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Abstract
The powder aerosol deposition (PAD) method is becoming increasingly impor-
tant as an energetically advantageous coating method compared to classic
ceramic technologies. However, due to the process-related lattice deformation,
ceramic coatings often exhibit reduced functional properties in the as-deposited
state. A thermal posttreatment at temperatures well below the sintering tem-
perature can significantly reduce the lattice deformation and the stress within
the film to restore the functional film properties close to sintered bulk samples.
In this work, the optothermal posttreatment of PAD films using three different
high-power light emitting diodes (HP-LED) with different wavelengths within
the visible light spectrum is investigated as an alternative to time-consuming
furnace or energy-intensive laser processes on the example of thermoelectric
CuFe0.98Sn0.02O2 films. We demonstrate that the space-saving LED-based post-
treatment not only restores the film properties but also significantly reduces the
required processing time to a few seconds.
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1 INTRODUCTION

The powder aerosol deposition (PAD) method is a unique
coating technology that enables the formation of dense
ceramic films in the thickness range of 0.5 μm to 100 μm
at room temperature (RT). During the moisture-free coat-
ing, sub-micron to micrometer- sized primary particles are
accelerated from a fluidized bed onto a substrate by an
applied pressure difference without further additives (e.g.,
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organic binders).1 The impact causes the particles to frac-
ture along the grain boundaries and through the grains,
creating unsaturated surfaces. Even if the exact mecha-
nism of film formation has not been fully understood yet,
the unsaturated fresh surfaces of the fractured particles
seem to play an important role for the strong adhesion
of the PAD film to the substrate. During the continuous
impact of particles with high impact velocities of several
hundred m s−1, the nanocrystalline film growths and is
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densified by subsequently impacting particles according to
the hammering effect.2,3
Due to the absence of thermal stress during the coating

process, flexible and thermally less-stable substrates, such
as polymers, can be coated, as well as metals, glasses, and
dense or porous ceramics.4 In addition, the coating mate-
rials do not exhibit thermally induced phase transforma-
tions. Owing to the high coating rates of up to 2 μmmin−1,
the industrial application of the technology, which has
been under development since 1984, is becoming increas-
ingly interesting.5,6 Applications range from classic insu-
lating protective films to functional films for sensor or pho-
tovoltaic applications to solid electrolytes for fuel cells or
batteries.7,8
Although a film formation at RT has distinct advan-

tages, the Room Temperature Impact Consolidation (RTIC)
of the particles leads to atomic-scale lattice deformation,
causes mechanical film stress, and reduces the charge car-
rier mobility and therefore lowers the electrical conduc-
tivity of functional films within the lattice.9,10 Further-
more, the activation energy for charge carrier transport
is increased in the as-deposited state.5 And due to the
deposition method also the magnetic properties of func-
tional PAD films can be reduced compared to sintered bulk
samples.11 The nm-sized particles and pores can addition-
ally influence the optical appearance of the films.12–14
To regain the full bulk-like functional film properties, a

thermal posttreatment is necessary, where the disordered
lattice relaxes.15 As outlined in Figure 1, the ionic and/or
electronic conductivity in the as-deposited state, σas-dep.,
can significantly be reduced compared to sintered bulk
samples (often by more than two to four orders of magni-
tude). At low temperatures, the heating process increases
the conductivity due to a higher number of charge carri-
ers within the distorted atomic lattice (region I).16 When
the temperature is increased further, the lattice relaxes as
pointed out in Figure 1B. The higher lattice order increases
the conductivity additionally (region II). After reaching a
material-specific annealing temperature Tann., the lattice
order is restored, and higher temperatures have no signif-
icant influence on the lattice anymore (region III). Exner
et al. found that the annealing temperature Tann. in gen-
eral depends on the melting temperature Tmp of the mate-
rial according to Equation (1) and is significantly below the
sintering temperature.17

𝑇ann.
𝐾

=
1

6

𝑇mp

𝐾
+ 730 (1)

The remanent lattice restoration leads to a higher charge
carrier mobility at lower temperatures during cooling
(region IV). This way, post-annealing can lead to an
increase in conductivity of the film. The temperature-
dependent conductivity during any further heating process
follows the cooling curve of the initial posttreatment. Due

F IGURE 1 Schematic sketch on the influence of a thermal
post-annealing on powder aerosol deposition (PAD) films regarding
(A) the conductivity and (B) the lattice deformation

to the nanocrystalline microstructure of the film, the con-
ductivity can be slightly reduced compared to bulk refer-
ence samples sintered at T > 1000◦C.
Although this posttreatment is conducted in furnaces

at temperatures significantly below the sintering tempera-
ture of the coatingmaterial, the applied thermal stressmay
be challenging for temperature-sensitive substrates (like
polymers) or may cause interdiffusion reactions between
the coating material and the substrate that may nega-
tively affect the functional properties.18 As an alternative to
the furnace-based annealing with low heating and cooling
rates of approximate 5 Kmin−1, laser irradiation allows for
a rapid posttreatment with a local energy input. The ther-
mal interaction depth of the laser irradiation and therefore
the annealing depth strongly depend on the wavelength
and the scan speed as well as on the laser beam profile (i.e.,
Gaussian beam profile or flat top beam profile).19–21 Laser
sources with a wavelength in the range of 400–700 nm are
stated to be ideal for 5 μm thick PAD films, depending on
the material properties such as the band gap.22–24
To reduce both, the thermal stress caused by the post-

treatment and long process times, this paper focuses on
an inexpensive, rapid optothermal posttreatment of PAD
films with a minimum required energy input. Therefore,
three different high-power light emitting diodes (HP-LED)
in the visible light spectrum (blue, green, and amber) are
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F IGURE 2 Comparison of different posttreatment methods and their individual advantages and disadvantages

used and further described according to their specifica-
tions in the experimental section. A comparison of the
individual advantages and disadvantages of a laser-, a
furnace- and an HP-LED-based posttreatment is shown
in Figure 2. Electronically conducting thermoelectric
CuFe0.98Sn0.02O2 films served as an exemplary material.
For these films, a high electrical conductivity is required
since they are intended to be used, for example, as p-type
conductor in thermoelectric generators. Furthermore, the
interaction between this film material and laser irradia-
tion as well as a furnace-based posttreatment has been
documented earlier, which allows for the comparison of
the three methods.25,26

2 EXPERIMENTAL

2.1 Powder synthesis

The CuFe0.98Sn0.02O2 powder was synthesized via the
mixed-oxide route. The precursor powders Cu2O (Alpha
Aesar, 99 % purity), Fe2O3 (Alfa Aesar, 98 % purity), and
SnO2 (Alfa Aesar, 99.9 % purity) were mixed stoichio-
metrically and milled in a planetary ball mill (Fritsch
Pulverisette 5, Idar-Oberstein, Germany) with a zirconia
milling jar (ZrO2, stabilized with 3.5 wt%MgO) with zirco-
niamilling balls (ZrO2, stabilizedwithY2O3) and cyclohex-
ane serving as milling fluid for 4 h. After the homogeniza-
tion milling, cyclohexane was removed in a rotary evapo-
rator (Heidolph Instruments, Schwabach, Germany). The
powder was calcined at 1050◦C on quartz glass in a tube
furnace (Carbolite, Neuhaus, Germany) with 1% O2 in
nitrogen atmosphere for 12 h. For a process-suitable par-
ticle size, the powders were milled, followed by a drying
and sieving step with 90 μm meshes. The powders were
stored at 200◦C in laboratory atmosphere before they were
used for PAD. Additional details can be found in previous
publications.26,27

2.2 Film fabrication via PAD

For the deposition, a custom build PAD apparatus as
described by Hanft et al. was used.1 A vacuum pump
(consisting of a rotary and a booster pump) evacuates the
deposition chamber to 1 mbar and the aerosol generat-
ing unit to ∼250 mbar during operation. With an oxy-
gen flow rate of 6 L min−1, an aerosol is transported
from the fluidized powder bed in the aerosol generation
unit to the deposition chamber. By the pressure differ-
ence between the aerosol generation unit and the depo-
sition chamber, the aerosol is accelerated through a slit
nozzle (orifice size: 10 × 0.5 mm2) onto the substrates in
the deposition chamber. The powders were deposited on
alumina substrates (Rubalit 708S, CeramTec, Marktred-
witz, Germany) with screen-printed platinum interdigi-
tal electrodes (IDE) and on screen-printed gold-platinum
thermocouples, both schematically shown in Figure 3.
The substrates were placed onto a horizontally moveable
(5 mm s−1) substrate holder distanced 2 mm from the
nozzle.

2.3 Film posttreatment via high power
LED

The custom-built setup shown in Figure 4 is used for
the post-deposition annealing of the CuFe0.98Sn0.02O2
PAD films via HP-LED. The downward facing HP-LED
is located within an aluminum container and directly
attached to the ceiling of the upper half-shell using ther-
mal paste for heat dissipation. Samples are placed within a
height-adjustable sample holder directly below the LED.
The HP-LEDs are operated by a software controllable
power supply (EA-PSI 5040-40 A, EA Elektro-Automatik
GmbH & Co. KG, Viersen, Germany), both connected by
an electrical feed-through connector. Three different types
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F IGURE 3 Alumina substrates with (A) screen-printed
platinum interdigital electrodes and (B) screen-printed
gold-platinum thermocouples. The deposition area is additionally
colored as a guide for the eye

F IGURE 4 Half-section model of the custom-built apparatus
for post-deposition annealing of powder aerosol deposition (PAD)
films via high-power light emitting diode (HP-LED)

of LED have been used: a blue LED (LE B P3W 01), a green
LED (LECGP3A01), and an amber LED (LEAP3W01), all
of the “projection series” of OSRAMOpto Semiconductors
Inc., Germany.
A separate signal-port in the lower half-shell allows for

continuously measuring the temperature via thermocou-
ples and the film conductivity via the IDE as described
in Figure 3 by a Novocontrol α-Analyzer (Novocontrol
Technologies, Montabaur, Germany). For the electrical
measurements, platinum wires connect the sample and

signal-port in the aluminumhalf-shell. According to Equa-
tion (2), the conductivity σeff of the film is calculated based
on the film resistance Rtot and the IDE geometry F (PAD
film thickness t, finger length l = 4.5 mm, finger spacing
d = 100 μm, electrode width w = 100 μm, and number of
fingers on each electrode sidem = 15).28

𝜎ef f =
1

𝑅tot ⋅ 𝐹
=

𝑑

𝑅tot ⋅ [(2𝑚 − 1) ⋅ 𝑙 ⋅ 𝑡 + 2𝑚 ⋅ 𝑤 ⋅ 𝑡]
(2)

To determine the substrate temperature, gold and plat-
inum contacts (cf. Figure 3B) are connected to the gold
and platinum wires, respectively, of the signal-port feed-
through. By additionally measuring the temperature at the
junctionwith a PT100 temperature sensor, the temperature
of the thermocouple at the interface between the film and
the substrate can be calculated based on the thermopower-
induced voltage according to Equation (3) for voltages up
to 1952 μV and Equation (4) for voltages between 1953 μV
and 17085 μV.29 Here, the thermoelectric voltage Utherm is
the sumof themeasured signal voltageUsignal and the ther-
moelectric voltage at the reference junctionUtherm. ref. The
additional thermoelectric voltage U therm. ref considers the
reference temperature at the junction when the platinum
and gold wire are connected to copper wires and are calcu-
lated according to Equation (6). The variables bi and ai are
listed in the supporting information.

𝑇
◦C

=

8∑
𝑖 = 0

𝑏𝑖 ⋅

(
𝑈therm

𝜇𝑉

)𝑖

(3)

𝑇
◦C

=

11∑
𝑖 = 0

𝑏𝑖 ⋅

(
𝑈therm ∕𝜇𝑉 − 9645

7620

)𝑖

(4)

𝑈therm = 𝑈signal + 𝑈therm. 𝑟𝑒𝑓 (5)

𝑈therm. 𝑟𝑒𝑓 (𝑇)

𝜇𝑉
=

𝑛∑
𝑖 = 0

𝑎𝑖 ⋅

(
𝑇
◦C

)𝑖

(6)

Two different HP-LED operation modes were used dur-
ing the posttreatment experiments. Figure 5 depicts the
scheme of the test runs.

∙ In one mode, the applied current ILED was varied in
1 A steps between 1 A and 30 A. Exposure times of
2minwere selected, interrupted by pauses between each
step of 15 min to allow for complete cooling to RT, as
illustrated in Figure 5A. In addition, to investigate the
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F IGURE 5 High-power light emitting diode (HP-LED)
operating modes: (A) constant exposure time of 2 min with varying
current from 1 A to 30 A in 1 A steps, (B) constant current with
increasing exposure time per step, (C) single and total exposure time
for each exposure number in (B) (different time scales)

influence of the power density, three different distances
(4mm, 14mm, and 40mm) between LEDs and PAD film
were chosen. This operation mode enables to determine
the ideal LED current, respectively LED power, during
the posttreatment for a maximized film conductivity.

∙ In another mode, the exposure time was varied accord-
ing to Figure 5B between 5 s and 500 s, while each
additional exposure time-step after pauses of 2 min was
increased by 5 s. Thus, a sample after the fifth exposure-
step was exposed to the longest single exposure time of
25 s, whereas the total LED irradiation duration adds up
to 75 s (sum of all previous exposure times). During the
complete second LED operation mode, the wavelength-
dependent, ideal LED current and the previously deter-

mined power and working distance between LED and
PAD surface were set. In Figure 5C, the longest single
and total radiation exposure times are shown for each
used posttreatment step in Figure 5B.

2.4 Optical LED characterization

In order to characterize the spectral output of the employed
HP-LED, the light of the LED was guided via a glass
fiber and analyzed by a MS 125 spectrograph (Oriel Instru-
ments). The resulting spectrum was recorded by a CCD
camera (Andor DU420A-OE) and spectrally corrected.
Neutral density filters were used in front of the glass fiber
to uniformly attenuate the light intensity in order to pre-
vent oversaturation of the sensor of the CCD-camera sen-
sor. The radiation intensity Φ of each of the HP-LED was
measured with a thermopile sensor (PM10V1, Coherent)
with a sensitivity range between 0.25 and 3 μm in combina-
tion with a powermeter (Fieldmate, Coherent) in different
distances to the HP-LED.

2.5 Mechanical and optical film
analysis

The film thicknesses were determined by a profile stylus
instrument (Perthometer P4, Mahr, Göttingen, Germany).
The optical film morphology was analyzed by scanning
electronmicroscope (Zeiss LeoGemini 1530VP; field emis-
sion cathode, inlens and secondary electron detector, oper-
ating voltage 3 kV). In order to determine the absorbance
of the films, reflectance and transmittance spectra were
collected on a Cary 5000 UV-VIS spectrometer by Var-
ian, equipped with an integrating sphere. The wavelength-
dependent absorbance A(λ) was then calculated according
to Equation (7) as a function of the transmission T(λ) and
the reflection R(λ).

𝐴 (𝜆) = 1 − 𝑇 (𝜆) − 𝑅 (𝜆) (7)

3 RESULTS AND DISCUSSION

3.1 Optical film properties

To define the influence of the LED irradiation on the
nanocrystalline CuFe0.98Sn0.02O2 films, the absorbance
of the films was measured by recording the transmit-
tance and reflectance spectrumwith an integrating sphere.
The data are plotted in a Tauc representation (Fig-
ure 6A). It correlates the squared product of the absorp-
tion coefficient α, the photon energy hνwith the incoming



NAZARENUS et al. 1545

F IGURE 6 Optical film properties of CuFe0.98Sn0.02O2: (A)
Tauc plot, (B) wavelength-depended absorption of the powder
aerosol deposition (PAD) film, (C) wavelength-dependent optical
penetration depth. The mean wavelengths of the applied light
emitting diode (LED) are indicated by vertical dashed lines

photon energy shown as the product of Planck’s constant
and the wavelength. The bandgap of the film can be deter-
mined by applying a straight line on the slope of the plot,
where the intersection with the x-axis defines the exact
value.30,31 Compared with the bandgap of sintered bulk
samples (Eg,bulk = 1.3 eV), a slightly increased bandgap of
Eg,PAD film = 1.5 eV is calculated with this method for PAD
films in the as-deposited state.32,33 Considering the accu-
racy of themeasurementmethod, themeasured data agree
wellwith literature.34 Since for effective optical absorption,
the photon energy must be higher than the band gap, an
emission source with a maximum wavelength of 826 nm

can be tolerated. Figure 6B shows the percentage absorp-
tion of the PAD film depending on the wavelength in the
optical region from 300 nm to 800 nm, calculated accord-
ing to Equation (7). Since the requiredwavelength is below
800nm, ahigh percentage of the radiation is absorbed. Fur-
thermore, the absorption of 90% is nearly constant over the
wavelength region. In Figure 6C, the dependency of the
optical penetration depth loptical on the wavelength in the
range from 300 nm to 800 nm is shown based on Equa-
tion (8) with the absorption coefficient α, the film thick-
ness t and the optical measurement data from Figure 6B.35

𝑙optical =
1

𝛼
=

1

1

𝑡
ln[

(1−𝑅)
2

2𝑇
+ {

(1−𝑅)
4

4𝑇2
+ 𝑅2}

1

2

]

(8)

As a guide for the eye, the peak wavelengths of the three
different LEDs (blue, green, and amber) are inserted. Since
the absorption coefficient is almost independent on the
wavelength, no significant changes can be observed for the
optical penetration depth. Thus, at a depth of 700 nm, the
intensity of the electromagnetic wave is already reduced to
1/e (∼ 36.8 %) of the incoming surface intensity. This indi-
cates that only the top film surface of a several microme-
ter thick PAD film is directly affected by the selected HP-
LED radiation, which agrees well with the results on study
of laser-based annealing of CuFe0.98Sn0.02O2 PAD films.25
The calculations point out an inhomogeneous temperature
profile along the z-axis of the film for very short annealing
times. On the other hand, a homogeneous temperature dis-
tribution can be expected for films in the μm-range when
they are exposed to irradiation for several minutes.

3.2 Optical LED power characteristics

As mentioned in the experimental section, the LED power
characteristics are measured by a CCD-camera in combi-
nation with a spectrograph. In Figure 7A, the number of
counts is plotted against the wavelength for all three used
LED (blue, green, and amber) at different applied LED
currents (1 A, 5 A, and 10 A). While the blue and amber
LED emit photons in a comparatively narrow wavelength
range from 415 nm to 500 nm with a maximum at 459 nm
and from 590 nm to 650 nm with a maximum at 617 nm,
respectively, the green LED emits in a wide wavelength
range showing three local maxima at 429 nm, 540 nm, and
710 nm. However, the largest number of photons is emit-
ted between 480 nm and 630 nm. By increasing the applied
current ILED, the number of counts (and therefore number
of photons) increases without a shift in the emitted wave-
length spectra.
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F IGURE 7 Characteristics of the three used high-power light
emitting diode (LED) (blue: dot, green: square, orange: triangle):
(A) LED emission spectra as a function of the applied current, (B)
radiation intensity in dependency on the distances between LED
and powder aerosol deposition (PAD) film (ILED = 10 A), the
measurement points are connected as a guide for the eye, and (C)
radiation intensity in dependency on the applied current at a
working distance of 4 mm

The dependency of the working distance between the
LED and the sensor (respectively the PAD film) on the
emitted radiation intensity Φ for defined LED currents is
measured by a thermophile sensor. All LEDs are operated
with a current of 10 A. The data are plotted in Figure 7B.
Since the LEDs have a high radiation angle of 120◦, the

working distance influences the intensity. As the work-
ing distances 4 mm and 14 mm play a major role in the
annealing experiments (see below), they are additionally

marked. Since the minimum adjustable distance for the
characterization is 5 mm, the measured data are addition-
ally extrapolated down to 4 mm. The amber LED reaches
up to 0.59 W cm-2, whereas for the blue LED a more than
doubled value of 1.30 W cm−2 is found at the lowest mea-
sured working distance of 5 mm. The green LED reaches
0.90 mW cm−2 at 5 mm working distance. For high work-
ing distances (>40 mm), the difference in the radiation
intensity decreases significantly.
Furthermore, the distance between LED and the radi-

ation intensity sensor is held constant at 4-mm distance
while the LED current is varied between 0 A and 30 A
in 1 A steps. By increasing the applied current, the radi-
ation intensity increases and asymptotically approaches to
defined values for the three different LED. For the blue
LED, a maximum radiation intensity of 2.5 W cm−2 is
reached at ILED = 30 A, whereas the green and the amber
LED exhibit 1.7 W cm−2 at ILED = 29 A and 0.7 W cm−2 at
ILED = 25 A, respectively.

3.3 Thermal effect of radiation

Low distances between the radiation source (the LED)
and the sample can also result in a significant temperature
increase of the PAD film and the substrate. The thermal
effect of the LED radiation on the film temperature is
measured by thermocouples as described earlier (see
Figure 3B). The PAD-coated thermocouples were exposed
to the three HP-LED at different heights according to
Figure 5A. In Figure 8, the temperature at the interface
between the PAD film and the alumina substrate is shown
depending on the applied LED current ILED. The closer
the LED is placed to the film, the higher is the interface
temperature. These results are consistent with Figure 7,
since the radiation intensity significantly increases with
decreasing working distance due to the high radiation
angle of 120◦ of the LEDs. The shorter the wavelength,
the higher the photon energy and therefore the maximum
temperature. Consequently, the same annealing temper-
ature is reached at different applied currents ILED. The
blue (λblue = 459 nm) and the green (λgreen = 520 nm)
LED reach the maximum interface temperature of
Tmax, blue = 430◦C and Tmax, green = 328◦C, respec-
tively, at the minimum distance (4 mm) and maximum
applied LED current ILED of 30 A. In contrast, the amber
(λamber = 617 nm) LED reaches a maximum interface
temperature of Tmax, amber = 138◦C at ILED = 22 A. At
higher distances, the maximum temperature is signifi-
cantly reduced. Due to the shown correlation between
the radiation intensity and the applied LED current in
Figure 7C, the resulting temperature for the different
LEDs can additionally be calculated as a function of the
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F IGURE 8 Current-dependent substrate surface temperature
for different light emitting diode (LED) at defined working
distances of 4 mm, 14 mm, and 40 mm: (A) amber LED, (B) green
LED, (C) blue LED, and (D) correlation between the intensity of all
three LED and the temperature at a fixed working distance of 4 mm.
The linear correlation is added in (D) as a guide for the eye

radiation intensity in Figure 8D. The hysteresis for the
amber HP-LED at high applied current results from a
reduced emission intensity, which can also be found in
Figure 7C.

3.4 Influence of the LED radiation on
PAD films

To analyze the effect of LED irradiation on the functional
PAD film properties, in particular the electronic conductiv-
ity, IDEs were coated with CuFe0.98Sn0.02O2 and exposed
to radiation according to Figure 5A. During the complete
posttreatment, the conductivity of the PAD film σfilm was
measured. The operando posttreatment process is exem-
plarily plotted for the green LED at 4 mm working dis-
tance in Figure 9. In addition to the applied current ILED,
the resulting power PLED, and the film conductivity σfilm,
and the calculated interface temperature Tsurface between
substrate and film based on the results from Figure 8 are
shown. Since the surface temperature is calculated based
on the applied current from Figure 8, the heating process
cannot be displayed.
During exposure, the film conductivity increases due to

two reasons. First, the number of charge carriers increases
due to photon absorption caused by the low band gap of
1.5 eV as discussed previously. Second, the increased tem-
perature leads to a permanent conductivity increase since
the previously stressed lattice relaxes as explained in the
introduction. Since the last effect is remanent, it can be
seen at RT after LED irradiation. During the operando con-
ductivity determination, after each exposure time of 2min,
the 15 min pauses were sufficient to cool the PAD film to
RT. As can also be seen in exemplarily detail for an applied
current of ILED = 6 A in Figure 9B, the increase in ILED up
to 10 A leads to a permanent conductivity increase. This
partial increase with each exposure step adds up to a total
of over two decades from 10−6 S cm−1 to 10−4 S cm−1. The
remanent positive effect of a posttreatment has also been
found for different filmmaterials.17 Already at 7 A, the cal-
culated film conductivity reaches 3.8∙10−2 S cm−1 during
irradiation. While the RT conductivity can be exactly mea-
sured using the present setup, the maximum detectable
conductivity during exposure is limited by the two-wire
IDE including the used sample holder. For highly conduc-
tive films, the resistance of the platinum electrodes and
connecting cables dominate the electrical measurement,
creating the impression of a saturated conductivity level
during LED irradiation.
In the magnification example of Figure 9, a reduction

in the permanent film conductivity at RT occurs for high
ILED > 10 A. This can be explained by a phase transfor-
mation from the CuFeO2 phase to CuO in oxygen rich
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F IGURE 9 (A) Measurement records: Effect of increasing the high-power light emitting diode (HP-LED) current on the film
conductivity on the example of a green LED with a defined exposure time of 2 min as well as on the surface temperature based on the data of
Figure 7. The green lines indicate the operation of the LED as a guide for the eye. The red arrow indicates the application with 6 A, which is
exemplarily magnified in (B). The permanent increase in conductivity σfilm is obvious. The circles indicate the conductivity data used for the
following figures

atmosphere taking place at elevated temperatures accord-
ing Equation (9).36

4CuFeO2 + O2 → 2 CuFe2O4 + 2CuO (9)

The same measurement protocol, which is shown
exemplary in Figure 9, was applied for all three HP-LED
and at all three defined heights (4 mm, 14 mm, and
40 mm). In Figure 10A-C, the permanent conductivity
values at RT are plotted against the applied LED current
ILED. Please note the low deviation in the film conductivity
in the as-deposited state of all samples, demonstrating a
high and uniform coating quality. Since the positive effect
on the conductivity seems to be based on the temperature,
it follows the expectation that higher distances lead to a
lower increase. With exception of the blue LED, already
at 14 mm distance no increase in conductivity can be
observed anymore. Although the qualitative correlation
between film conductivity and the applied LED currents
remains constant for Figure 10A-C, the comparison
between the three different LEDs shows that the higher
the LED wavelength is, the higher must be the applied
current to reach the maximum conductivity. The post-
deposition annealing with the amber LED requires 15 A,
the green LED 11 A, and the blue LED 7 A. After a minor
decrease of σ@RT for the lowest applied current ILED, the
conductivity generally increases by two orders of magni-
tude from approximate 2∙10-6 S cm−1 to 3∙10−4 S cm−1.
When applying too high LED currents, a phase transfor-
mation occurs under laboratory annealing atmosphere
in presence of oxygen and humidity as previously
discussed.36

In general, the applied current results in an LED-
dependent intensity Φ as described earlier. When normal-
izing the optical output power of the LED, it becomes
apparent that the rise in electronic conductivity of the
PAD film directly depends on the intensity as shown in
Figure 10D. Nearly independent of the LED wavelength,
a maximum conductivity is reached when an intensity
of 0.75 ± 0.05 W cm−2 is applied. Since all LED wave-
lengths are equally absorbed (Figure 6C), the emitted LED
radiation intensity, and hence the resulting temperature,
turns out to be the key parameter. Already at temperatures
significantly below 200◦C, the optothermal posttreatment
results in a conductivity increase caused by lattice relax-
ation without sintering and grain growth.
Since the effect that a thermal posttreatment leads to a

lattice relaxation and therefore to an increase in film con-
ductivity is well documented in literature, the XRD pat-
terns are not shown in detail.

3.5 Optimized LED exposure time

After having investigated the influence of LED irradiation
on CuFe0.98Sn0.02O2 films with respect to power densities,
the influence of the exposure time was investigated. The
results are shown in Figure 11. The exposure duration was
varied according to Figure 5B (5 s, 10 s, 15 s, 20 s. . . ) with
the ideal current ILED extracted from Figure 10. Already
after the 30 s exposure duration step with the blue LED,
a maximum film conductivity of 3.4∙10−4 S cm−1 was
found. In addition, an exposure time of up to 1 min is also
sufficient for a complete posttreatment to restore bulk-like
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F IGURE 10 Current-dependent conductivity of
CuFe0.98Sn0.02O2 samples when irradiated by different light emitting
diode (LED) at defined distances of 4 mm, 14 mm, and 40 mm: (A)
amber LED, (B) green LED, and (C) blue LED. The current for the
maximum conductivity is marked by a vertical-dashed line as a
guide for the eye. Additionally, (D) the conductivity is shown for
each HP-LED at a working distance of 4 mm as a function of the
radiation intensity Φ and the temperature according to Figure 8D

F IGURE 11 Correlation between the room temperature film
conductivity σ@RT and the exposure time tLED when the optimum
light emitting diode (LED) current is applied at a distance of 4 mm:
(A) film conductivity for increasing exposure intervals according to
Figure 4B, (B) comparison between the film conductivity in the
as-deposited state (I), a single exposure with the ideal exposure time
for maximum conductivity (II), and a single exposure with the total
exposure time (III)

conductivity film properties for the two additional LEDs
(tLED, green = 55 s, tLED, amber = 60 s). To disprove the
hypothesis that also the previous, shorter exposure times,
affect the conductivity increase, additionally one film
was exposed according to the above-found parameters
as shown in Figure 11B. Also, for an increase of the
exposure time that includes the mentioned previous
single exposures, no additional increase in the conduc-
tivity can be found. As an example, the two films with
a conductivity of 5.0∙10−6 S cm−1 in the as-deposited
state were annealed in a single step for 30 s and for 105 s.
The difference in the conductivity between the short
time annealing (σblue LED, 30s = 4.2∙10−4 S cm−1) and the
long-time annealing (σblue LED, 105s = 4.8∙10−4 S cm−1)
is small. The conducted dwell time optimization results
in a significant process time reduction from 2 min to
30 s. The rapid optothermal posttreatment of the films
is an additional advantage of the PAD film fabrication
compared to long-lasting sintering processes.37
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TABLE 1 Ideal parameter values for the three high-power light emitting diodes (HP-LEDs) in constant wave (cw) operation mode

LED
Current
I/A

Distance
s/mm

Temperature
T/◦C

Time
tLED/s

Conductivity
σas-depo/S cm−1

Conductivity
σannealed/S cm−1

Amber (λ = 617 nm) 15 4 140 60 5.0 ⋅ 10−6 4.0 ⋅ 10−4

Green (λ = 520 nm) 11 4 180 55 5.0 ⋅ 10−6 1.9 ⋅ 10−4

Blue (λ = 459 nm) 7 4 180 30 5.0 ⋅ 10−6 4.2 ⋅ 10−4

F IGURE 1 2 Conductivities before and after the pulsed (1 s
pulses with 5 s break) and continuous operation of the light emitting
diodes (LEDs) with 4-mm distance and the ideal LED current
according to Table 1

3.6 Operation modes

In addition to the described operation modes in Fig-
ure 5A,B, the software-based LED control enables a pulsed
wave (pw) operation mode in contrast to the before-
used constant wave (cw) operation mode. The effect of
both modes on the conductivity behavior was analyzed.
The already known ideal parameters for the working dis-
tance and the total duration were applied (summed up
in Table 1) for that purpose. During the pw operation
mode, after each exposition step of 1 s, a pause of 5 s
was applied. In total, the films were exposed for the same
duration.
In Figure 12, the impact of the different operationmodes

on the film conductivity is shown. It can be clearly stated
that the operation mode has a significant influence on the
film properties. While the cw mode leads to the described
increase of the conductivity by approximately two decades,
the pw mode has little to no impact on the conductiv-
ity. The data demonstrate that the effect is not due to
the optical transition itself but rather due to the dissipa-
tion of the optically acquired energy as heat. Depending
on the thermal conductivity of the sample, the exposure
time needs to be long enough for the irradiation to cause
an increase in the film temperature. This leads to a per-

manent reduction of the film stress and thus to a perma-
nent increase in film conductivity. Due to the low irradia-
tion power compared to a laser, an efficient posttreatment
effect cannot be achieved by short single light pulses with
LED.

3.7 Filmmicrostructure

Since the LEDprovide a local energy input in the PAD film,
changes in the surfacemicrostructuremay occur. Figure 13
compares the surface (1) in the as-deposited state with the
surface after the LED-based posttreatment with (2) amber,
(3) blue, and (4) green light. All images show the typical
bombardment crater structure that results from the contin-
uous particle impact during the film formation according
theRTICmechanism. There is no evidence for the assump-
tion that a different posttreatment effect occurs within the
film compared to the furnace processing, as it has been
demonstrated in contrast for a laser-based posttreatment.25
There, due to the high locally induced energy density of
laser irradiation, melting can easily occur. Although the
LED radiation is sufficient for a posttreatment of PAD
films, the effect differs from the laser-based posttreatment.
Since the applied currents only lead to moderate temper-
ature increase, the permanent increase in conductivity is
not caused by grain growth. Consequently, the annealing
effect is with very high probability caused by lattice stress
relaxation.

4 CONCLUSION

The PAD is a unique coating technique to produce ceramic
films of several micrometer thickness at RT with high
deposition rates. Based on the hard mechanical particle
impact, atomic lattice deformations are generated within
the film. They reduce the charge carrier mobility and
therefore negatively affect the film properties.
By a thermal posttreatment, for example, in the fur-

nace, the lattice may relax, and the electrical film proper-
ties are restored. However, a process in a furnace is time-
consuming due to low heating and cooling rates.
In this study, we investigated a rapid, inexpen-

sive, and scalable LED-based annealing process.
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F IGURE 13 SEM top-view images of the surface structure of CuFe0.98Sn0.02O2 PAD films (A) before an light emitting diode (LED)
posttreatment, (B) after a posttreatment with amber LED, (C) after a posttreatment with blue LED, and (D) after a posttreatment with green
LED. The posttreatment was conducted according to the parameters in Table 1

Thermoelectric CuFe0.98Sn0.02O2 films served as an exam-
ple. This optothermal posttreatment was conducted in a
custom-built setup, and the influence of the HP-LED radi-
ation on the film conductivity was investigated in detail.
In comparison with the state-of-the-art posttreatment

in a furnace, the duration can significantly be reduced
from 1 h to less than 1 min. By the optothermal posttreat-
ment, the conductivity of the PAD film can be increased
from 5.0∙10−6 S cm−1 in the as-deposited state to up to
4.810−4 S cm−1 using optimized LEDposttreatment param-
eters, which is very close to bulk-values.
Due to the low optical penetration depth and the neg-

ligible influence of the irradiation in the pw operation
mode, it can be concluded that the annealing effect is the
result of an LED irradiation induced temperature increase,
which causes a permanent lattice relaxation. However, the
surface microstructure is not affected thereby. Since the
energy input can be controlled easily and the anneling
duration is significantly reduced with this method, it may
even allow the post-depostion treatment of more tempera-
ture sensitive films or substrates. This way, temperature-
based degradation processes and unintended interdiffu-
sion reactions between the film and the substrate can be
reduced or even avoided.
Although the calculation of the radiant intensity of the

LED as well as the temperature measurements of the
substrate-film-interface during the short process time and
the conductivity increase of the PAD films expands the
knowledge of what happens during the optothermal post-

treatment, the required energy to restore the lattice cannot
be exactly given. Further studies may quantify this, which
would allow for a deeper understanding of the deposition
mechanism and resulting lattice distortions.
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