FWHMepr(7T) at = 180 K, with a greater slope
d(In(FWHMEepr))/d(1/T) above 180 K. The more decreasing EPR linewidth above 180 Kis
in contrast to impedance measurements (Figure 7.3b), where we observed a decrease in
mobility upon increasing temperature between 150K and 400 K for doped Spiro-
MeOTAD. This can be explained by the fact that the linewidth of EPR is only affected by
mobile polarons that arise after dissociation of CT states in this experiment (no active
electron/hole injection via electrodes). In contrast, any trap states created simultaneously
reduce the overall mobility of impedance spectroscopy by trapping the injected holes. We
recorded an EaHop of (18.4 + 3.3) meV above 180 K, with (4.6 + 1.4) meV below for
Arrhenius fits on FWHMgpr(T) (Figure 7.3e). The transition temperature of 180 K
(= 16 meV thermal energy) fits to the CT state dissociation energies Eacr = 11.4-18.5 meV
for 1.5 and 10 mol% Cu(TFSI)2 doped Spiro-MeOTAD (Figure 7.3c). From FWHMEpr(T)
and Na-(T) experiments we conclude, that the CT state freeze-out is directly influencing
the carrier mobility and it is consequently responsible for the nonlinear conductivity of
Cu(TFSI)2 doped Spiro-MeOTAD. Both Eatop and Eacr can be verified by linking them to
the macroscopic observed thermal activation energy for conductivity Eac.. We analyzed
Eas by Arrhenius fits on temperature dependent conductivity measurements of co-
evaporated Cu(TFSI)2 doped Spiro-MeOTAD films (Figure S7.15, Supporting
Information). Privitera et al. pointed out, that Eac is the sum of both CT state binding
energy Eacr and hole transport activation energy Eanop.[3% As displayed in Figure S7.16,
Supporting Information, Eac values ranging from (39.0 + 7.0) meV to (130.0 = 15.9) meV
were recorded for the Cu(TFSI)2 doped Spiro-MeOTAD system, with most samples having
values below 100 meV. Eac of FATCNQ doped Spiro-MeOTAD was reported as ca. 170 meV,
generally the thermal activation energies for conductivity are broadly distributed for

small molecule organic semiconductors, ranging roughly from 38 to 467 meV.[4>46] [n
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comparison, Cu(TFSI)2 doped Spiro-MeOTAD displays rather small Ea values. This result
is remarkably well in line with an expected, approximated value of
Eact(10 mol%) + Eanop(7.5 mol%) = 30 meV. Higher measured Eac values are likely the
result of additional factors such as electrostatic disorder of CT states (Figure S7.16,
Supporting Information).[*6! Summarizing, we were able to resolve all three major
activation energy contributions to the doping process Eas (for conductivity), Eacr (release
of free charge carriers) and Eanop (hopping of free charge carriers). We conclude the
nonlinear conductivity and mobility of Cu(TFSI)2 doped Spiro-MeOTAD to be caused by

reversible CT state freeze out.

7.2.3 Doping Efficiency

As discussed earlier, we found Eacr of Cu(TFSI)2 doped Spiro-MeOTAD to be low
compared to other doped organic semiconductors, for example, in the case of N,N,N’,N’-
tetrakis(4-methoxyphenyl)benzidine (4-MeO-TPD) doped with CeoF3s, =30 meV are
required for CT state dissociation.['7] To test, if a low Eacr facilitates carrier release in
doped organic systems, we investigated the doping efficiency npop. This figure of merit
quantifies the ratio between free, dissociated charge carriers p and total density of dopant
molecules in the system Na as npop = p/Na. Na- was determined by Mott-Schottky
experiments described in Section 7.2.1, where we assumed that the number of free holes
p equals Na-. It is worth emphasizing, that the neutrality condition p = Na- may not hold
true for very high trap densities or a large number of free carriers bound in the CT
state.[17.22] A detailed derivation of Na can be found in the Supporting Information.
Defining npop via Nspins and Na- was omitted due to the introduction of a large error source
in absolute number of spins. As shown in Figure 7.4a, co-evaporated Cu(TFSI)2 doped
Spiro-MeOTAD retains a doping efficiency of up to (52.0 + 6.4) % at 10 mol% dopant.
Thus, in general noop improves dramatically compared to other popular p-dopants, which
drop below the 10.3 % mark at only 6.4 mol% in the case of the most efficient system in
this series, CeoF36 doped 4-MeO-TPD. Typically, noop strongly decreases with increasing
doping concentration, because charge carrier capture processes by dopant molecules

become more likely.[17] In summary, the extraordinary low CT state binding energy Eacr
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found in the Spiro-MeOTAD:Cu(TFSI)2 system helps to greatly boost the doping efficiency

compared to previously published p-dopants for organic systems.
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Figure 7.4. a) Doping efficiencies for different doping concentrations of Cu(TFSI)2:Spiro-
MeOTAD (blue squares). See Supporting Information for detailed information. Literature
values for small molecule semiconductors: Zink-Phthalocyanine (abbr. ZnPc) doped with
FeTCNNQ (squares), 4-MeO-TPD doped with CeoF3s (triangles) and Fe¢TCNNQ
(circles).[17.221 b) Zero-field mobilities po of solution processed Spiro-MeOTAD thin films
mixed with different molar amounts of [Cu(MeCN)4]BFa. c) Mobility u of co-evaporated
of Cu(TFSI)2 doped Spiro-MeOTAD using the CELIV method on
FTO/Al203/Cu(TFSI)2:Spiro-MeOTAD/Au devices. d) Thin film conductivities of solution
processed, Cu(TFSI)2 doped Spiro-MeOTAD without (green diamonds) and with

thin films

bathocuproine (BCP, structure shown in graph) additive (red squares) at different dopant

concentrations. BCP was added in equimolar amounts to Cu(TFSI)a.

7.2.4 Hole Trapping

In our previous studies, no elemental Cu® was found in XPS studies of Cu(TFSI)2 doped,
co-evaporated Spiro-MeOTAD samples.[8 In turn, the Cu! state can be assumed as the final

product of the doping reaction. Supplementary to the XPS studies, we tested if the doping
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reaction effectively stops at the Cu! oxidation state. For this, a model Cu! ion source,
[Cul(MeCN)4]*BF4~ having the almost identical Cu!/Cu® reduction potential compared to
Cu(TFSI)2 in acetonitrile solution, was mixed with Spiro-MeOTAD to verify, if
[Cul(MeCN)4]* can act as a dopant (FigureS7.1, Supporting Information).[47]
Consequently, we prepared thin films from Spiro-MeOTAD mixed with increasing mole
percent of [Cul(MeCN)4]BFs+ in acetonitrile solution and conducted conductivity
measurements (see Figure S7.17, Supporting Information, for details). Relative to
pristine Spiro-MeOTAD, no increase in ¢ was found for up to 4 mol% [Cu!(MeCN)4]BF4,
the upper solubility limit of this complex in Spiro-MeOTAD. In line with XPS experiments,
we conclude Cu! to be the stable oxidation state formed after reacting Cu(TFSI)2 and Spiro-
MeOTAD. Penultimately, we want to clarify the role of products of the doping reaction in
the macroscopic charge transport of Cu(TFSI)2 doped Spiro-MeOTAD. The two possible
ions arising out of doping reaction are TFSI- and Cul. Any detrimental influence of the
TFSI- anion on the charge transport was rejected for up to 10 mol% dopant concentration
based on the fact that both LiTFSI(* 50 mol%)/02 or Spiro-MeOTAD(TFSI)2 (17 mol%
optimum) doped Spiro-MeOTAD and are known in literature to surpass the hole mobility
of pristine Spiro-MeOTAD.[2438] One may raise the question, if unbound Cul! is responsible
for trapping mobile holes. Careful analysis of temperature dependent absorption helps to
answer this question: i) The first step of CT state formation is temperature independent
as reported in literature and verified to be valid as shown in Figure 7.1d for our system
(see also Figures $7.18, S7.7, Supporting Information); thus, no unreacted Cu(TFSI)2
should remain up to 10 mol% doping concentration ii) hypothetical Cu'' as the product of
hole capture by Cu!' is highly unstable without suitable, stabilizing ligands.[2248] Based on
these findings, we focus on Cu! as the main trapping center for holes in this system. Using
impedance spectroscopy, the effect of [Cu/(MeCN)s]BF4+ on the Spiro-MeOTAD hole
mobility was probed. In impedance spectroscopy experiments, a continuous decrease of
the zero-field mobility pno from the pristine (1.1 £0.2)-10-4cm?2V-1s-1 sample to
(4.6 +0.7) - 10->cm2 V-1s-1 in 8 mol% [Cu!(MeCN)4]BF4:Spiro-MeOTAD was observed
(Figure 7.4b; Figure S7.19, Supporting Information). Complementary charge extraction
by linearly increasing voltage CELIV measurements on Cu(TFSI)2 doped Spiro-MeOTAD
revealed an identical trend of continuous decrease of the hole mobility un in co-
evaporated samples; from (6.1+0.5)-10-7cm2V-1s-1 in the pristine sample to
(19+0.2)-107cm?V-1s1 at 7.5mol% Cu(TFSI)2 (Figure 7.4c; Figure S7.20,

Supporting Information). As show in our previous work, co-evaporated samples of
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Cu(TFSI)2 and Spiro-MeOTAD are uniform and pinhole-free, excluding morphological
effects on carrier mobility in this experiment.[8] Yoo et al. studied evaporated triarylamine
hole conductors, chemically and energetically very similar to Spiro-MeOTAD, doped with
the transition metal oxide ReOs by impedance spectroscopy and found a profound loss in
hole mobility. They attributed this effect to the ionized dopants acting as coulomb
traps.[49] As a consequence, Cu! is proposed to act as a hole trap by reversible oxidation to
Cu'l, reducing the average mobility of holes un in Spiro-MeOTAD. Further proof for Culions
acting as hole traps is the distinct [Cu!(TFSI)z]- trap state freeze-out which recovers the
mobility below = 150 K for doping concentrations > 3 mol% (Figure 7.3b). Temperature
dependent linewidth in EPR experiments verifies this hypothesis, as it suspects a lower
charge carrier motion frequency above 180 K (Eatrap = 16 meV) with higher Eaop,
characteristic for an increased average residence time on a “free” Cu! trap site
(Figure 7.3e).5% Having identified Cu! as a potent hole trap, we verified if it is possible to
disrupt the accumulation of harmful [Cu!(TFSI)2]- species in doped Spiro-MeOTAD via
selective ion complexation. 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline
(Bathocuproine, abbr. BCP) proves to be a suitable ligand to achieve the targeted
selectivity, as it is known to form a stable tetrahedral bis-chelating complex with Cul.[51]
Additionally, BCP stabilizes the copper(I) ion and inhibits further redox chemistry as it
occurs in the hole trapping reaction.>2] We performed conductivity experiments on
solution processed films, as co-evaporation does not allow sequential deposition without
layered structure formation. First, Cu(TFSI)2 was allowed to undergo a redox reaction
with Spiro-MeOTAD in solution, then BCP was added in equimolar amounts to Cu(TFSI)2
into the doped mixture solution to complex the resulting Cu! ions. Cu!/(BCP)2 complex
formation was proven by UV/Vis/NIR spectroscopy in solution and thin films
(Figures S7.21, S7.22, Supporting Information). Afterward, the solution was spun-cast
onto commercial interdigitated gold electrodes to determine the thin film conductivity o.
Following an initial strong increase, the conductivity saturates at high doping
concentrations and even starts to decrease due to loss in doping efficiency and
detrimental effects of by-products such as [Cul(TFSI):z]- (Figure 7.4d). To our surprise, o
was amplified by a factor of 0.8 - 10* in the presence of BCP compared to the sample
without BCP at 8 mol% Cu(TFSI)2. However, we also observed aloss in solution-processed
Spiro-MeOTAD film quality and disrupted morphology upon adding Cu(TFSI)2 and
[Cul(MeCN)4]BF4, similar to our previous work (Figures S7.23,S7.24, Supporting
Information).[8] This effect was mitigated upon adding BCP. We argue, that morphology
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has minor influence on the bulk mobility, as both co-evaporated as well as solution-
processed Cu(TFSI)2:Spiro-MeOTAD display almost identical thin film conductivities.[8]
Therefore, we conclude that any change in o originates from Cu! trap passivation. In
essence, Cu! species as the doping reaction side product was identified as a potent hole

trap, whose detrimental effects may be mitigated by selective complexation.

7.2.5 Absence of Elemental Cu

A final piece of the puzzle is the question concerning why no further reduction of the
remaining Cu! to Cu® occurs. This is surprising, as studies have proven the capability of a
Cu! iodide salt to successfully oxidize Spiro-MeOTAD with a reported copper iodide
workfunction of %= 5.5 eV.[45354] To answer this question, we refer back to cyclic
voltammetry measurements on Cu(TFSI)2 solutions in acetonitrile performed earlier
(Figure S7.1, Supporting Information). Half-wave potentials of -0.439V versus
Ag/AgNOs for Cu®/Cu! and +1.51V versus Ag/AgNOs3 of the Cu!/Cul! redox couple were
recorded. These values translate to a deep lying EAcuan/cum = 6.15 eV, whereas the
electron affinity EAcuq),/cu(o) for the reduction to elemental copper is positioned at 4.20 eV
in the presence of TFSI- anions and in acetonitrile. As explained earlier, with respect to
the HOMO of Spiro-MeOTAD at 5.03 eV, the high EAcuan/cuy of Cu(TFSI)2 results in an
exothermic single electron transfer between Cu(TFSI)2 and Spiro-MeOTAD, explaining the
experimentally observed high doping efficiency. However, we noticed a low electron
affinity of 4.20 eV for the reduction of [Cu!(TFSI)z]- to elemental copper, compared to
5.5 eV for Cul. Because the low EA implies an endothermic electron transfer to the HOMO
of Spiro-MeOTAD, the doping reaction stops at copper(I) with the formation of
[Cul(TFSI)2]-. We propose the EAcum/cuo) discrepancy between copper iodide and
[Cul(TFSI)z2]- lies in the stabilization of the soft Lewis acid Cu! by the adjacent ligands.
Strikingly, Stricker et al. performed single crystal analysis on [1-ethyl-3-
methylimidazolium]*[Cu!(TFSI)z]-, characterized by a d1° Cu! ion coordinated linearly by
the two TFSI- anions with an Nrtrsi,1-Cu-N1rsi2 bond angle of 180.0°. In this compound,
TFSI- behaves as a monodentate N-donor (kN) ligand. The same cuprate(I) anion
[Cul(TFSI)2]- is very likely formed during our solvent and oxygen free doping

environment and responsible for the high stability (low EAcu/cu(0)) via complexation and
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lower Nrtrsi-Cu bond distance of ~ 1.9 A compared to I-Cu bond distance of 2.62 A in y-
Cul.[55-57] To test the possibility for [Cu!(TFSI)z]- formation, we mixed equimolar amounts
of Spiro-MeOTAD and Cu(TFSI)z in dichloromethane. A black, crystal-like salt was isolated
by an anti-solvent approach (Figure S7.25, Supporting Information). A [Spiro-
MeOTAD]*[Cu!(TFSI)2]- composition was determined by elemental analysis (see
Supporting Information). We conclude, that energetic mismatch between Cu! and Spiro-
MeOTAD prevents reduction of Cu(TFSI)2 to elemental copper. In addition, [Cu!(TFSI)z]-
anions are formed in Cu(TFSI)2 doped Spiro-MeOTAD, further stabilizing the Cu! state.

7.2.6 Doping Mechanism Overview

As a closing remark, we combined all our experimental findings to draw the complete
doping mechanism between the p-dopant Cu(TFSI)2 and Spiro-MeOTAD. We propose
three consecutive steps in the doping reaction: i) formation of a coulombically bound CT
state [Spiro-MeOTAD]**[Cu!(TFSI)2-]x, followed by ii) reversible, endothermic
dissociation of the CT state into a free charge carrier and counterion and ultimately iii)
transport of the free charge carriers with concurrent trapping involving the [Cu!(TFSI)2]-
anions. This concept is in line with previously published results by Tietze et al. on the
doping process of zinc phthalocyanine (ZnPc) and N,N,N’,N’-tetrakis(4-methoxyphenyl)-
benzidine (MeO-TPD) using the p-dopant 1,3,4,5,7,8-
hexafluorotetracyanonaphthoquinodimethane FsTCNNQ.[221 The proposed mechanism is

shown in Scheme 7.1.
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Scheme 7.1. Overview of the proposed individual reaction steps involving the small
molecule hole-conductor Spiro-MeOTAD and p-dopant Cu(TFSI)2. A temperature
independent and irreversible redox reaction step first yields oxidized Spiro-MeOTAD*
coulombically bound to the [Cul(TFSI)2]- counter ion (charge transfer state). [Cu!(TFSI)2]-
is generated as a side product of Cu(TFSI)2 reduction. Here, Cu(II) is depicted as black-,
Cu(I) as blue spheres. [Cul(TFSI)2]- traps free holes with an average trap depth of
Eatrap = 16 meV. Mobile Spiro-MeOTAD** charge carriers are thermally released from the
CT state with an activation energy Eacr in the order of 11-19 meV. Further, the free charge
carrier transport responsible for the macroscopic observed conductivity in doped Spiro-

MeOTAD is thermally activated with 5-19 meV.

7.3 Conclusion

This report offers a comprehensive in-depth study of the doping process of Spiro-
MeOTAD using Cu(II) salt, today one of the best hole collecting system in perovskite solar
cells. The doping process itself is monitored by the observed shift of WF toward HOMO
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level and consequent decrease in HIB and the complex doping process is fully elucidated.
Impedance and electron paramagnetic resonance spectroscopy clearly indicate low
activation energies for hole release and hopping transport. Remarkably small activation
barriers favor unprecedented doping efficiencies of up to 50 % at 10 mol% doping using
Cu(TFSI)2. The reader is invited to recall Scheme 7.1, the central picture outlining all the
important findings of this work regarding the mechanism. Prior to this study, many
physical intricacies regarding Cu(TFSI)2 as a p-dopant for Spiro-MeOTAD - and in general
for molecular semiconductor systems - were poorly described in literature. We could
verify the temperature-independent formation of charge transfer states, in line with
general agreements on doped OSCs in literature. The CT states comprised of Spiro-
MeOTAD** and [Cu!(TFSI)z]- were observed to dissociate with an activation energy of
(11.4 £ 3.8) meV above = 150 K. Due to complexation of Cu! in the cuprate complex
[Cu!(TFSI)z2]-, no further reduction to Cu® can be observed. Thermal activation in the range
of 5-19 meV leads to free hole hopping in the doped Spiro-MeOTAD bulk. The hole
mobility was found to be greatly influenced by reversible CT state freeze-out, causing
macroscopic nonlinear temperature dependent conductivities, which cannot be explained
within the framework of charge transport models. Cu! as the dopant product was
identified as a potent hole trap limiting the electrical properties. An improved
understanding of this co-evaporated system provides guidelines to passivate these
species using bathocuproine, resulting in vastly improved electrical conductivity. These
findings complement not only earlier studies on co-evaporated Cu(TFSI)2:Spiro-MeOTAD
as a hole transport layer in solar cells, but provide crucial insight into copper salts as p-

dopants for organic semiconductors.
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7.7 Supporting Information

7.7.1 Material and Equipment

Anhydrous solvents were purchased from Sigma-Aldrich / Acros Organics in sealed
bottles and were used as received. N2,N2,N2' N2',N7,N7,N7',N7'-octakis(4-methoxyphenyl)-
9,9'-spirobi[fluorene]-2,2',7,7'-tetraamine Solarpur SHT-263 (abbreviated as “Spiro-
MeOTAD”) and copper(Il)oxide were supplied by Sigma-Aldrich, Germany and used as
received. Device grade, triple-sublimed copper(II)bis(trifluoromethanesulfonyl)imide
(abbreviated as “Cu(TFSI)2") for doping experiments was supplied by SIEMENS. 2,9-
dimethyl-4,7-diphenyl1,10-phenanthroline (abbreviated as “BCP”) was obtained in
>98% purity from Sigma-Aldrich, Germany and used as received.
Tetrakis(acetonitrile)copper(I)tetrafluoroborate was obtained from Sigma-Aldrich,
Germany and purified by recrystallisation from anhydrous acetonitrile under inert
atmosphere immediately prior to experiments to obtain white, flaky crystals. Spiro-
MeOTAD(PF¢)2 was synthesized according to a previously published procedurelll. Film
thicknesses were measured using a Veeco Dektak 150 Profilometer. Optical images of thin
films were taken using a Zeiss Axio Imager Alm microscope. Scanning electron
microscopy was performed with a Phenom Pro SEM by Thermo Fisher Scientific on thin
films coated onto oxide-free silicon substrates. A 4-segmented detector and accelerating
voltage of 10 kV were used. Ultraviolet photoelectron spectroscopy was performed on a
PHI 5000 VersaProbe III machine equipped with a helium discharge radiation source
providing stable and continuous He I and II lines, under ultrahigh vacuum (10-1° mbar).
Room temperature UV /Vis/NIR absorption measurements were carried out usinga V-670
JASCO spectrometer. Impedance data on devices was measured using a Metrohm Autolab
PGSTAT204 equipped with an FRA32M module. The NOVA 2.1.4 Software package
provided by Metrohm, Germany and custom MATLAB code was used to process the
impedance data. Co-evaporation of Spiro-MeOTAD and Cu(TFSI)2 was performed on a
Balzers PLS 500 E equipped with quartz crystal microbalances and switchable shadow
masks, for further information, see previous publications[2l. All temperature dependent
mobility, charge carrier density and conductivity measurements were performed under
helium atmosphere using an Optistat CF2 He cryostat from Oxford Instruments, UK. Al203
thin films for Mott-Schottky and CELIV metal-insulator-semiconductor devices were

prepared by atomic layer deposition from trimethylaluminium and H20 in a VEECO
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Savannah Gen. 2 S300. EPR measurements were performed with an X-band spectrometer
(Magnettech MS-5000) equipped with a continuous-flow helium cryostat (Oxford ESR
900). Density measurements were carried out using a Mettler Toledo XP205 digital
balance equipped with either a Millipore water or cyclohexane reference liquid bath. Solid
samples for density determination were fabricated by pressing Spiro-MeOTAD and

anhydrous Cu(TFSI)z into pellets of 1 cm diameter at 8 tons pressure for 15 min.

Synthesis of N?NZ2,N?',N2',N7,N7,N7',N7"-octakis(4-methoxyphenyl)-9,9'-spirobi[fluorene]-
2,2'7,7 -tetraamine! , [Cu(])(bis(trifluoromethanesulfonyl)imide):] salt (1:1) (1)

A 100 mL flame-dried Schlenk flask was evacuated and consecutively flushed with Ar
three times. The flask was charged with 119.6 mg (9.76 - 10-5 Mol) Spiro-MeOTAD and
609 mg (9.76-105Mol) Cu(TFSI)2 under inert atmosphere. 25mL anhydrous
dichloromethane were added, which immediately lead to the formation of a dark-purple
color. A condenser was attached and the solution was stirred at 50 °C under reflux
conditions for 2 h. The solvent was removed under vacuum and the as obtained powder
was dried under high vacuum for 1 h at rt. Single crystals were grown inside a glovebox
by dissolving the compound in a minimal amount of anhydrous dichloromethane (ca.
1.5 mL) and placing the vial into another, bigger container. The outer container was filled
with a small amount of anhydrous n-hexane and sealed hermetically to create a solvent
saturated, inert atmosphere. After 24 h at rt.,, black single crystals 1.5 mm in diameter
were collected from the bottom of the inner vial. The crystals were carefully suspended
in anhydrous n-hexane to clean the surfaces, ultrasonicated for 10 sec and placed on a
polyester/cellulose fabric to dry under inert atmosphere yielding 1 (119.3 mg, 66 %).
Elemental analysis calculated (m%) for NZNZN2'N2'N7N7N7' N7'-octakis(4-
methoxyphenyl)-9,9'-spirobi[fluorene]-2,2',7,7'-tetraaminel , [Cul(TFSI)z] salt (1:1)
(1849.27 g mol1): C55.206, H3.706, N 4.545, S 6.936; found: C56.41, H 3.87, N 4.63,
S 7.19.
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Synthesis of copper(1l) bis(trifluoromethanesulfonyl)imide for density determination (2)

A 500 mL flask was loaded with copper(II)oxide nanopowder (500 mg, 6.29 mmol), which
was subsequently dispersed in 150 mL Millipore H20 under strong stirring at rt.
Bis(trifluoromethane)sulfonimide (3.54 g, 12.6 mmol) was added in small portions. The
dispersion was stirred at 80 °C for 4 h, until the black color completely disappears to form
a light blue solution. Excess copper(Il)oxide was removed by gravity filtration. The water
was removed from the filtrate using a rotary evaporator, resulting in a blue, hydrated
crystals. The hydrate was converted to the anhydrate by prolonged heating at 180 °C
under high vacuum, yielding a white powder 2 (2.803g, 71%). The anhydrous

copper(II)bis(trifluoromethanesulfonyl)imide was stored under Ar for further use.

7.7.2 General Methods

All doping experiments and oxygen/water sensitive reactions were carried out in a

nitrogen filled mBraun Labmaster 130 glovebox.
Ultraviolet Photoelectron Spectroscopy

UPS measurements were carried out on a PHI 5000 VersaProbe Il system fitted with a He
discharge light source providing stable and continuous Hel and Hell lines, under
ultrahigh vacuum (10-2 mbar). Samples for UPS measurements were obtained by thermal
co-evaporation of controlled amounts of Cu(TFSI)2 and spiro-MeOTAD on clean ITO
(15 Q square), affording ca. 20 nm thick films (measured by using a dummy sample in a
profilometer). The samples were transferred from the evaporation chamber to a N2 filled
glove box and further to the instrument in a nitrogen filled and sealed stainless steel
transport vessel. Once the samples were loaded into the instrument main chamber, He |
source (80 W) was used to induce photoelectrons and were collected at 90° take-off angle
by using a multichannel semispherical analyzer. Both valence band maximum (VBM) and
secondary electron cutoff (SECO) signals from the samples were measured by applying -
5V between the analyzer and the substrate. Both VBM and SECO spectra were collected
at least from 3 different areas in 2 different samples, and only the reproducible
measurements were considered for further calculations and discussion. The VBM and

SECO binding energy values necessary to determine ionization potential and
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workfunction, respectively, were obtained by linear extrapolation method. The Fermi
level Er of the samples (doped and pristine) were referenced to the Fermi level of sputter-
cleaned Au foil. The energy resolution of the VBM and SECO is 0.15 eV, which was derived

from the full-width half-maximum of the Au Fermi edge.

Table S7.1. Electron affinity, workfunction and hole-injection barrier of Cu(TFSI)2 doped

and pristine Spiro-MeOTAD, determined by UPS experiments.

Sample Electron Workfunction Hole injection
affinity EA WF barrier HIB
(eV) (eV) (eV)
Pristine Spiro-MeOTAD 5.03+0.15 4.29 +0.15 0.74 £ 0.15
2 mol% Cu(TFSI)2:Spiro-MeOTAD 5.07 £ 0.15 4.68 + 0.15 0.39 +0.15
4 mol% Cu(TFSI)2:Spiro-MeOTAD 5.23+0.15 4.82 +0.15 0.41+0.15
6 mol% Cu(TFSI)2:Spiro-MeOTAD 5.17 £ 0.15 4.86 + 0.15 0.31+0.15
8 mol% Cu(TFSI)2:Spiro-MeOTAD 5.28+£0.15 495+ 0.15 0.33+0.15
10 mol% Cu(TFSI)2:Spiro-MeOTAD 5.35+0.15 5.02 +0.15 0.33+0.15

Temperature Dependent UV/Vis/NIR

For investigating possibly temperature-dependent absorption features of the doped
Spiro-MeOTAD we used a home-built absorption setup. The films were transferred in a
continuous flow cryostat by Oxford instruments under helium atmosphere and the
temperature between 300 K and 5 K is controlled by an Oxford Instruments ITC 502. For
each temperature step the temperature was held constant for 15 min before the
measurement. The optical density is calculated by analyzing the transmission spectra
with a Shamrock SR-303i by Andor Technology equipped with CCD-camera
(Andor iDus DU420-0OE). For these experiments the (doped) Spiro-MeOTAD was

evaporated on quartz glass.

Electrical conductivity

Electrical conductivities were measured using commercial Gen4 OFET substrates
obtained from Fraunhofer IPMS, Germany. Every OFET substrate contains 30 nm thick

interdigitated gold electrodes, patterned on thermally grown silicon oxide with a channel
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width of 2.5 pm, 5 um, 10 pm and 25 pm and a channel length of 1 cm. The substrates were
cleaned by sonication in isopropanol and acetone for 10 min each, followed by activation
of the surface in an ozone plasma for 15 min at 50 °C. 100 nm thick Cu(TFSI)2:Spiro-
MeOTAD films were deposited by co-evaporation. I-V characteristics were measured
using an Agilent Technologies B1500A Semiconductor Device Analyzer. The electrical
conductivities were extracted from the linear fit of the I-V curve in the Ohmic region

according to Equation S7.1 below:

(S7.1)

Where o: electrical conductivity, a: slope of the linear fit, L: channel length, W: channel
width, d: film thickness. The film thicknesses were measured after the conductivity

measurements, using a profilometer.

Solid State Mott Schottky Analysis

TEC-7 (XOP glass, 1"-1"-2.2 mm, 6 - 8 (1 square!, ~ 500 nm FTO on glass) substrates
were etched with dilute HCl/Zn-dust. After obtaining the etched electrode pattern, the
substrates were brushed manually with sodium dodecyl sulfate and deionized water,
followed by ultrasonication in 2 vol% aqueous Hellmanex-III solution, water, acetone and
isopropanol. The substrates were blown dry with nitrogen and pre-treated with 03/UV
for 15 min at 50 °C. 100 nm of Al203 were deposited on the FTO-electrodes using ALD
(H20/AI(CH3)s3, 15 ms pulse duration, 150 °C, 5 s purge time, 1111 cycles), while leaving
areas insulator-free for contacting the device during measurements. The aluminium oxide
layer was passivated by spin coating 100 nm of BCB (10 vol% Cyclotene 3022-35 in
toluene, 70 uL, 50 sec, 3000 rpm) on top and soft curing for 10 sec at 250 °C in air,
followed by a hard bake at 250 °C for 1 h under Argon. 100 nm of Cu(TFSI)2:Spiro-
MeOTAD films were co-evaporated onto the substrates. Finally, Au electrodes were
thermally evaporated using a shadow mask (dau = 70 nm). The impedance of the devices
was measured with a two-electrode setup and varying electrical field (10 kHz to 10 Hz,
8 points per frequency decade, -1.5 to 1.5 Vsias in 48 voltage steps, 7 mVrums) using a
Metrohm Autolab PGSTAT204 equipped with an FRA32M module. The NOVA 2.1.4

Software package provided by Metrohm, Germany and custom MATLAB code was used to
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process the impedance data. The Au top electrode was connected to the counter and
reference electrode, the FTO contact to the working and sense electrode of the
potentiostat. Devices under test were shielded from ambient light, external electrical
fields and kept under inert atmosphere. From the imaginary Z” and real Z’ impedance, the

capacitance of the organic layer was extracted assuming an Rs(RC) equivalent circuit:

. 1
Z(iw)R(RC) = Rseries T
. 1 S7.2
leParallel + ( )

RParallel

which can be solved for Cp,p45¢1 to yield

; B Im(2)
Parallel — (—=Im(2)? + (Re(Z) — Rs)?)w

(S7.3)

The density of ionized acceptors Na- was the extracted by plotting C-2 vs the Boltzmann
corrected applied bias voltage Vsias and fitting Equation S7.4 to the linear depletion
regime.

Cparallel = SosctaZqNT <VBias - T> (S7.4)

where €osc and €0 are the dielectric constants of the organic semiconductor layer
(approximated with 3) and the vacuum permittivity, respectively. A2 is the area of the
organic layer in cm?, g the elementary charge and ks the Boltzmann constant in eV K-1. A
minimum of 4 working MIS devices were evaluated per dopant concentration. An

exemplary fit of Equation S7.4 can be found in Figure S7.4.

Electron Paramagnetic Resonance Measurements

For EPR measurements on co-evaporated samples, PET foil of 13 pum thickness was used
as a substrate. The PET foil was cut into a 2 cm by 5 cm sheet of pre-cut 2 mm stripes and
fixed onto a metal carrier plate for co-evaporation of 100 nm Cu(TFSI)2:Spiro-MeOTAD,
yielding a constant sample volume of 1-10-4cm3 for all doping concentrations. After

deposition, the substrate was transferred to the glovebox and the 2 mm stripes were
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carefully placed into pre-dried (50 °C, 2 h, vacuum) quartz EPR tubes. The tubes were
subsequently sealed using UHU Plus Endfest 300 2-component glue under nitrogen,
which was degassed under vacuum after mixing to exclude enclosed oxygen and water.
For each doping concentration, at least two individual tubes were prepared to exclude
experimental errors. Shipping of the EPR tubes to cooperation facilities was conducted in
a hermetically sealed, nitrogen filled metal tube closed with ISO-KF blind flanges on both
ends. EPR measurements were carried out in an X-band spectrometer (Magnettech MS-
5000) with a resonance frequency of 9.42 GHz and a quality factor of Q ~ 2000 - 3000.
The experimental settings were optimized to a modulation frequency of Bmod = 0.02 mT
and microwave power of Puw = 0.8 W. For temperature-controlled measurements, a
continuous-flow helium cryostat (Oxford ESR 900) was used. For quantitative EPR, the
double integral (DI) of the measured signals were compared with a reference sample with

known spin number (internal reference of the spectrometer).

. . . DI Qsampl
The spin number is then given by (s=%): Nsample = NRef ' ——2— "2 and
p DISample Qref

subsequently scaled up to the entire sample size. When determining Nsample, 2 constant
offset for each measurement occurs depending on the measurement of the reference

sample.

Negative Differential Susceptance Mobility Measurement

TEC-7 (XOP glass, 1"-1"-2.2 mm, 6 - 8 QA squarel, ~500 nm FTO on glass) substrates
were etched with dilute HCl/Zn-dust. After obtaining the etched electrode pattern, the
substrates were brushed manually with sodium dodecyl sulfate and deionized water,
followed by ultrasonication in 2 vol% aqueous Hellmanex-III solution, water, acetone and
isopropanol. The substrates were blown dry with nitrogen and pre-treated with 03/UV
for 15 min at 50 °C. 100 nm of Cu(TFSI)2:Spiro-MeOTAD films were co-evaporated onto
the substrates. To avoid edge effects, a part of the conductive electrodes was masked with
Kapton tape, which was removed after the OSC deposition. 100 nm of Au was thermally
evaporated on top of the OSC layer using a shadow mask to complete the device stack. The
impedance of the devices was measured with a two-electrode setup and increasing
electrical field (1 MHz to 100 Hz, 25 points per frequency decade, 0 - 2 Vsias in 15 voltage
steps, 10 mVrms) using a Metrohm Autolab PGSTAT204 equipped with an FRA32M
module. The NOVA 2.1.4 Software package provided by Metrohm, Germany and custom
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MATLAB code was used to process the impedance data. The ITO back contact was
connected to the working electrode (WE) and sense (S), while the Au top electrode was
connected to the counter electrode (CE) and reference electrode (RE). Devices under test
were shielded from ambient light and external electrical fields. Based on frequency-
dependent capacitance data of ITO/Spiro-MeOTAD:Cu(TFSI)2/Au devices, a charge
carrier mobility can be extracted based on unipolar space-charge limited current
theory.3 Extensive mathematical derivations can be found in the relevant literature.[*>]
Efficient electron/hole injection is required, as the transit-time effect responsible for the
mobility determination using the negative differential susceptance method may only be
observed, if the injection barrier is smaller than 0.4 eV.[67] As demonstrated for (doped)
Spiro-MeOTAD, ITO forms ohmic contacts with low injection barriers suitable for this
measurement.8! First described by Martens et al., the mechanism for occurrence of a
negative capacitive (=inductive) contribution in a biased, unipolar SCL diode can be
formulated as: Injected charges move under the influence of an applied bias voltage,
taking on a relaxed space-charge distribution. Upon applying an external AC stimulus
(during impedance measurement, Figure S7.8), the AC current lags behind due to the
finite transit time of the charge carriers across the film thickness, giving an inductive
contribution in the measured admittance/impedance for a given frequency range.[°l The
inductive contribution induces a characteristic negative capacitance region in a C(f) plot
(Figure S7.9). This frequency dependent relaxation time can be measured and visualized
using the negative differential susceptance method (Figure $7.11); ultimately yielding
the charge carrier mobility from the transit time. Above the characteristic transit
frequency fmax the space charge is not able to redistribute within the AC period, and the
capacitance approaches the purely geometrical capacitance, treating the organic layer as
a regular dielectric.[®] Experimentally, the capacitance of the organic layer was extracted
assuming an Rs(RC) equivalent circuit from the imaginary Z” and real Z’ impedance

(Figure S7.8):

. 1
Z(iw)R(RC) = Rgeries T
. 1 S7.5
leParallel + ( )

RParallel
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which can be solved for Cp,p45¢1 to yield

; B Im(2)
Parallel — (—=Im(2)? + (Re(Z) — Rg)?)w

(S7.6)

For high parallel resistance, a total RC capacitance may also be calculated according to[10]

—sin (0)
Cseries = W (57.7)

The geometric capacitance Cceo of each device was determined in the high frequency
region of the C(f)-plot (Figure S7.9). Together with the measured capacitance, the
mobility was extracted from the negative differential susceptance -AB at different

electrical fields. The negative differential susceptance —AB can be calculated from

—AB = —w(C(w) — Cyeo) (S7.8)

—AB(f) displays a global maximum fmax (Figure $7.11, marked red), which are used to

calculate the transit time t,

Tee = 0.56 ik (S7.9)

Local maxima above the transit frequency without physical meaning were discarded. The

mobility can then be extracted as
d2

©= (S7.10)
TtrVBias

with d being the thickness of the organic layer. The zero-field mobility po was calculated

by extrapolating the obtained Poole-Frenkel type field dependency.
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MIS-CELIV (Metal-Insulator-Semiconductor Charge Extraction by Linearly Increasing
Voltage)

The MIS-CELIV technique was employed to extract the hole mobility at room temperature.
For the MIS-architecture a 25 nm thin insulating layer (Al203) was deposited on an FTO-
covered substrate via atomic layer deposition (H20/AI(CH3)3, 15 ms pulse duration,
150 °C, 5 s purge time, 278 cycles). These substrates were then transferred to a thermal
evaporator where the (doped) Spiro-MeOTAD and the gold contacts were evaporated. By
applying a triangular voltage ramp with a waveform generator (RIGOL DG4102) charges
were firstly injected and accumulated at the semiconductor-insulating layer and then
extracted again via the gold contact. The sample response was amplified by a DHPCA-100
(Femto) and recorded with a Tektronix TDS3000 oscilloscope. The obtained data was
analyzed according to Sandberg et al.llll The mobility was calculated by using

Equation S7.11.

292 4 -1
_ mfdi(1+f) N s kBTl (57.11)

T 8A x t2 2eA * t

where ds is the thickness of the Spiro-MeOTAD, f is the ratio between the between the

Esdi
€ids

geometric capacitance of the Spiro-MeOTAD and the insulator layer (f = ), A is the

voltage ramp and ¢ is the time in which the current signal rises from the plateau value jo

to the 2+jo value.
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7.7.3 Supporting Measurement Data
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Figure S7.1. Cyclic voltammogram of Cu(TFSI)2 in anhydrous MeCN (0.95 mg mL1) at

295K, all voltages referenced to an Ag/AgNOs3 non-aqueous reference electrode. The

working and counter electrode consists of two platinum disk electrodes with a diameter
of 1mm. ElPeak,anodic =-131.8 mV; EZPeak,anodic =+2.567 V; ElPeak,cathodic =+452.2 mV;
EZpeak cathodic = -1.008 V; ECu(0)/Cu(Dq /5 = -438.5 mV; ECu)/Cu()y /5 = +1,510 V.,
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Figure 7.2. Differential plot of Cu(TFSI)2 doped Spiro-MeOTAD UV /Vis/NIR absorbance

compared to pristine Spiro-MeOTAD for different doping concentrations given in the

legend (Figure 7.1c).
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Figure 7.3. Temperature dependent UV/Vis/NIR absorption spectra of 10 mol%
Cu(TFSI)2 doped Spiro-MeOTAD thin films under inert atmosphere at 300 Kto 5 K.
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Figure 7.4. Exemplary fit of Equation S7.4 to the voltage dependent inverse squared
capacitance of 10 mol%

FTO/Al203/Hexamethyldisilazane/Cu(TFSI)2 doped Spiro-MeOTAD/Au structure. The

doped, co-evaporated films in a

slope yields a charge carrier density Na- of (2.8 + 0.2) - 1019 cm3 for €osc = 3, A2 = 0.04 cm?
and T = 300 K in this sample.
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Figure 7.5. EPR spectra for different samples investigating Spiro-MeOTAD doped with
Cu(TSFI)2. Doping concentration of 10.4 mol% leads to a Lorentzian EPR signal while
undoped Spiro-MeOTAD shows no intrinsic doping. The PET-substrate and Cu(TFSI)2
have no measurable EPR signal. EPR parameters (modulation amplitude Bmod and

microwave power Puw) were optimized for highest signal of 10.4 mol%.
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Figure 7.6. Linear correlation (grey dotted line) between charge carrier density Na-
obtained from Mott-Schottky experiments (black circles), as well as spin density Nspins
obtained from EPR experiments (black triangles) and the integral of the polaron peak
between 900 nm and 1500 nm for a series of doped films (see UV /Vis/NIR of doped, co-

evaporated thin films in Figure 7.1c).
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Figure S7.7. Spin density of 7.5 mol% Cu(TFSI)2 doped Spiro-MeOTAD sample as a
function of the temperature. Here, the spin density was referenced to the internal spin

reference corrected for the cavity temperature. Bmod = 0.02 mT, microwave power

Pvw = 0.8 mW.
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Figure S7.8. Temperature- (color bar) and frequency (x-axis) dependent impedance |Z|
(left y-axis, solid lines) and phase angle (right y-axis, dashed lines) of Cu(TFSI)2 doped
Spiro-MeOTAD. Determined from impedance measurements on FTO/Cu(TFSI)2:Spiro-
MeOTAD/Au devices inside a He cryostat from 350 K to 20 Kwith a) 0 mol%, b) 1.5 mol%,
c) 3 mol%, d) 5 mol% and e) 10 mol% Cu(TFSI)z. The electrical field was kept constant at
F=100kV cm-.
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Figure S7.9. Temperature- (color bar) and frequency (x-axis) dependent capacitance C of

SpiroMeOTAD doped with a) 0 mol%, b) 1.5 mol%, d) 3 mol%, €) 5 mol% and f) 10 mol%

Cu(TFSI)2. € was calculated according to Equation S7.6 or Equation S7.7 from the

impedance data shown in Figure S$7.7. Determined from impedance measurements on

FTO/Cu(TFSI)2:Spiro-MeOTAD/Au devices inside a He cryostat from 350 K to 20 K. For

3 mol%, 5mol% and 10 mol%, insets are given for better visualization of the low-

temperature C(f) behaviour (axis units identical main plot). The electrical field was kept

constant at F= 100 kV cm-1.
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Figure S7.10. Temperature dependent hole mobilities un of Cu(TFSI)2 doped Spiro-
MeOTAD, determined from impedance measurements on FTO/Cu(TFSI)2:Spiro-
MeOTAD/Au devices using the negative differential susceptance -AB. Black dashed fit line
shows typical ES-VRH behaviour In(un) « (To/T)1/2 in the case of pristine Spiro-MeOTAD

sample. All values were obtained at a constant electrical field F= 100 kV cm-1.
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Figure S7.11. Temperature dependent logarithmic negative differential susceptance
log(-AB) of Cu(TFSI)2 doped Spiro-MeOTAD, determined from impedance measurements
on FTO/Cu(TFSI)2:Spiro-MeOTAD/Au devices inside a He cryostat from 350 K to 20 K.
From the peak transition frequencies marked with red triangles, the temperature
dependent hole mobility yn can be obtained, depicted in Figure 7.3b. Following Cu(TFSI)2
concentrations were measured: a) 0 mol%, b) 1.5 mol%, c) 3 mol%, d) 5mol%, e)

10 mol%. The electrical field was kept constant at F = 100 kV cm-1.
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Figure S7.12. Temperature dependent EPR spectrum of Spiro-MeOTAD co-evaporated
with 7.5 mol% Cu(TFSI)2 going from 100 K (starting temperature) to 300 K.
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Figure S7.13. Temperature dependent conductivities (circles) of a) 1.5 mol%, b)
3.0 mol%, c) 5.0 mol%, d) 7.5 mol%, e) 10 mol% Cu(TFSI)2 doped, co-evaporated
FTO/Cu(TFSI)2:Spiro-MeOTAD/Au devices (data taken from Figure 7.3a). A variable
range hopping model modified by Li et al. for high carrier densities and electrical fields
was fitted (solid lines) with the parameters shown in each plot as a calculation input.[12]
Here, a1 is the inverse localized length, oo the Gaussian DOS width, vo the attempt-to-jump

frequency, Nt the charge carrier density and F the electrical field (assuming 100 nm active

layer thickness).
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Figure S7.14. Logarithmic hole mobility un of pristine evaporated Spiro-MeOTAD versus
the inverse square root of the temperature (data taken from Figure 7.3b). The inset shops

a detailed plot of un between 350 K and 100 K.
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Figure S$7.15. Temperature dependent conductivities (circles) of a) 0 mol% b) 1.5 mol%,
c) 3.0 mol%, d) 5.0 mol%, e) 7.5 mol%, f) 10 mol% Cu(TFSI)2 doped, co-evaporated
FTO/Cu(TFSI)2:SpiroMeOTAD/Au devices (100 nm active layer thickness; data taken
from Figure 7.3a). Excluded datapoints below non-linearity shown in red crosses. Solid
lines represent the linear Arrhenius fit to yield the thermal activation energy of

conductivity Eac for the temperature range 400 K to 350 K summarized in Figure S7.16.

272



7. INTRICACIES AND MECHANISM OF P-DOPING SPIRO-MeOTAD USING Cu(TFSI)2

150 T 1 1 1 1 1

E Ao (meV)
a
a

50 ® §

1 1 1 1 1

0 2 4 6 8 10
Cu(TFSI)2 : Spiro-MeOTAD (mol%)

o

Figure $7.16. Thermal activation energy of conductivity Eac of 0 - 10 mol% Cu(TFSI)2
doped, co-evaporated Spiro-MeOTAD thin films (100 nm).
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Figure S$7.17. Thin film conductivities of Cu(TFSI)2 doped, co-evaporated Spiro-MeOTAD
(black circles) and a solution processed [Cu(MeCN)4|BFa4:Spiro-MeOTAD mixture (red

circles) at different doping/additive concentrations (black circles).
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Figure S7.19. Field dependent mobility of solution processed Spiro-MeOTAD thin films
mixed with different molar amounts of [Cu(MeCN)4]|BFa4. Linear fits yield the zero-field
mobility uo at the y-intercept. All un values measured using the -AB method on

FTO/[Cu(MeCN)4]BF4:Spiro-MeOTAD/Au devices.
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Figure $7.20. CELIV measurements on FTO/Al203 (25 nm) /Spiro-MeOTAD:Cu(TFSI)2
(200 nm)/Au devices. An offset voltage of -3V was applied and the charges were
extracted using a ramp of 0.05 V ps-L. a) pristine Spiro-MeOTAD, b) 1.5 mol% of Cu(TFSI)z,
¢) 3.0 mol% of Cu(TFSI)z2, d) 5 mol% of Cu(TFSI)z, e) 7.5 mol% of Cu(TFSI)2.
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Figure $7.21. Normalized UV/Vis/NIR solution spectra of BCP (blue), Cu!/(BCP)2 (red),
[Cu!/(MeCN)4]BF4 (yellow), Spiro-MeOTAD:Cu(TFSI)2 8 mol% (purple) and Spiro-
MeOTAD:Cu(TFSI)2:BCP 8 mol% (green, 1:1 molar ratio Cu(TFSI)2:BCP) in DCM
(0.02 mg mL-1 of BCP, Cu!/(BCP)2 and Spiro-MeOTAD). The inset shows the region of the
oxidized Spiro-MeOTAD HOMO/HOMO-1/LUMO/LUMO-1 transition peak at 523 nm,
normalized to this peak absorption. The formation of Cu!/(BCP)2 complex (red) increases
the absorption at 478 nm for the solution with BCP (green) compared to the solution
without BCP (purple). All spectra measured under inert atmosphere and in anhydrous

solvents.
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Figure S§7.22. Normalized UV /Vis/NIR thin film spectra on quartz substrates of solution
processed Cu!/(BCP)2 (red), co-evaporated Spiro-MeOTAD:Cu(TFSI)2 7.5 mol% (yellow)
and solution processed Spiro-MeOTAD:Cu(TFSI)2:BCP 8 mol% (blue, 1:1 molar ratio
Cu(TFSI)2:BCP). The inset shows the region of the oxidized Spiro-MeOTAD HOMO/HOMO-
1/LUMO/LUMO-1 transition peak at 523 nm, normalized to this peak absorption. The
formation of Cu!/(BCP)2 complex (red) increases the absorption below 478 nm for the film
with BCP (blue) compared to the solution without BCP (yellow). All spectra measured

under inert atmosphere.

Figure S$7.23. Unpolarized light microscopic images with a magnification of 50x showing
the morphology of solution processed films of a) Cu(TFSI)2(8 mol%):Spiro-MeOTAD, b)
Cu(TFSI)2(8 mol%):BCP(8 mol%):Spiro-MeOTAD, c¢) [Cu(MeCN)4]BF4(8 mol%):Spiro-
MeOTAD. Scale bar: 20 pm.
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a) b) c)

Figure S7.24. SEM micrographs of pristine Spiro-MeOTAD a)-c),
[Cu(MeCN)4]BF4(8 mol%):SpiroMeOTAD d)-f), Cu(TFSI)2(8 mol%):Spiro-MeOTAD g)-i)
and Cu(TFSI)2(8 mol%):BCP(8 mol%):Spiro-MeOTAD j)-1) thin films (ca. 100 nm) on
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silicon substrates at two different magnifications. b), e), h) and k) were recorded using

the topographic detector mode.

Figure S7.25. Microscopic images of [Spiro-MeOTAD]*[Cul(TFSI)z2]- crystals before the

hexane washing step. Lines in the background are 2 mm by 1 mm.

280



7. INTRICACIES AND MECHANISM OF P-DOPING SPIRO-MeOTAD USING Cu(TFSI)2

Doping Efficiency Calculation

The doping efficiency npop was calculated from the amount of ionized Cu' dopant
molecules Na- obtained from Mott-Schottky measurements, and the total number of
dopants Na per unit volume. From the mole fraction of the dopant xcu(rrsn2 and molar
masses of Spiro-MeOTAD Mspiro and Cu(TFSI)2 Mcu(trsnz2, the average molar mass M of the

mixture at a given doping concentration can be determined.

Cp
Xeu(rrsnz = Too (57.12)

M = xcucresnzMcucrrsnz + (1 — Xcucrrsnz) Mspiro (57.13)

Which in turn gives the mass fraction wcu(trsiz of the dopant (Equation $7.14.).

M,

Wcu(TFSD2 = XCu(TFSI)2 —1\71

From wecu(trsn2, the average density pmix of the solid mixture is calculated. For Spiro-
MeOTAD and Cu(TFSI)2, densities of  pspiro =(1.159 £0.003) gcm3  and

pcu(trsn2 = (2.925 £ 0.019) g cm3 were determined experimentally.

1

Wcu(TFSD)2 n 1 — weucrrsn2 (S§7.15)
Pcu(TFSI)2 pSpiro

Pmix =

Using pmix,» M and the Avogadro constant Navogadro, the absolute number of molecules per
unit volume No (dopant and Spiro-MeOTAD) for a given doping concentration can be
found.

No _ NAvoga}l\%ropmix (57.16)

For a certain doping concentration Cpop and volume, the number of dopant

molecules/acceptors Na present is calculated according to Equation $7.17.
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CDop
N, = N, S7.17
A7 1000 ( )

Which can be used to determine the percentage of ionized acceptors npop from the density

of ionized acceptors Na- determined by Mott-Schottky experiments.

Ny
Nbop = 100~ (57.18)
Np

The error of p,, may be determined by propagation of uncertainty, considering the main

error Sources Pspiro, Pcu(trsnz and Na- as not correlated.
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Abstract

Electron transporting (n-type) polymers are the coveted complementary counterpart to
more thoroughly studied hole transporting (p-type) semiconducting polymers. Besides
intrinsic stability issues of the doped form of n-type polymer towards ubiquitous
oxidizing agents (H20 and 02), the choice of suitable n-dopants and underlying
mechanism of doping is an open research field. Using a low LUMO, n-type unipolar
acceptori-acceptorz copolymer poly(DPP-TPD) in conjunction with bulk n-doping using
Cs2C0s3 these issues can be addressed. A solid-state acid-base interaction between
polymer and basic carbonate increases the backbone electron density by deprotonation
of the thiophene comonomer while forming bicarbonate, as revealed by NMR and optical
spectroscopy. Comparable to N-DMBI hydride/electron transfer, Cs2CO3 proton
abstraction doping shifts the poly(DPP-TPD) work function towards the LUMO. Thereby,
the anionic doped state is resilient against Oz but is susceptible towards H20. Based on
GIWAXS, Cs2C03 is mostly incorporated into the amorphous regions of poly(DPP-TPD)
with the help of hydrophilic side chains and has minor impact on the short-range order of
the polymer. Cs2C03 proton abstraction doping and the acceptori-acceptorz copolymer
architecture creates a synergistic n-doped system with promising properties for
thermoelectric energy conversion, as evidenced by a remarkable power factor of

(5.59 + 0.39) pW m'1 K2,
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8.1 Introduction

Organic semiconductors (0OSCs) offer unique benefits over their inorganic counterparts,
most notably the solution processability, flexibility, and chemical structure tailoring
leading to tunable electronic properties. These properties allow them to be employed in
a multitude of applications previously dominated by inorganic semiconductors, such as
organic photovoltaics, organic field-effect transistors, or organic light-emitting diodes.[1-
3] Pristine organic semiconductors are of intrinsic nature, implying a low free carrier
density well within the realm of electrical insulators. Manipulation of the charge carrier
density via chemical doping is a crucial tool to transform intrinsic semiconductors into
conducting, unipolar materials. Most notably, doping results in an increase in electrical
conductivity.[*] The resulting doped materials can, for example, be applied as charge
transport layers in solar cells or as active materials in thermoelectric generators.[>¢]
Chemical doping processes are redox reactions (oxidation for p-type materials, reduction
for n-type materials), resulting in polarons on the host material. The doped system

consists of two parts, the OSC and the dopant; each of which we will focus on separately.

Donor-acceptor (abbr. D-A) polymers are a popular approach for high-performance n-
type OSCs. By combining electron-deficient acceptor and electron-rich donor moieties in
the polymer backbone, the band gap can be reduced by orbital overlap and HOMO and
LUMO positions can be tuned separately.[”8] A major breakthrough for n-type D-A OSCs
was achieved by the introduction of poly(NDI20D-T2) (N2200) by Guo et al.[°l Despite
offering a field-effect electron mobility of 0.1 to 0.85 cm?2 V-1 s-1 for N2200, the structure
of D-A polymers must be carefully optimized.[10 Functionalization of the electron rich
monomer with electron withdrawing functionalities was demonstrated to weaken the
donor character of the respective segment and thus leads to increased n-type character of
the polymer.[1112] The electron rich character of the donor monomer can further be
increased by incorporating motifs, considered electron deficient themselves in the
classical context, leading to acceptori-acceptor1 homopolymers and polymers with
heteroacceptor monomers (acceptori-acceptorz).lt3l Common acceptor units include
benzobis(thiadiazole) (BBT), isoindigo (IID) or diketopyrrolo(pyrrole) (DPP) and
naphthylamide (NDI).[24-17] Linking two different acceptor moieties (acceptori-acceptorz)

has distinct advantages over acceptori-acceptor: homopolymers, which suffer from high
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dihedral angles, loss of conjugation/planarity and as a consequence low n-type charge
transport mobility, even though theoretical studies predicted planar structures with low
dihedral angles.[18-211 For example, improved packing and coplanar backbone
conformation of acceptori-acceptorz polymers was reported using fluorinated
benzothiadiazole monomers in combination with NDI units by Wang et al.[?2] Generally, a
higher acceptor fraction of comonomers in semiconducting copolymers results in a more
unipolar electron transport and lowers the LUMO value.[23] Especially the LUMO position
plays two important roles in n-type OSCs: First, a low LUMO value ensures efficient
electron injection from high work function electrodes like gold. Second, it was reported
that electron acceptor materials and their respective doped states can be stable under
ambient conditions if the LUMO of the pristine material exceeds 4.0 eV - a sought-after

characteristic, reflected in the sparse chemical space of stable n-type OSCs.[24]

With these requirements in mind, we synthesized a hydrophilic alternating acceptori-
acceptorz n-type polymer poly(DPP-TPD) (Figure 8.1).12526] We use the synergistic
effects of a diketopyrrolopyrrole and thienopyrrolodione (TPD) acceptor to tune both
HOMO and LUMO concurrently, and also to increase the stability of the n-doped state.
Additionally, planarizing the backbone via imide C=0---H-(thiophene) non-covalent
interactions and the deep HOMO energy of TPD enhance the unipolar electron transport.
We tackle the problem of solubility by N-functionalization of the acceptor moieties with
methoxy-capped ethylene glycol groups in both acceptor moieties. Simultaneously, these
polar side chains can increase the compatibility of the polymer host material and the n-

dopant and its counter-ion, as reported by Krauss et al. and Kroon et al.[27.28]

In order to n-dope poly(DPP-TPD), the highest (singly) occupied molecular orbital of the
n-dopant must be located in the vicinity or lower in energy compared to the LUMO of the
polymer.[291 This opens up a variety of potential n-dopants, one of the most popular being
4-(2,3-Dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-N,N-dimethylbenzenamine (N-
DMBI) and derivatives thereof.[30-33] The N-DMBI n-doping mechanism, being based on
either hydride or direct electron transfer to the OSC, has been described in detail by
Bardagot et al. and Zeng et al.[3234] Another less-thoroughly investigated n-type dopant is
Cs2C03, which is reported to effectively facilitate electron injection from a wide range of
metal electrodes, when commonly applied via evaporation on top of the acceptor material,

or as thin individual interface layers on diverse metals in organic light emitting diodes
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and solar cells [35-41], Compared to N-DMBI and other organic electron donors, alkali metal
carbonates are a promising alternative, being far more abundant and cheaper. No detailed
studies of bulk doping using carbonates are reported so far. Moreover, only speculative
explanations of the doping mechanism, ranging from integer charge transfer from either
the alkali metal cation or CO3%- to the OSC or indirect doping via the thermal degradation
intermediate cesium oxide, exist.[35-41] In the context of OLED research, the viability of
further alkali carbonates as n-type dopants has been demonstrated, suggesting redox
activity of the carbonate anion.[3742-45] Lju et al. investigated the thermoelectric
performance enhancement of a fullerene derivative doped by thermally evaporated
Cs2C03, but did not comment further on the underlying mechanism.[#6] The authors like to
point out the distinct difference between carbonate-doping of small molecule
semiconductors such as 1,10-phenanthroline or bathocuproine and semiconducting
polymers. The former have strong tendencies to complex and bind metal ions, facilitating

reaction pathways not achievable in polymers.[47]
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Figure 8.1. Device preparation and chemical structure of the n-type host polymer

poly(DPP-TPD) as well as the investigated dopants N-DMBI and various carbonate salts.

In this work, we investigate the mechanism of doping the acceptori-acceptorz polymer
poly(DPP-TPD) using carbonates and evaluate the strategy towards thermoelectric
applications. First, the poly(DPP-TPD) characteristics and impact of carbonate doping
compared to N-DMBI on the electrical conductivity is studied. To investigate underlying
electronic processes, UV/Vis/NIR spectroscopy, X-ray-, ultraviolet- and inverse
photoelectron spectroscopy (abbr. XPS, UPS, IPES) as well as impedance spectroscopy,
NMR and thermoelectric measurements are applied. Furthermore, the mechanism of
doping is elucidated. Finally, GIWAXS and scanning electron microscope (abbr. SEM)
measurements are employed to determine the morphology and topology of poly(DPP-

TPD) and changes thereof during doping.
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8.2 Discussion

All the synthetic details of the monomers and polymer and their characterization are
given in the supporting information. In short, direct arylation polymerization was used to
obtain the polymer with an average molecular weight of 20.6 kg mol-! (GPC).[*8 To
understand the charge transport properties of this strong acceptori-acceptorz copolymer
poly(DPP-TPD), we fabricated field-effect transistors and measured the output- and
transfer characteristics (Figure 8.2a, full transfer scan in shown in Figure $8.1). We
recorded an average electron mobility of pe = 4.4 - 10-4 cm? V-1 s-1 with very little current
flowing in the p-type region, rendering poly(DPP-TPD) suitable as a host for n-doping

experiments.
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Figure 8.2. a) Organic field-effect transistor transfer characteristics of pristine poly(DPP-
TPD). Left y-axis: Drain current Ip vs. gate potential Vg, right y-axis: square root of the
drain current Ip%> vs. gate potential used for mobility determination (see SI). The inset
shows the output characteristics with gate voltage variation from 0 to 100 Vin 20 V steps.
b) Thin film conductivity values of poly(DPP-TPD), doped with various amounts of N-
DMBI and Cs2CO0s. c) left: Sketch showing the deprotonation and subsequent deuteration
mechanism of the poly(DPP-TPD) backbone. Right: 1H-NMR of pristine poly(DPP-TPD) in
CDCls (black curve) showing the two signals b and c of the thiophene protons of the
poly(DPP-TPD) backbone. After doping with Cs2C03 and quenching the doped poly(DPP-
TPD) in D20, the corresponding positions are deuterated and not visible in the NMR
spectrum (red curve). d) Proposed Brgnsted acid-base doping mechanism between

Cs2C03 and poly(DPP-TPD).
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In a first step, the feasibility of bulk doping of poly(DPP-TPD) using Cs2C03 was examined
via electrical conductivity measurements of the doped systems. Cesium carbonate and N-
DMBI (as a reference) were mixed with poly(DPP-TPD) in different doping
concentrations. The solutions were spin coated onto interdigitated Au electrodes from
HFIP solutions under glovebox conditions (<1 ppm H20 and O2). The thin film
conductivities ¢ were obtained from the slope of linear I/V-curves and geometric
parameters (see SI for details). [t was found, that both dopants require thermal activation
for the doping reaction to proceed (Figure 8.6a). Hence, the substrates were annealed at
150 °C for 15 min (Cs2C03) or 100 °C for 10 min (N-DMBI) under inert atmosphere.
Figure 8.2b summarizes the thin film conductivities of Cs2C03 and N-DMBI doped
poly(DPP-TPD). Both dopants induce an increase in o over multiple orders of magnitude
compared to pristine poly(DPP-TPD) (1.0 - 10-11 S cm-1). In the case of N-DMBI doping the
highest conductivity value of 0.22 S cm-1 was achieved at 10 mol% dopant concentration;
the conductivity slowly decreasing up to 30 mol% and radically above this level of doping.
We argue that the loss in o upon exceeding 10 mol% N-DMBI originates from doping
efficiency losses. As shown later, in the case of N-DMBI and Cs2C0s, the dopant is
accumulated in fully amorphous polymer regions. We observe a stark contrast between
N-DMBI reaching the highest conductivity at 10 mol% (0.22 S cm1) and carbonates
showing a saturation effect starting from 30 mol% and a maximum conductivity of
0.034 S cm-1. The discrepancy and trend in o hints toward different doping reactions for
both dopants. To verify the feasibility of bulk doping by Cs2C03, we measured the absolute
values of ionization potential and electron affinity using inverse and regular UPS
experiments on Cs2C03 and poly(DPP-TPD) thin films (Table $8.1-S8.5, Figure S8.2). An
ionization potential of (6.5 0.11) eV for Cs2C03 was determined, far exceeding the
electron affinity of poly(DPP-TPD) (3.3 = 0.60) eV. Thus, an electron transfer from Cs2C03
HOMO to poly(DPP-TPD) LUMO is energetically unfavorable. By impedance spectroscopy,
we studied the contribution of ion diffusion (by Cs* or CO32) to the observed current flow.
For this, poly(DPP-TPD) was dissolved in HFIP, doped with 30 mol% Cs2C03 and spun-
cast onto interdigitated Au electrodes. After annealing at 150 °C for 15 min, the electrical
impedance was recorded under inert atmosphere before and after polarization at 5 V for
40 min. The phase angle ¢ of the current flowing through the device remains constant at
0 ° between 10 Hz and 10 mHz independent of polarization, indicating purely ohmic

behavior without diffusion processes (Figure $S8.3).
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Figure 8.3. XPS detail spectra of a) Cs2C0s3, b) pristine poly(DPP-DTT) and c) poly(DPP-
TPD) doped with 30 mol% Cs2C03 O 1s, N 1s, C 1s and S 2p regions. The spectra were
recorded before (upper panels) and after (lower panels) annealing. Black squares are data
points, lines are the fitted spectra and shaded areas the deconvoluted contributions to the

total fitted spectrum.
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To verify if the annealing leads to the formation of side products such as Cs20 and if it
contributes to doping, we conducted XPS spectroscopy as follows. The C 1s,0 1sand Cs 3d
core level peaks of Cs2C03 powder were monitored at rt and after in-situ heating to 150 °C
for 15 min under vacuum (Figure 8.3). No change in peak area or position occurred,
hence the absence of Cs2C03 side-products during the doping experiments can be
concluded. TGA measurements on Cs2C03 powder affirm this with a decomposition onset
temperature of >500 °C (Figure $S8.4). In contrast to Cs2C03, which is stable at these
conditions, Li2CO3 shows minor degradation in XPS studies (Figure $8.5). Besides the
carbonate C 1s peak at 291 eV, a lower BE component at 285 eV increased in intensity
after annealing.[*°] We attribute the lower BE C 1s peak to either bicarbonate formation
or C-C bonds formed during decomposition.[>% Having excluded ion diffusion and dopant
decomposition, we turn our attention towards alternative reaction pathways to explain
the mechanism of n-doping poly(DPP-TPD) with carbonates. To gain deeper insight on the
mechanism of the n-doping process using carbonates, XPS analysis on thin poly(DPP-TPD)
and Cs2C0s3 films coated onto quartz substrates as well as doped films was conducted
(Figure 8.3). The C 1s peaks of pristine poly(DPP-TPD) appear at 283.5, 285 and 286 €V,
originating from sp2 C=C, sp3 C-C and C-O-C ethylene glycol side chain binding energies
(convoluted with C=0), respectively.51521 O 1s of poly(DPP-TPD) has distinct binding
energies at 529.5 eV (aromatic C=0), 531.3 eV (C-O-C side chain) and 532.8 eV (Si-O-Si
substrate).[>354] Sulfur of the poly(DPP-TPD) thiophene donor moiety was detected at
162.9 eV (2p3/2) and 164.2 eV (2p1/2), consistent with measurements on DPP-DTT by Wei
et al.l55]1 N 1s could not be resolved in pristine poly(DPP-TPD) XPS experiments. The
pristine poly(DPP-TPD) film sample was annealed at 150 °C for 15 min under vacuum and
the photoelectron spectrum as recorded again. We observed no change in peak position
or intensity, therefore we conclude the polymer to be stable under annealing conditions

used for Cs2C03 doping.

Next, a doped system consisting of 30 mol% Cs2C03 in as-cast and annealed state was
analyzed using XPS (Figure 8.3). We selected a higher pass energy of 55 eV and a large
number of integration cycles of 12 to resolve components with a low atomic concentration
such as N 1s. The samples were heated at 150 °C for 15 min under inert atmosphere to
promote the doping reaction and subsequently, the XPS spectra were recorded after
cooling back to rt. No significant change in O 1s and N 1s peak positions and intensities

were recorded before and after annealing. In doped samples, an additional C 1s peak at
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291.3 eV emerges, associated with the m-m* shake-up peak or aromatic systems.[56:57]
Further, two high BE peaks at 166.8 and 168.8 eV appear in the S 2p region, which are
absent in the pure poly(DPP-TPD) spectrum. To identify the origin of these peak, we also
replaced Cs2C03 with the alkali-metal free bis(tetraethylammonium)carbonate
(NEt4)2CO03 as dopant and repeated the XPS experiment on doped poly(DPP-TPD). In this
case, no high BE peaks were recorded between 165 eV and 170 eV before and after
annealing at 150 °C for 15 min (Figure $8.6). This led us to believe, that the peaks at
166.8 eV and 168.8 eV are originating from Cs 4p transitions at the sample surface and
are not associated with highly oxidized sulfur species. Similarly, the Cs 3d peaks located
at 736.8 eV (Cs 3ds/2) and Cs 3ds/2 at 722.7 eV did not change position, intensity or FWHM
during annealing (Figure 8.3). Chen et al. and Wu et al. reported a shift of the Cs 3d
binding energy towards higher energies in experiments involving evaporated Cs2C0O3 as
interlayers between electron transport layer and metals and related it to electron transfer
from Cs to semiconductor.3>58] Nevertheless, no such shift was found in our experiment.
This finding confirms the neutral role of the Cs* spectator cation in bulk doping of
poly(DPP-TPD). We also infer from XPS results, that the polymer backbone is not subject

to chemical degradation during doping.

As the only remaining species, the interaction between CO3% and poly(DPP-TPD) was
investigated in detail with ATR-FTIR spectroscopy under anhydrous conditions
(Figure $S8.7). A 30 mol% Cs2C03 doped poly(DPP-TPD) powder was prepared by
removing the solvent under vacuum after stirring the doped HFIP solution for 5 min at rt.
ATR-FTIR spectra were measured before and after annealing under inert atmosphere at
150 °C for 15 min. The resulting spectra are compared to the pristine poly(DPP-TPD)
polymer. Upon thermal treatment, a distinct sharp transition appears at 2918 cm,
assigned to O-H stretching vibrations. As water was excluded during measurement, we
argue this peak to originate from HCO3- formed during doping. This was confirmed by
ATR-FTIR of CsHCOs powder (Figure $8.7).1591 As the experiment was conducted in the
solid state, we conclude that the poly(DPP-TPD) has to be deprotonated during the
annealing process to form HCOs3- species. Further, a shift in the C-O-C ether stretching
modes from 1093 cm! (in pristine poly(DPP-TPD)) to 1086 cm'! after doping and
annealing was observed, which can be attributed to coordination of Cs* cations by the
ethylene glycol side chains.[60.61] As the ethylene glycol side chain protons are not in

conjugation with the main chain, deprotonation leading to enhanced conductivity has to
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occur at the polymer backbone. The sole protons of poly(DPP-TPD) are located at the 3,4
thiophene positions. Deprotonation leads to a strong increase in unsaturated C-H

vibration at 1016 cm-1.[6263] a5 observed in FTIR (Figure $8.7)

Based on our findings, we propose a Brgnsted acid-base interaction between Cs2C03 and
poly(DPP-TPD) during doping, deprotonating the thiophene moiety and forming CsHCO3
as a product. To verify the proton abstraction mechanism, 1H-NMR spectroscopy was
conducted. The thiophene protons of the pristine poly(DPP-TPD) polymer are detected
downfield at 6.51 and 7.58 ppm. The authors note, that even prolonged stirring in CDCl3
at rt causes no change in the thiophene proton peak integral, hence the pristine polymer
does not exchange protons with the solvent without dopant. If our hypothesis holds true,
quenching the Cs2C03 doped poly(DPP-TPD) in D20 should cause the thiophene anion to
be deuterated, rendering them invisible to the proton NMR. To prove this experimentally,
we prepared a poly(DPP-TPD) HFIP solution, to which a 1:1 molar ratio of Cs2CO3 in
aqueous solution was added. After removing the solvent under vacuum at 50 °C, the solid
mixture was transferred to a glovebox, annealed at 150 °C for 15 min in the solid state and
immediately quenched with D20. Afterwards, a tH-NMR spectrum was recorded again in
CDCls (Figure 8.2c). Both proton signals are missing in the quenched spectrum, hence we
conclude the proposed deprotonation (or proton abstraction) mechanism to be correct
(Figure 8.2d). The peak at ca. 7.1 ppm can be assigned to thiophene protons of
homocoupling defects, i.e., two thiophene monomers are directly coupled during the
direct arylation polymerization reaction. As these protons are also labile, they too are
absent in the 1H-NMR spectrum after deprotonation and deuteration. Further, we note,
that the side chain protons are not affected by the doping procedure (see

Figure S8.8, $8.9 for full tH-NMR spectra).

Based on the proposed proton abstraction mechanism, we argue that less basic
carbonates should induce a lower density of negative charges on poly(DPP-TPD) or do so
with a higher activation energy. We investigated the impact of carbonate basicity by
monitoring the thin film conductivity of poly(DPP-TPD) doped with different carbonates
such as Li2CO3, Na2€0s3, K2C03 and Rb2COs. Poly(DPP-TPD) was dissolved in HFIP with
varying amounts of aqueous dopant stock solution added and spin coated onto
interdigitated Au electrodes. Within the series of alkali metal carbonates, the maximum

achieved conductivity correlates with the increasing cation ionic radius and in turn the
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carbonate basicity (Figure 8.4a).[54] Particularly the soft Lewis acids Cs* and Rb* ion help
to improve the doping efficiency by increasing the alkali metal carbonate basicity.[¢5]
Though HFIP exerts a considerable Brgnsted acidity, we found no correlation to the
doping reaction, as it also proceeds in strictly anhydrous aprotic solvents and occurs only
in solid state during annealing. Specifically, poly(DPP-TPD), doped with 30 mol% Cs2COs3
exhibits a conductivity of (1.9 £ 0.31) - 104 S cm1, when cast from a mixture of hot DMSO
and NMP (Figure S8.10). However, the host polymer is only sparsely soluble in the used
solvent mixture, resulting in heterogeneous films and thus decreased conductivity.
Further, in contrast to earlier literature affiliating Cs* with the n-doping reaction, we could
replace the alkali metal ions with an all organic bis(tetraethylammonium) cation in the
doping experiment, forming (NEt4)2C03.135] After annealing poly(DPP-TPD) thin films
mixed with (NEt4)2C03, the dopant reacts similar to the inorganic carbonates tested,
showcasing the neutral role of the cations in this study (Figure 8.4a). We argue that the
carbonate lattice energy plays a decisive role in deprotonating the thiophene donor
moiety, ultimately leading to an enhanced electrical conductivity. Summarizing, electrical
conductivity, XPS, NMR and ATR-FTIR measurements fortified the role of the carbonate
anion as the active species during a proton abstraction doping mechanism. Via counter
ion choice, the carbonate basicity and hence dopant activity can even be tailored.
Moreover, this is not specific for Cs2C0s3, but common to any carbonate, even an organic

carbonate such as bis(tetraethylammonium) carbonate.

8.2.1 Frontier orbital measurement

Charge carrier density changes on the host due to doping are usually directly reflected in
a change of the work function, i.e., the Fermi position Er. It is generally accepted, that n-
doping leads to an Er upward shift towards the LUMO position, increasing the hole
injection barrier (abbr. HIB, the distance between Er and HOMO) and concurrently
decreasing the electron injection barrier (distance between Er and LUMO).3066] To
quantify the Er shift, we measure UPS and IPES on 30 mol% N-DMBI and Cs2C03 doped
poly(DPP-TPD) thin films, which were prepared on top of ITO/PEDOT:PSS substrates. The
doped films were measured before and after annealing under inert atmosphere. As our

carbonate case study involves a deprotonation step which is fundamentally different from
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simple electron transfer, we refrain from frontier orbital models based on integer charge
transfer or charge transfer complex formation.[67.68] First, we address the 30 mol% N-
DMBI doped poly(DPP-TPD) reference system. Relative to pristine poly(DPP-TPD), the
HIB increases from (1.0+0.10)eV to (1.3+0.10)eV in the doped system
(Table S8.1, Figure 8.4b). Concurrently, the electron injection barrier is decreased from
(1.1 £ 0.60) eV to (0.20 % 0.60) eV. Therefore, poly(DPP-TPD) is n-doped by N-DMBI; the
doping mechanism being either hydride or electron transfer from N-DMBI as reported
earlier by Bardagot et al. and Zeng et al.[3234] Next, the dopant was changed to Cs2CO03
(30 mol%) and the UPS spectrum recorded again. Similar to N-DMBI, the HIB changes
from (1.0 £ 0.10) eV in pristine poly(DPP-TPD) to (1.3 + 0.10) eV after annealing with
Cs2C03, while the electron injection barrier decreases from (1.1+0.60)eV to
(0.30 £ 0.60) eV (Table S8.2, Figure 8.4b). We conclude, that the proton abstraction by
CO3% leads to a shift of the Fermi level towards the LUMO of poly(DPP-TPD), thus n-
doping the polymer.

We also note, that the LUMO of both N-DMBI and Cs2C03 doped poly(DPP-TPD) shifts to
lower values, whereas the HOMO position remains constant. However, the electron
affinity is not expected to change during chemical doping, which is also confirmed by
UV/Vis/NIR measurements on poly(DPP-TPD) thin films doped with 30 mol% Cs2COs3
(Figure $8.11). No significant changes occurred after annealing, demonstrating a stable
band gap. This suggests that the onset of the unoccupied states observed for the Cs2C03
doped samples is not the LUMO, but rather originates from gap states that form in this
film. The origin of these states positioned at ca. 0.30 - 0.50 eV below the pristine
poly(DPP-TPD) LUMO at (3.3 + 0.6) eV however, remains obscure.
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Figure 8.4. a) Heat map of dopant- and doping content dependent conductivity of
poly(DPP-TPD) with various alkali metal carbonates, as well as (NEt4)2C03 and N-DMBI.
Conductivity was extracted in all cases from the linear slope of the 1/V characteristics of
the solution processed materials between interdigitated gold electrodes on Si/SiO2
substrates. b) Frontier orbitals of poly(DPP-TPD) (black lines) doped with N-DMBI
(pristine: red lines, annealed at 100 °C for 10 min under inert conditions: dark brown
lines) and Cs2C03 (pristine: cyan lines, annealed at 150°C for 15 min under inert
conditions: dark blue lines). Secondary electron cutoff (left) and valence band maximum

(middle) were measured by UPS, conduction band minimum (right) by IPES.

Having quantified the position of the frontier orbitals in doped and pristine poly(DPP-
TPD), we can correlate the stability of the doped state to the proposed proton abstraction
mechanism. The LUMO position plays a decisive role in stability considerations of
conventional n-doped organic semiconductors (by means of either hydride or electron
transfer): If the LUMO of the pristine polymer is situated below 3.7 eV, the n-doped state
is stable with respect to the reduction of H20, whereas if it is even lower (< 4.0 eV), it is
resilient against both H20 and Oz reduction (achieving “ambient stability”).[24#6°] Based on
these findings, we expect Cs2C03 doped poly(DPP-TPD) to be unstable against oxidation
by H20 and 02 with ELumo = (3.6 £ 0.6) eV (Table $8.2). To study the ambient stability of
Cs2C03 doped polymer, we drop-casted poly(DPP-TPD) doped with 30 mol% Cs2CO3 onto
interdigitated electrodes under inert atmosphere. The doped substrates were transferred
into a Schlenk flask and the electrodes connected to a potentiostat to record the current
over time at fixed potential of 1 V, monitoring the change in conductivity. At one point, the
samples are exposed to either ambient atmosphere (38 % relative humidity, 26 °C), 95 %

relative humidity atmosphere (28 °C) or pure dry oxygen (Figure $8.12). It is to be noted
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that in both ambient atmosphere as well as high humidity atmosphere, dissolved oxygen
in moist air is present compared to just dry oxygen which has no moisture in it. It can be
seen that the doped state is far more resilient towards dry Oz than H20+02 in the
atmosphere. We conclude, that the stability of poly(DPP-TPD) doped by proton

abstraction is mostly governed by the presence of H:O.

8.2.2 Impact of doping on the polymer microstructure

Complimentary to previous mechanistic considerations, the impact of doping on the
polymer topology and morphology was investigated. To evaluate possible de-mixing of
the doped materials at high doping contents, SEM images of the pristine polymer were
compared to poly(DPP-TPD) doped with 30 mol% N-DMBI or Cs2C0O3 (Figure 8.5, for
comparison with non-annealed samples see Figure $8.13,58.14). Upon high
magnification, a structure or patterns are recognizable for all samples. It was concluded
to be caused by the fast-evaporating solvent used for film fabrication rather than dopant
segregation, as the inhomogeneous features are as pronounced in the undoped polymer
as in the doped systems. To study the dopant aggregation of poly(DPP-TDP) in detail,
atomic force microscopy (AFM) was conducted in tapping mode on doped and pristine
thin films (Figure 8.5, Figure $8.15). A similar structure as in SEM-experiments caused
by the fast evaporation of HFIP during film preparation is observed in all films. No change
in topography was detected for pristine poly(DPP-TPD) before and after annealing at
150 °C for 15 min. After doping with 30 mol% N-DMBI, no aggregates were found on the
surface of the film before and after annealing. This is in agreement with AFM experiments
by Ye et al. who reported excellent solubility of N-DMBI in n-type semiconducting
polymers with glycol ether side chains.[7] For Cs2C03 doped poly(DPP-TPD), phase-
separated particles are detected, which increase in size and surface density after
annealing. Based on our proposed doping mechanism (Figure 8.2d), we argue that the
observed particles are composed of CsHCO3 after annealing. In this context, we like to
mention that the alkylated Poly(DPP-TPD) counterpart with branched CsH17-CsH13 side
chains is very poorly miscible with Cs2C03 and neither uniform films nor reproducible

data could be obtained from those doped films.
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Figure 8.5. SEM micrographs (50k magnification, left) and AFM tapping mode images
(middle: topography, right: phase) of a) pristine poly(DPP-TPD) b) poly(DPP-TPD) doped
with 30 mol% N-DMBI and c) poly(DPP-TPD) doped with 30 mol% Cs2COs. All films were
annealed (N-DMBI doped samples: 100 °C, 10 min, Cs2CO3 doped and pristine samples:
150 °C, 15 min) prior to measurement. d) 2D-GIWAXS patterns of pristine poly(DPP-TPD)
(left), poly(DPP-TPD) doped with N-DMBI (middle) and poly(DPP-TPD) doped with
Cs2C0s3 (right). The upper panels show the as-cast samples, the lower panels after

annealing under inert atmosphere (N-DMBI: 100 °C, 10 min, Cs2C03: 150 °C, 15 min).
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Deeper insight into the thin film morphology was attempted using grazing-incidence
wide-angle X-ray scattering (GIWAXS) experiments, performed on the pristine as well as
doped polymer on Si/SiOx substrates. Intensive 100 signals at Qu=0.31A",
corresponding to the polymer-polymer lamellar distance and 010 reflexes at Q, = 1.75 A-
1, caused by the polymer m-mt stacking are revealed (Figure 8.5d). The absence of higher
order peaks, however, indicates a low overall ordering in all investigated materials. Upon
thermal annealing of the as-cast materials, the peak full width at half maximum (FWHM)
determined from line-cuts does not change, suggesting no significant change of domain
size (Figure S8.16). The low structural impact of annealing can be explained by the high
melting point of the host polymer, which could not be detected using DSC experiments up
to 200 °C (Figure $8.17). Using Flash-DSC, we could extend the temperature range past
the decomposition temperature of poly(DPP-TPD) by recording the heat flow at large
heating and cooling rates up to 2000 K min! (Figure $8.18). The absence of phase

transitions in both experiments shows the overall amorphous behavior of the sample.[71]

Thus, annealing for 15 min at 7= 150 °C does not enable sufficient polymer segment
mobility to enable the formation of highly ordered structures. Despite the poor ordering,
a preferential face-on orientation of the polymers with respect to the substrate can be
seen in most cases. Interestingly, the N-DMBI doped samples did form this oriented
structure only during thermal treatment, whilst samples without any dopant and with
added Cs2C03 demonstrated a preferential orientation already before thermal treatment.
Line cuts of the undoped polymer reveal that the m-1t stacking signal is the sum of two
overlapping signals. By comparison of the vertical (ver) and horizontal (hor) cut, a
significant shift of the peak ratios can be seen, suggesting that the sharp signal at
q=1.75A1 corresponds predominantly to a short range ordered, oriented material
fraction, while the second signal at q = 1.46 A1 is caused by isotropically distributed short
range ordered material, where a slightly larger m-m stacking distance is realized.
Molecular rearrangements during the doping process of poly(DPP-TPD) with N-DMBI can
be monitored by comparison of the scattering patterns of undoped and doped materials.
Compared to neat poly(DPP-TPD), the N-DMBI doped films show slightly broader 100
signals, suggesting a reduced short-range order caused by dopant incorporation.
However, the absence of a shift in the peak position shows that dopant molecules do not
affect lamellar expansion of the host material and thus likely do not accumulate there.

Instead, location in the fully amorphous domains can be assumed. 010 signals of annealed
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poly(DPP-TPD) and annealed N-DMBI doped material are identical, indicating no
structural change in the -t stacking. The deviation of the material prior to annealing (see
line cuts in Figure $8.16) can be explained by the reorientation of isotropic domains to

face-on ordered domains.

In a similar matter, the structural changes correlated to Cs2CO3 doping can be
investigated. Compared to pristine poly(DPP-TPD), only insignificant changes in FWHM
and g-value of the 100 signals are apparent in the vertical line cut (Figure $8.16), hinting
no substantial change of coherence length and lamellar distance. Likewise, upon
annealing, only small shifts of the scattering signal peaks are observable, if at all. The most
pronounced changes of approximately -0.02 A1 are found in the 100 signals of the
polymer doped with Cs2C0s. These signal shift, however, lie in the margin of error for the
measurement, e.g. caused by deviations in sample position between measurements.
Therefore, we consider this change as insignificant and conclude that the majority of
dopant must be located in the amorphous domains. 2D scattering images as well as line
cuts reveal the presence of ordered impurities in the Cs2C03 doped samples at q values of
Q=1.41A1and Q=1.95 A1 in the pristine and Q = 2.07 A in the annealed state. These
impurities are initially mostly short-range ordered with defined peaks suggesting a small
amount of long-range order (Figure $8.16). Interestingly, the original peaks obtained
from the ordered domains change position during annealing. This agrees well with the
proposed doping reaction, where Cs2C0s3 is consumed during annealing to form CsHCOs3,
leading to different scattering patterns of the inhomogeneities. We argue, that the CsHCO3
forms individual crystallites with random orientation after annealing, resulting in well-

defined Bragg peaks.

8.2.3 Thermoelectric performance

The competitive electrical conductivity of proton abstraction doping compared to N-DMBI
doping enables possible use of such doped polymers in thermoelectric energy conversion.
First the temperature dependence of doping using various alkali metal carbonates at
different annealing temperatures of 25, 100, 150 and 200 °C was studied by measuring

the electronic conductivity of the resulting doped polymers using 30 mol% dopants
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(Figure 8.6a). It is obvious that the conductivity for lower annealing temperatures scales
with the basicity and ion radius of the alkali metal carbonate as explained in Figure 8.4a.
However, at 150 °C and above, all the three carbonates, K2C03, Rb2C03 and Cs2C03 show
saturation conductivities. To quantify the thermoelectric properties of the pristine and
Cs2C03-doped poly(DPP-TPD), the polymer was dissolved in HFIP with varying amounts
of dopant and drop-casted onto Al203 substrates. The sample was mounted on to a thin
film adapter of the ZEM-3 thermoelectric system and annealed in-situ under 0.8 bar
helium atmosphere at 150 °C for 15 min prior to measurement. Throughout the range of
10 - 60 mol% Cs2C03, the Seebeck coefficient S exerts a negative sign, a fingerprint for

electron majority carriers (Figure 8.6b).
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Figure 8.6. a) Temperature dependent conductivity of poly(DPP-TPD) doped with
30 mol% of Li2COs3, Na2C€03, K2C03, Rb2CO3 and Cs2CO3 after annealing at different
temperature for 15 min each consecutively. The data points for Cs2C0O3 annealed at 100 °C,
150 °Cand 200 °C are closely grouped. b) Thermoelectric properties of poly(DPP-TPD) as
a function of the Cs2C03 doping ratio. Black triangles: Thin film conductivity, blue circles:

Seebeck coefficient, red squares: power factor.

We conclude, that the intragap states observed in UPS experiments are most likely
localized and charge transport is dominated by the LUMO states lower in energy. Since
conductivity is the highest at 30 mol% doping, the power factor PF = 0S? of 30 mol%
Cs2C03 doped poly(DPP-TPD) shows a maximum with PF= (5.6 +0.39) - 10-¢ W m-1 K-2
(for full data see Table $8.6). Between 20 mol% and 50 mol%, S decreases by a factor of
ca. 0.5 from (931 £ 65.1) uV K1 to (560 + 39.2) uV K-1. We attribute this loss in Seebeck
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coefficient to the decreased distance between Fermi level and mean energy of charge
carriers (here approximated with the conduction band minimum, e.g. LUMO, see
Figure 8.4b) upon doping, a phenomenon well documented in literature.l”2731 The PF
maximum is mostly governed by the conductivity maximum at 30 mol%, which is not only
observed for Cs2C0s3, but also for Na2CO3 and Li2COs (Figure 8.4a, Rb2C03 and (NEt4)2COs3
level off significantly). Combined with the observed crystallite formation in GIWAXS and
AFM experiments, we argue that the crystallization of both carbonate and bicarbonate
causes less dopants to be available for the deprotonation reaction as opposed to a

homogeneously mixed polymer:dopant system at lower doping ratios.

This thermoelectric performance is competitive towards recently published n-type
acceptor-acceptor polymers. Wang et al. reported a naphthalenediimide-bithiazole based
acceptor-acceptor copolymer poly(NDI2ZOD-Tz2), which achieved a PF of 1.5 - 10-¢ W m-
1 K-2 upon vapor-doping with tetrakis(dimethylamino)ethylene.[74] Liu et al. characterized
the thermoelectric performance of the similar all-acceptor copolymer PNDI2ZTEG-2Tz
with hydrophilic ethylene glycol side chains and achieved a PF of (4.5 +0.2) - 106 W m-
1K-2, doped with 21 mol% N-DMBIL.[75! Using a pyridine-flanked DPP-core, Yang et al.
synthesized the polymer PDPF with a PF of (4.65 + 0.23) - 10-¢ W m1 K-2 with 5 mol% N-
DMBIL.[7¢] By introducing the even more electron-deficient acceptor pyrazine as a DPP
flanking unit in conjunction with 3,3’-dicyano-2,2’-bithiophene comonomers, Yan et al.
demonstrated a PF of 57.3 - 10-¢ W m-! K-2 with 40 mol% N-DMBL.[?7] To the best of our
knowledge, this is the first report of double donor-acceptor polymers doped with
common carbonates for thermoelectric applications and opens up new possibilities
towards alternative doping pathways to obtain very high conductivity as well as

appreciably good power factor.[78!

8.3 Conclusion

A successful synergy between a polymer semiconductor and n-dopant to form a stable
and highly conductive system could lead to advances in thermoelectric research by
providing the complementary counterpart to p-doped systems. By combining the concept

of a hydrophilic acceptori-acceptorz copolymer poly(DPP-TPD) with proton abstraction
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doping, we provide a profound background to carbonate base doping and feasibility for
thermoelectric applications. CO3% is identified as the active dopant, deprotonating labile
poly(DPP-TPD) thiophene protons during annealing and shifting the Fermi level towards
the polymer LUMO. The conductivity hereby scales with the basicity and ion radius of the
alkali metal carbonate, achieving similar performance to N-DMBI. During proton
abstraction doping, no change in the short range ordered polymer microstructure was
observed, probably with Cs2C03 and N-DMBI residing in the fully amorphous domains of
the polymer. We successfully applied the carbonate doped poly(DPP-TPD) as an n-type
thermoelectric material, achieving a competitive power factor of (5.6  0.39) - 10-¢ W m-
1 K-2. These findings could pave the way for a more efficient, universal n-doping protocol
of n-type semiconducting polymers, promoting both the fields of facile and efficient
doping as well as the realization of organic thermoelectric generators, which is at present

lacking suitable n-doped counterparts.
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8.4 Experimental section/methods

8.4.1 General methods

Thermoelectric measurement

For thermoelectric measurements, a ZEM-3 Seebeck coefficient and resistance
measurement system equipped with a high-resistance option was used. The machine was
supplied by ULVAC, Japan. Aluminium oxide substrates (0.5:4-10 mm, unpolished
surface) were cleaned by 15 min ultrasonication in 4 consecutive baths of 5vol%
Hellmanex DI water, DI water, acetone and isopropanol. The substrates were blown dry
with N2 and treated with O3 at 50 °C for 15 min. Poly(DPP-TDP) was dissolved in HFIP
(10 mg mL1). Cs2€C03 was dissolved in Millipore water (resistance >20 MQ cm,
10 mg mL-1). The appropriate amount of the Cs2C0Os3 stock solution was added to the
poly(DPP-TPD) solution for a given molar ratio of dopant. The solution was drop-casted
onto the aluminium oxide substrate under ambient atmosphere (50 °C, covered by petri
dish to avoid coffee ring effect, 3 - 30 uL. doped solution). Afterwards, the substrate was
mounted onto the ceramic thin film holder and contacted with nickel stripes and silver
paste. The silver paste was allowed to dry for a short period of time. Afterwards, the
sample was transferred into the measurement chamber, which was then purged by three
consecutive pump-flush cycles with helium 5.0. The sample was heated to 150 °C for
15 min under 800 mbar helium atmosphere for better heat transfer. Then, the sample was
allowed to cool to rt and the measurement was started. To determine the Seebeck, two
sets of base temperatures were used (30 °C and 50 °C), each with 3 AT values of 20 °C,

30°Cand 40 °C.

Photoelectron Spectroscopy

The photoelectron spectroscopy measurements were performed in a custom designed
multichamber UHV system at a base pressure of p ~ 10-2 mbar, using a Phoibos 100
hemispherical analyzer (Specs). The UPS was done by using a monochromatic He source
(VUV 5000, VG Scienta, hv = 21.22 eV) at an electron pass energy of 2 eV. A sample bias of
-8V was applied during measurements to observe the high energy cutoff. The
experimental resolution at this low pass energy setting is only determined by thermal

broadening and is in the range of 100 meV (AE = 4 kgT).
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Measurements of the unoccupied DOS were performed by inverse photoelectron
spectroscopy. Here, alow energy electron gun (ELG-2, Kimball) was used at 2 pA emission
current together with a bandpass photon detector (SrFz/NaCl bandpass, IPES 2000,
Omnivac). The energy resolution, as determined from the width of an Ag Fermi edge, is
approximately 600 meV. For all the measurements, the samples were transferred into the
ultrahigh vacuum system under nitrogen atmosphere and were therefore not exposed to

air.

X-ray photoelectron spectroscopy

XPS measurements were carried out with a PHI 5000 VersaProbe III system fitted with an
Al Ka excitation source (hv = 1486.6 eV) and a dual neutralizer (electron gun and Ar*) at
10-10 mbar. An X-ray source diameter of 100 mm was used to locally excite the samples;
the corresponding photoemission with 45° take-off angle was collected at a multichannel
analyzer. The survey and detailed spectra were measured with pass energies of 224 eV
and 26/55 eV, respectively. The standard deviation on the reported energy values is
+ 0.1 eV. The spectra were analyzed with a Multipak software pack provided by the
manufacturers. All emission signals were referenced to adventitious C 1s peak at 284.8 eV
or the Au 4f7/2 peak at 84.0 eV. The samples were transported to the instrument using a
N2-filled transport vessel to avoid air/02 contamination. For quantitative analysis, the

background of all spectra was corrected using the Shirley function.

Organic field-effect transistor measurements

Bottom gate /bottom contact organic field effect transistors (OFET Gen4) were purchased
from Fraunhofer IPMS. n-doped silicon (doping at the surface n ~ 3 - 1017 cm-3) was used
as the surface and gate electrode. The dielectric consists of a 230 + 10 nm layer of silicon
oxide. Each substrate consisted of 16 devices with a constant channel width W of 10 mm
and varying channel lengths L of 2.5 - 20 um. The source and drain electrodes were a
30 nm thick gold layer on a 10 nm ITO adhesion layer. The devices were prepared by
cleaning in acetone and subsequently in isopropanol in an ultrasonic bath for 15 min,
followed by 15 min treatment in an ozone oven at 50 °C. The SiO2 surface was passivated
by 2 h treatment in hexamethylenedisilazane vapor at 100 °C. The devices were rinsed

with isopropanol and dried with nitrogen. Thin polymer films were spun cast from

309



8. HIGHLY EFFICIENT N-DOPING VIA PROTON ABSTRACTION OF AN ACCEPTOR:-
ACCEPTOR2 ALTERNATING COPOLYMER TOWARD THERMOELECTRIC APPLICATIONS

5 mg mL-1 HFIP solutions at a spinning speed of 3000 rpm under ambient conditions. All
devices were stored and measured under nitrogen atmosphere. The I-V-characteristics
were measured using an Agilent B1500 semiconductor parameter analyzer. Using
Equation S8.1 the charge carrier mobility 4 was calculated from the slope of the (Ip)%>-
VG plots, where Vit is the threshold voltage and Cithe SiO2 insulator capacitance.

W
Iy = ﬁCiM(VG - )? (58.1)

Grazing-incidence small-angle X-ray scattering (GIWAXS)

GIWAXS on neat films coated of silicon substrates was performed in vacuum at rt on a
laboratory system at the University of Bayreuth (Xeuss 3.0, Xenocs SAS, Grenoble, France)
with a Cu Ka source (A=1.54 A), a Dectris EIGER 2R 1 m detector, and a sample-to-
detector distance of 52.5mm. Scattering experiments were carried out on
0.5 cm by 0.5 cm Si/SiOx substrates due to decreased scattering background compared to
glass. Q-profiles are cake cuts covering an azimuthal angle of 70° - 110° for the cuts in the
vertical direction and 0°-20° as well as 160° - 180° for the cuts in the horizontal

direction.

Matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy (MALDI-ToF
MS)

MALDI-ToF measurements were performed using a Bruker AutoFlex Max mass
spectrometer equipped with a Smartbeam II laser. The analyte was embedded in the
matrix material trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) or dithranol in the matrix : analyte mass ratio 10 : 1.

Atomic force microscopy (AFM)

The polymer films were characterized by Tapping Mode AFM in air / under ambient
conditions using a Dimension Icon (Bruker Nano Inc.) equipped with a NanoScope V
controller. AFM cantilevers (OMCL-AC160-TS-R3) with a nominal spring constant of

26 N m1 and a typical resonant frequency of 300 kHz, where purchased from Olympus.
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Tapping Mode AFM images were acquired at scan sizes of 2 um - 2 um using a scan rate of
1 Hz and a pixel density of 512 - 512 pixels. The AFM height sensor and phase images

were processed with NanoScope Analysis 1.80 (Bruker Nano Inc.).

8.4.2 Chemicals

Solvents were purchased from abcr, Germany and used as-received. Deuterated DSMO
(99.8 %) and D20 (99.95 %) was supplied by Deutero, Germany. Lithium carbonate
(299 %), potassium carbonate (=99 %), rubidium carbonate (99.8 %) and cesium
carbonate (= 99 %) were purchased from Sigma-Aldrich, USA, sodium carbonate (99.5 %)
was purchased from Griissing, Germany. The carbonates were dried at 200 °C under high
vacuum and stored under inert atmosphere until further use. CsHCO3 (99.99 %) was
purchased from Alfa Aesar, USA. N-DMBI (98 %) was sourced from Sigma-Aldrich.
Tetraethylammonium carbonate was synthesized by bubbling COz through a 25 wt%
tetraethylammonium hydroxide solution in methanol at rt for 12 h. The solvent was
removed under vacuum, the educt was dried under vacuum at 75 °C for 3 d and stored
under N2 until further use. tH-NMR (300 MHz, DMSO-ds, §, referenced to residual solvent
peakat 2.54 ppm): 3.21 (m, 8H, -CHz-), 1.15 (m, 11H, -CH3); 13C-NMR (300 MHz, DMSO-ds,
6, referenced to residual solvent peak at 39.53 ppm): 51.4 (-CHz2-), 7.13 (-CH3);
(Figure $8.19, $8.20). Monomer and polymer synthesis are given in the supporting
information. The various steps of sidechain synthesis, polymerization etc. were adapted
from reports of Thelakkat et al., Reynolds et al., and LeClerc et al. and the procedure was
optimized for microwave synthesis, followed by Soxhlet extraction for oligomer, catalyst,
and additive removal.l[’?-81] The polymer was then again precipitated in water and
methanol to ensure quantitative removal of Cs2C03 residues, as proven via XPS
(Figure $8.21). The molecular mass of the resulting polymer was determined to be

20.6 kg mol-1 with a dispersity of 1.8 via GPC (HFIP, PMMA standards, Figure $S8.22).
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8.7 Supporting information

Monomer and polymer synthesis

Poly(DPP[T]2{TEG}-TPD{TEG})/poly(DPP-TPD):

The monomers TPD{TEG} (0.04 g, 0.15 mmol, 1eq.) and DPP[T]2{TEG}-Brz (0.113 g,
0.15mmol, 1eq.), ligands pivalic acid (4.6 mg, 0.045mmol, 0.3eq.) and tris(2-
methoxyphenyl)phosphine (4.2 mg, 0.012 mmol, 0.08 eq.), the base Cs2C03 (0.114 g,
0.35 mmol, 2.32 eq.) and catalyst Pd-Hermann (2.8 mg, 3.0 umol, 0.02 eq.) were weighed
in this order in a microwave vial under ambient conditions. A stir bar was added and the
vial was sealed with a septum. By puncturing the septum with a syringe and placed in a
Schlenk flask. After application of high vacuum on the solids for 15 minutes, the vessels
were backfilled with argon, followed by removal of the syringe with the microwave vial
still in the Schlenk flask. 0.6 mL (0.25 M, relative to monomer TPD{TEG}) anhydrous o-
xylene is added to the vial and purged for 20 minutes under rapid stirring. Polymerization
is conducted for 2h at 160°C under microwave irradiation. Afterwards, the
polymerization mixture is diluted with chloroform, precipitated in methanol and filtered
through a cellulose Soxhlet thimble. Oligomer, catalyst and additive residues are removed
by extraction with methanol, followed by 2-butanone. The remaining polymer is
redissolved in hexafluoroisopropanol and precipitated in water, to ensure quantitative
carbonate removal. 0.082 g (62 %) polymer is obtained as a black powder.

1H-NMR (300 MHz, CDCls, §): 7.56 (s, 2 H), 6.5 (s, 2 H), 2.70 - 4.60 (broad, 56 H). GPC
(HFIP, PMMA standards): Mn = 20.6 kg mol1, b = 1.8.

2,5-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-3,6-di(5-bromothiophen-2-
yl)pyrrolo[3,4-c]pyrrole1,4(2H,5H)-dione/DPP[T]2{TEG}-Br2

A dried Schlenk flask was charged with DPP[T]2{TEG} and kept under HV for 15 min. After
backfilling with argon, anhydrous CHCls was added. The solution was cooled to 0 °C under
stirring, the flask wrapped in aluminium foil and N-bromosuccinimide was added under
Ar counter flow. The ice bath was removed and the reaction allowed to progress at rt for
4 d. After workup with aq. NaHCO3 (sat.), the solution was concentrated and poured into
a large excess of methanol. The solution was stored overnight at -25 °C to encourage

crystallization. The crystalline product was filtered, and washed with cold methanol. After
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column chromatography (silica, gradient DCM -> ethyl acetate, product in second
fraction), and subsequent solvent removal, 2.7 g (3.6 mmol, 53 %) pure product are
obtained as metallic red powder.

1H-NMR (300 MHz, CDCls, 6): 8.49 (d, ] =4.14 Hz, 2 H), 7.21 (d, ] = 4.33 Hz, 2 H), 4.17 (t,
] =5.93 Hz,4 H),3.78 (t,4 H), 3.46 - 3.67 (m, 16 H), 3.35 (s, 6 H). 13C-NMR (300 MHz, CDCl3,
6):42.4 (s,2C),59.0(s,2C),68.9(s,2(),70.6 (d,4C),70.8(s,2C),71.9 (s, 2 C), 107.9 (s,
2C),119.3(s,2C),131.1(s,2C),131.4 (5,2 C), 134.8 (5,2 C), 139.4 (5,2 C), 161.2 (s, 2 C).
DIP-MS: 300 [M]+, 272, 244, 216, 188, 163, 135, 111.

2,5-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-
c]pyrrole1,4(2H,5H)-dione/DPP[T]2{TEG}

A dried Schlenk flask was charged with DPP[T]2 (4.0 g, 13.3 mmol, 1 eq.), freshly dried
(HV, 500°C) K2€03 (7.37 g, 53.3 mmol, 4 eq.) and 18-crown-6 (0.176 g, 0.67 mmol,
0.05 eq.) and kept under HV for 15 min. After careful backfilling the flask with argon,
anhydrous DMF (82.5 mL, 0.16 M, relative to DPP[T]2) was added. The dispersion was
heated to 110°C for 1h and subsequently cooled to 0°C, where TEG-Br (9.99 g,
44.0 mmol, 3.3 eq.) was added slowly. The reaction mixture was allowed to heat to room
temperature and heated to 130 °C for 24 h. After the reaction mixture reached rt, it was
washed with brine three times. The combined aqueous phases were extracted with
chloroform. The combined organic phases were dried over MgSO0s4, followed by filtration
and complete solvent removal in vacuo. The dry crude product was redissolved in a small
amount of chloroform, poured into a large excess of MeOH and stored at -25 °C overnight.
2.0 g (3.4 mmol, 25 %) pure product are obtained as red crystals.

1H-NMR (300 MHz, CDCls, §): 8.75 (dd, ] = 3.96 Hz, 1.13 Hz, 2 H), 7.63 (dd, ] = 4.90 Hz, 1.13
Hz, 2 H), 7.23 - 7.28 (m, 2 H), 4.27 (t,] = 6.31 Hz, 4 H), 3.78 (t, 4 H), 3.45 - 3.67 (m, 16 H),
3.34 (s, 6 H). 13C-NMR (300 MHz, CDCl3, 6): 41.9 (s, 2 C), 59.0 (s, 2 C), 68.9 (s, 2 C), 70.6 (s,
4C),70.7 (s,2C),719 (5,2 C), 1079 (s,2 C), 128.4 (s,2 C), 129.6 (s, 2 C), 130.8 (s, 2 C),
134.7 (s, 2 C), 1404 (s, 2 C), 161.5 (s, 2 C). MALDI-TOF MS m/z: [M]* calcd for
C28H36N208S2, 592.190; found, 592.319.

3,6-di(thiophen-2-yl)-2,5-bis(2-hexyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione/DPP[T]z
In a three-necked 500 mL round-bottom flask sodium-2-methylbutan-2-oleate (19 g,
172 mmol) was dissolved in dry 2-methylbutan-2-ol (70 mL) at 100 °C. Thiophene-2-
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carbonitrile (12.5g, 115 mmol) was added in one part and diethyl succinate (10 g,
57 mmol) were added slowly (3 mL h-1) using a syringe-pump and the resulting dark red
mixture was stirred overnight at 100 °C. Thereafter, it was cooled to 65 °C and methanol
(200 mL) was added carefully. Acetic acid (11 mL) was added to neutralize the mixture
and precipitate the crude product which was filtered off, while still warm. The crude solid
was washed with methanol and water, dried at 40 °C in vacuo and used as obtained. Yield:

8.8 g (29 mmol, 51 %) of a dark red solid.

1H-NMR (300 MHz, DMSO-ds, §): 10.39 (br. s., 2 H), 7.35 (dd, ] = 3.86, 1.22 Hz, 2 H), 7.10
(dd, ] = 4.90, 1.13 Hz, 2 H), 6.44 (dd, ] = 4.90, 3.77 Hz, 2 H). 13C-NMR (300 MHz, DMF-D,
8):162.0 (s, 2 C), 136.7 (s, 2 C), 132.3 (s, 2 C), 131.7 (s, 2 C), 131.6 (s, 2 C), 128.9 (s, 2 C),
109.3 (s, 2 C). MALDI-TOF MS m/z: [M]* calcd for C1aHsN202S2, 300.000; found, 299.963.

1-(bromomethoxy)-2-(2-methoxyethoxy)ethane /TEG-Br
2-(2-(2-methoxyethoxy)ethoxy)ethan-1-ol (TEG-OH, 20g, 122 mmol, 1eq.) and CBra
(52.5 g, 158 mmol, 1.3 eq.) are dissolved in DCM (200 mL, 0.61 M, relative to TEG-OH) and
cooled to 0°C. PPhs (44.7 g, 171 mmol, 1.4 eq.) is dissolved in DCM (50 mL, 3.41 M,
relative to PPhs) and added dropwise via an addition funnel. The reaction mixture is
stirred for 45 min at this temperature, then it is allowed to heat to rt and react at this
temperature for another 45 min. The reaction mixture was poured into a 1:4 (v:v) mixture
of diethyl ether and hexane, followed by filtration over a silica plug. Upon solvent removal
in vacuo, the mixture partially solidified. The crude mixture was distilled in vacuo, first
without active cooling to avoid bromoform solidification. 27.2 g (120 mmol, 98 %) pure
product was obtained as colourless liquid.

1H-NMR (300 MHz, CDCI3, 6): 3.80 (t, ] = 6.4 Hz, 2H), 3.71 - 3.62 (m, 6H), 3.58 - 3.52 (m,
2H), 3.46 (t,] = 6.3 Hz, 2H), 3.37 (s, 3H).

5-((2-(2-methoxyethoxy)ethoxy)methyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-
dione/TPD{TEG}

A Schlenk flask is charged with TPD (2 g, 13 mmol, 1 eq.) and freshly dried (HV, 500 °C)
K2CO03 (3.60 g, 26.1 mmol, 2 eq.). Anhydrous DMF (52 mL) is added, followed by addition
of previously HV-degassed TEG-Tos (4.07 g, 12.8 mmol, 0.98 eq.). The reaction is stirred

at 110 °C overnight. After cooling to room temperature, the product solution was stirred
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with water and extracted three times with DCM. The combined organic phases were dried
with MgSO4. During solvent removal in vacuo, a solid formed that was purified by
recrystallization from boiling methanol to yield 2.6 g (56.7 mmol, 87 %) white solid
product.

1H-NMR (300 MHz, CDCls, 6): 7.80 (s, 2H), 3.70 - 3.78 (m, 2H), 3.60 - 3.67 (m, 2H), 3.63 -
3.41 (m, 8H), 3.30 (s, 3H). 13C-NMR (300 MHz, CDCl3, 6): 37.6 (s, 1 C), 58.9 (s, 1 C), 70.0 (s,
1C), 70.4-70.6 (s,3 C), 71.8 (s, 1 C), 125.8 (s, 2 C), 136.4 (s, 2 C), 162.4 (s, 2 C). MALDI-
TOF MS m/z: [M+Na]* calcd for C13H17NOsS, 322.069; found, 322.010.

Thieno[3,4-c]pyrrole-4,6(5H)-dione/TPD

3,4-Thiophenedicarboxylic acid (13 g, 75.5 mmol, 1 eq.), water (7.55 mL) and ammonia
(25 % in water, 51.4 g, 755 mmol, 10 eq.) are added to a round bottom flask, equipped
with glass beads. The reaction mixture was heated to 95 °C and allowed to remain at this
temperature to react, accompanied with removal of the solvent. When no solvent
remained, a condenser was attached to the flask and the temperature increased to 260 °C.
The product partly resublimes on the condenser, but is mostly contained in the flask,
together with dark impurities. After 4 h at 260 °C, the reaction is cooled to rt and all solids
collected together and resublimed on a coldfinger, to yield 9.3 g (60.7 mmol, 80 %) white
solid.

'H NMR (300 MHz, DMSO-de, §): 11.25 (b, 1H), 8.25 (s, 2H). 13C-NMR (300 MHz, DMF-Dy,
6):127.0 (s,2 C), 137.9 (s, 2 C), 163.5 (s, 2 C).

(2-(2-methoxyethoxy)ethoxy)methyl 4-methylbenzenesulfonate/ TEG-Tos
2-(2-(2-methoxyethoxy)ethoxy)ethan-1-ol (26.3 g, 160 mmol, 1 eq.) and tosyl chloride
(32.1 g, 168 mmol, 1.05 eq.) are dissolved in DCM (114 mL, 1.4 M relative to TEG-OH) and
cooled to 0 °C. KOH (35.9 g, 641 mmol, 4 eq.) is added portion wise and slowly. The ice
bath is allowed to thaw and the reaction is stirred for 3 d. After workup with diluted HCI,
the solution is dried with MgS04 and the solvent is removed. 50 g (157 mmol, 98 %) pure
compound are obtained without further purification as colourless liquid.

1TH-NMR (300 MHz, CDCl3, 6): 7.85 - 7.74 (m, 2H), 7.34 (dd, ] = 8.6 Hz, 0.6 Hz, 2H), 4.19 -
411 (m, 2H), 3.72 - 3.64 (m, 2H), 3.63 - 3.56 (m, 6H), 3.55 - 3.48 (m, 2H), 3.36 (s, 3H),
2.44 (s, 3H). 13C-NMR (300 MHz, CDCls, 6): 21.41 (s,1 C), 58.72 (5,1 C), 68.41 (s, 1 C), 69.30
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(s,1C),70.29 (s, 2 C), 70.43 (s, 1 C), 71.69 (s, 1 C), 127.74 (s, 2 C), 129.76 (s, 2 C), 132.81
(s,1C), 144.73 (s, 1 C).
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Figure S8.1. Transfer curve of poly(DPP-TPD) thin film organic transistors between -
100V and 100 V gate potential with 1V step size. The drain potential was fixed at 5V

(lower curve) and 60 V (upper curve).
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Figure S8.2. Secondary electron cutoff (SECO, left) and valence band maximum (VBM,
right) of Cs2CO0s3 thin films (20 nm on ITO), as determined by UPS.
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Figure S8.3. Bode plot of poly(DPP-TPD) doped with 30 mol% Cs2CO3 after annealing at
150 °C for 15 min thin films spin-coated onto gold interdigitated electrodes (Channel
length L =2.5pum, channel width W=1cm) on SiO2. Data without applied potential
(before polarization, black curve) and at 5 V (after polarization, red curve) is shown, with
the magnitude of the impedance |Z| on the left y-axis (circles) and negative phase shift -¢

on the right x-axis (squares).
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Figure $8.4. a) Thermal gravimetric analysis (TGA) of poly(DPP-TPD) (red) and Cs2CO3
(blue). b) Isothermal gravimetric analysis of Cs2C03 from 50 °C to 350 °C with settle times
of 15 min at each step of 50 °C. Cs2C03 was dried in-situ at 250 °C for 1 h prior to
measurement. Heating rate: 10 Kmin! or 20 K min! (isothermal analysis), 30 mL min-!

N2 flow.
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Figure $8.5. XPS detail spectra of a) Li2CO3 and b) poly(DPP-TPD) doped with 30 mol%
Li2C03 0 1s, N 1s, C 1s and S 2p regions. The spectra were recorded before (upper panels)
and after (lower panels) annealing. Black squares are data points, lines are the fitted

spectra and shaded areas the deconvoluted contributions to the total fitted spectrum.
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Figure $8.6. XPS detail spectra of poly(DPP-TPD) doped with 30 mol% (NEt4)2C03 O 1s,

N 1s, C 1s and S 2p regions. The spectra were recorded before (upper panels) and after

(lower panels) annealing. Black squares are data points, lines are the fitted spectra and

shaded areas the deconvoluted contributions to the total fitted spectrum.
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Figure S8.7. FTIR spectra of CsHCO3 powder (green), Cs2C03 powder (blue), poly(DPP-
TPD) doped with 30 mol% Cs2C03 as-cast (black) and poly(DPP-TPD) doped with
30 mol% Cs2C0s3 after annealing (red).
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Figure S8.8. IH-NMR of pristine poly(DPP-TPD) in CDCls, 512 scans.
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Figure $8.9. 1H-NMR of poly(DPP-TPD) doped with 100 mol% Cs2CO03 after D20 quench

in CDCl3, 512 scans.
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Figure $8.10. Current-voltage characteristics of poly(DPP-TPD) in the pristine state
(black) and doped with 30 mol% Cs2C03 using an aprotic solvent mixture (DMSO for
Cs2C03 stock solution, NMP for poly(DPP-TPD) stock solution) (orange). Channel length
L = 2.5 um, channel width W =1 cm.
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Figure $8.11. UV/Vis/NIR thin film spectra of a) Li2CO3-, b) Na2CO3-, c) K2CO3-, d) Rb2CO3-
, €) Cs2C03-doped poly(DPP-TPD) (all doped with 30 mol% dopant) on quartz under inert
atmosphere. The spectra are shown before (black curve) and after (red curve) annealing

at 150 °C for 15 min.
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Figure $8.12. Normalized current flowing through interdigitated electrodes coated with
30 mol% doped and annealed poly(DPP-TPD) under different atmospheres. The change
between “sealed chamber” and “flooded chamber” represents the point of opening the
flask to the corresponding atmosphere. The channel length L is 11.8 um, the channel
width W =163.05 mm.
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Figure $8.13. SEM micrographs of as-cast (upper panels) and annealed (lower panels)
pristine poly(DPP-DTT) (left), poly(DPP-TPD) doped with 30 mol% N-DMBI (middle) and
poly(DPP-TPD) doped with 30 mol% Cs2COs (right) at 10k magnification.
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Figure $8.14. SEM micrographs of as-cast (upper panels) and annealed (lower panels)
pristine poly(DPP-DTT) (left), poly(DPP-TPD) doped with 30 mol% N-DMBI (middle) and
poly(DPP-TPD) doped with 30 mol% Cs2CO3 (right) at 50k magnification.
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Figure $8.15. AFM tapping mode images of a) pristine poly(DPP-TPD) b) poly(DPP-TPD)
doped with 30 mol% N-DMBI and c) poly(DPP-TPD) doped with 30 mol% Cs2C0s. The
films were measured as-cast (left) and annealed (right, N-DMBI doped samples: 100 °C,
10 min, Cs2C03 doped and pristine samples: 150 °C, 15 min). For each sample, topography

and phase data was recorded.
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Figure $8.16. Vertical and horizontal line cuts of the GIWAXS images of annealed
poly(DPP-TPD), as well as composites with 30 mol% Cs2C03 or N-DMBI prior and after

annealing for 15 min at 150 °C. Crystalline heterogeneities are apparent in the magnified

clipping.
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Figure $8.17. Differential scanning calorimetry heat flow curves of poly(DPP-TPD) from
30°C to 200 °C at a heating range of 10 Kmin-! under N2 (10 mL min-1). Shown is the

second heating/cooling cycle. Measured on a DSC 3+ by Mettler Toledo.
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Figure $S8.18. Flash differential scanning calorimetry heat flow curves of poly(DPP-TPD)
for different heating rates ranging from 50 K s to 2000 K s'1. Measured on a Flash DSC 1
by Mettler Toledo.
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Figure $8.19. TH-NMR of (NEt4)2COs.
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Figure $8.20. 13C-NMR of (NEt4)2CO0s.

A C1ls A
-
=
(3]
L—— n n
? Pd 3d P2p
: - -
8 330-350eV 129-133 eV
RS

0O loss
MMWM - N E ;m " | -
- S2s Si2s Si 2p -

1000 800 600 400 200 0

Binding energy (eV)
Figure S$8.21. XPS survey spectrum of poly(DPP-TPD) after Soxhlet purification,
indicating the absence of Cs 3d, Pd 3d, and P 2p signals. The Si signals are originating from

the tape used to fixate the polymer onto the sample holder.
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Figure $S8.22. GPC elugramm of poly(DPP-TPD) (HFIP, PMMA calibration).
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Table $8.1. Work function (WF), HOMO position, hole-injection barrier (HIB, HOMO-WF)
and LUMO position values of 30 mol% N-DMBI doped poly(DPP-TPD) as determined by
UPS and IPES.

WF HOMO HIB LUMO
[eV] [eV] [eV] [eV]

Poly(DPP-TPD) 44+0.10 54%0.10 1.0 3.3+0.60

Poly(DPP-TPD): 4.0+0.10 5.3%0.10 1.3 3.2+0.60
N-DMBI pristine

Poly(DPP-TPD):  4.0+0.10 53+0.10 13  3.8+0.60
N-DMBI
10 min @ 100 °C

Table $8.2. Work function (WF), HOMO position, hole-injection barrier (HIB, HOMO-WF)
and LUMO position values of 30 mol% Cs2C03 doped poly(DPP-TPD) as determined by
UPS and IPES.

WF HOMO  HIB  LUMO
[eV] [eV] [eV] [eV]

Poly(DPP-TPD) 4.4+0.10 54010 1.0 3.3%0.60

Poly(DPP- 41+0.10 54+010 13 3.1%0.60
TPD):Cs2CO03
pristine
Poly(DPP- 39+£0.10 52+0.10 13 3.6%0.60

TPD):Cs2C03
15 min @ 150 °C
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Table S8.3. Work function (WF), HOMO position and hole-injection barrier (HIB, HOMO-
WEF) values of 30 mol% Li2CO3 doped poly(DPP-TPD) as determined by UPS.

WF HOMO  HIB
[eV] [eV] [eV]

Poly(DPP-TPD)  4.4+0.10 54+0.10 1.0

Poly(DPP- 38+0.10 5.1+0.10 1.3
TPD):Li2C0O3
pristine
Poly(DPP- 38+0.10 5.2+0.10 1.4

TPD):Li2CO3
15 min @ 150 °C

Table S8.4. Work function (WF), HOMO position and hole-injection barrier (HIB, HOMO-
WEF) values of 30 mol% (NEt4)2CO3 doped poly(DPP-TPD) as determined by UPS.

WF HOMO HIB
[eV] [eV] [eV]

Poly(DPP-TPD)  4.4+0.10 54+0.10 1.0

Poly(DPP- 3.6+0.10 5.0%0.10 1.4
TPD):(NEt4)2CO3
pristine
Poly(DPP- 3.7+0.10 5.0%0.10 1.3

TPD):(NEt4)2CO3
15 min @ 150 °C
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Table S8.5. Work function (WF), HOMO position and hole-injection barrier (HIB, HOMO-
WF) values of (NEt4)2C03 and Cs2C0s3 as determined by UPS.

WF HOMO HIB

[eV] [eV] [eV]

(NEt4)2C0s3 2.7+0.10 59=+0.10 3.2
Cs2C03 3.2+0.10 6.4+0.10 3.3

Table $8.6. Film thickness d, thin film conductivity o, Seebeck coefficient S and power

factor PF of poly(DPP-TPD) doped with various molar concentrations of Cs2COs3.

Doping d o S PF
concentration [nm] [S cm1] [uV K] [Wm1K2]

[mol%]
10 2038  (9.8+0.68)-10°5 -(262+18.3) (6.7+0.47)-1010
20 2696  (3.0+0.21)-10*% -(931+65.1) (2.6+0.18)-108
30 3226 (1.2+0.048)-101 -(690+48.3) (5.6+0.39)-10°
40 4447  (5.7+0.40)-10% -(563+39.4) (1.8%0.13)-108
50 4960 (1.1+0.077)-103 -(560+39.2) (3.4%0.24)-108
60 1962 (9.5+0.67)-10*% -(928+64.9) (8.2+0.57)-108
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