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ABSTRACT X-Ray Photon Correlation Spectroscopy (XPCS) is a versatile tool to measure
dynamics on the nanometer to micrometer scale in bulk samples. XPCS has also been applied in
grazing incidence (GI) geometry to examine dynamics of surface layers. However, considering GI
scattering experiments more universally, the GI geometry leads to a superposition of signals due
to reflection and refraction effects, also known from the Distorted Wave Born Approximation
(DWBA). In this paper the impact of these reflection and refraction effects on the correlation
analysis is determined experimentally by measuring grazing incidence transmission XPCS (GT-
XPCS) and grazing incidence XPCS (GI-XPCS) simultaneously for a thin film sample, showing
non-equilibrium dynamics. Results of the GI and GT geometry comparison are combined within
the framework of the standardly applied, simplified DWBA. These calculations allow identifying
the main contributions of the detected signal from the leading scattering terms along the out-of
plane direction ¢-, which dominate the measured intensity pattern on the detector. In combination
with the calculation of the non-linear effect of refraction in GTSAXS and GISAXS, it is possible
to identify experimental conditions that can be chosen to run experiments and data analysis as
close as possible to transmission XPCS and to explain which limitations for data interpretations
are observed. Consequently, the beam exposure can be significantly reduced by using GI geometry
only. Calculations of experimental settings prior to experiments are detailed to determine suitable
g: regions for a variety of material systems measured in bulk-sensitive GI-XPCS experiments
allowing us to determine the scaling behavior of typical decay times as a function of ¢ that is
comparable to the scaling behaviour obtained in distortion free GT-XPCS or transmission XPCS

experiments.

INTRODUCTION X-ray Photon Correlation Spectroscopy (XPCS) is a coherent scattering
technique to measure the dynamics of structures in bulk materials. Measured in transmission
geometry it is therefore widely used for determining equilibrium and non-equilibrium dynamics
in colloidal systems such as gels ! and suspensions 2, as well as polymeric glass formers *. To apply
dynamical analysis to thin films, scattering measurements are carried out in grazing incidence (GI)
geometry, allowing the probing of three-dimensional dynamical morphologies in thin films * as
well as measurements on liquids °. In GI geometry the glancing incident angle enhances the
scattered intensity due to the extended beam projection on the thin film sample °. There are several

publications, where GI-XPCS was used to measure dynamics of thin soft matter systems on



surfaces and at interfaces or growth mechanisms on various surfaces "~!!. In these examples
conditions were chosen such that the investigation concentrated on the examination of surface
scattering only, i.e. via the generation of a dominantly reflected signal. "'°'> However, many
questions in interface science in the context of thin films arise due to mechanisms originating
within the bulk of the thin film that are additionally influenced by the interfaces towards the
substrate and their surrounding. To examine the dynamics arising from the bulk of the film, several
different scattering terms need to be taken into account and the interpretation of such GI data in
the context of XPCS is not straight forward. Zhang et al. > showed that effects known from grazing
incidence small angle x-ray scattering (GISAXS) need to be accounted for in a GI-XPCS analysis
focused on bulk properties. The first effect is related to reflection, generating an additional
scattering channel, shifted proportionally to the incident angle '*. The second Gl-effect is related
to refraction, shifting the projection of reciprocal space on the detector. Before interpreting GI-
XPCS data, it is therefore necessary to consider the effect of these different contributions arising
from the (1) reflection and (2) refraction effect occurring in thin films. While static GISAXS data
can be well approximated taking the Distorted Wave Born Approximation (DWBA) and refraction
into account, this is not straight forward for time-resolved intensity fluctuations and extracted
signatures thereof since different contributions with different dynamics mix within a single pixel.
When encountering contribution mixing in GI-XPCS, Zhang et al. ° showed that for certain
reciprocal g: regions the trend in contribution mixing is reversed along ¢.. The authors show that
after carrying out several measurements they can identify a region of interest in the scattering
pattern where an analysis analogously to transmission XPCS can be carried out along g, While the
overall shape of the intrinsic correlation curve is still altered due to the superposition of refraction
and reflection contributions, at least the changes in scaling behavior of correlation times with g,
can be attributed appropriately to changes in temperature. In addition, interference of homo- and
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heterodyne scattering can occur , which further complicates the evaluation of extracted

correlation curves.

To systematically examine the effect of the grazing incidence geometry on the intensity
fluctuations and further on the extracted dynamics in bulk sensitive GI-XPCS, we first examine
reflection and refraction effects theoretically. For the evaluation of reflection effects, we calculate
the different contributing scattering channels based on Fresnel coefficients'> and examine their

individual relevance at different exiting scattering angles. In the next step we quantify the



refraction effects!® for different incident and exit angles. We use this theoretically obtained
information to identify measurement conditions where we expect ¢: regions dominated solely by
the transmission channel. To demonstrate the dominance of the transmission channel we
experimentally compare a grazing incidence transmission (GT)-XPCS measurement (known
dominance of transmission), with a GI-XPCS measurement (assumed dominance of transmission).
For this we measured GT- XPCS and GI-XPCS simultaneously using a detector examining a single
sample that exhibits non-equilibrium dynamics induced by beam damage and used standard XPCS
analysis steps to extract g-dependent ‘aged’ One-time correlation functions (aged-1TCF) (see SI
section S1). In GT-XPCS the incident beam is directed to the downstream edge of the sample
under a glancing angle above the critical angle'®!”. The sample scattering then exits through the
sample edge below the horizon. In this GT geometry, scattering contributions due to reflection
events are avoided and refraction events are reduced'®. Still, the GI geometry is more commonly
used because it can be applied to a larger variety of thin film samples. This is due to experimental
reasons. GT experiments require extremely precise alignment and certain sample quality
conditions are not straight forward to fulfill rendering the GI geometry more robust and versatile.
In the experiments we examine a thin film sample of Methylammonium lead iodide (MAPDI3) that
is exposed to a high energy beam, by which beam damage-driven dynamics are induced. For this
disperse sample we calculate 1) Fresnel coefficients which determine the scattering contributions
in the GI geometry'® (calculations see SI section S2 & S3) and 2) the effect of non-linear refraction

on the intensities related to intrinsic O projected on the detector ¢ '*!® (calculations see SI section

S4).

Both calculations are necessary to show the origin of the measured scattering contributions when
comparing the distortion reduced GT signal (dominated by scattering captured within the Born
Approximation (BA) !'°) and the distorted GI-XPCS signal (superposition of scattering
contribution within the DWBA 2°). As known for both geometries the generated scattering signal
directly depends on the incident and exit angles '®!8, therefore we calculate and analyze several
parameters, for incident and exit angles experimentally accessible with a single large 2D detector

for simultaneous GT and GI-XPCS measurements.

THEORETICAL BASIS



Both grazing incidence geometries, GT and GI, introduce reflections at the substrate surface,
which results in multiple reflection and scattering combinations (MRSCs) that need to be
considered when calculating the intensity at the detector. To mathematically describe the static
intensity distribution across the detector, all possible sequences of transmission, reflection and
scattering events need to be considered. One approximation to solve the problem is known as the
Distorted-wave Born Approximation (DWBA)?. For the disperse system examined within the
study the DWBA can be employed within its simplified form (see SI Section S2 for full derivation)
describing the intensity on the detector 1;(q,):

16(a2) =TT IF(+Q0 12 + |RTe | IF(+Q) 1% + |TiRe | IF(— Q) +

IRiR|” IF(=Q,0)12(1)

Herein Q,; = k(sin a; + sin ocf) and Q,, = k(sin a; — sin af) with £ = 2n/AL and A the
wavelength of the incident x-ray beam and «; and o being the scattering angles introduced in Fig.
S5. Further, T; ¢ is the Fresnel coefficient of transmissivity for incident angle a;/exit angle oy and
R;/s the respective Fresnel coefficients of reflectivity. The term F(Q) is the scattering strength
contribution from the form factor. For disperse systems, F(Q) decays steadily without oscillations.
The four terms in Eq. (1) can be split into two scattering channels, the transmitted scattering
channel (Tc) (1), associated with the classical reciprocal space vector Q,;, and the reflection

scattering channel (Rc) (2), associated with the shifted reciprocal space vector Q,,. In GT

geometry Equation (1) is reduced and only the terms dependent on |Ti T¢ | 2 and |R iTr |2 remain 6,

because terms dependent on |Tin |2and |Rin |2 result on scattering with an exit angle above the
sample horizon only observable in GI geometry.

To check for dominant terms of scattering along the detector we modelled our sample with a
two-slab system of MAPbI3 at 9.65 keV x-rays (800 nm thickness, 10 nm roughness, critical angle
6. = 0.163°) on a silicon substrate (critical angle 65 = 0.186°). The calculation of Fresnel
reflectivities R; and Ry and transmissivities 7; and 77 is based on the standard method given by
Renaud et al. '°. Further information can be found in the SI (Section S3).

Comparing the relative contribution of each DWBA term, i.e. by examining the prefactor
fraction, we can learn which terms dominate the scattering pattern for a particular ¢g. and 6;. The

sum of prefactors is normalized and plotted versus ¢.. This presentation of the data allows



identifying dominant terms dependent on the incident angle 6;. In Fig. 1a, we show the results for
two different incident angles ;. The GTSAXS region is seen around ¢- = 0 below the empty gap.
The empty gap arises from inaccessible scattering regions resulting from reflection of scattering
below the substrates critical angle (lower g. limit) and the sample horizon (higher ¢. limit). For
GTSAXS only the discussed two DWBA terms remain, with the prefactor |Tin | 2 becoming more
dominant with increasing incident angle. This is the prefactor related to direct scattering described
within the Born Approximation (BA), which is used to describe scattering in a transmission
geometry. Consequently, with higher incident angles (here: 6; = 0.30°) the intensity on the detector
approaches the same origin as in transmission geometry, indicating that GT-XPCS signal will have
the same origin as in transmission XPCS for an increased incident angle. This does not hold true
for small incident angles, like 6; = 0.22°, where the reflection term related to |Rl-Tf|2 still
contributes (see Figure 1a). The GISAXS region is seen above the empty gap and shows that above

the sample horizon and below the Yoneda-region ! scattering is dominated by DWBA prefactors

|Tin|2and |Tl-Rf|2. Within the Yoneda region all terms are present, but above this region the

contribution of the term |Tin |2 is reduced with increasing ¢.. Fig 1a shows that for the material
system tested here, for ¢. values of 0.045 Al for §; = 0.22° and 0.055 A™! for 6; = 0.30° the
contributions related to |Rin|Zand |Tin|2 vanish. The weights of the prefactors return their

incident angle dependent GTSAXS equivalents, with the BA term (with prefactor |Tin|2)

becoming dominant for larger incident angles like 6; = 0.30°. This meets the expectation by Lazzari

et al. '® that for high incident and exit angles the BA prefactor becomes dominant in GI geometry.
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Figure 1. a) Plot of the normalized prefactor fraction of Fresnel coefficients used for intensity
calculations in the simplified DWBA for the incident angles 6; = 0.22° (/6. = 1.35) and 0.30°
(6i/6. = 1.84) versus q.. The reflectivities and transmissivities are calculated for a two-slab system
of 800 nm thick MAPbI; placed on a silicon substrate with varying exit angles 6y. The gq-conversion
is done via g. = 2n/A[sin(6;) + sin(6y)]. b) The difference between detector ¢g. and intrinsic Q-
originates from the refraction effects (Ag: = ¢: - O-) vs detector g for incident angles of §; = 0.22°

(brown lines) and 0.30° (blue lines). Scattering from the Transmission channel (Tc, solid) and

Reflection channel (Rc, dashed) are calculated separately.

As introduced earlier, another important influence on the detected intensity pattern is the effect of
refraction at interfaces between different materials. When the beam enters the thin film from
vacuum/ambient atmosphere typically a small refractive index change occurs (An < 10©),
independent of measurement geometry. But the combination of the differences in refractive index
and the small incident angle in GI and GT geometry leads to relevant beam refraction at the
interface. Therefore, in contrast to transmission SAXS the scattering pattern obtained by GTSAXS
and GISAXS is distorted when projected onto the detector. As depicted in Fig. S5 refraction will



occur at interfaces and the incident beam and scattered x-rays will be shifted, altering angles within
the sample 2>%. Due to refraction altering detected angles it is necessary to distinguish between
the intrinsic thin film reciprocal space Q within the thin film and the measured detector reciprocal
space ¢. The intrinsic reciprocal space Q is defined as:

Q = 2kssin(ay), (2)

where k and A follow the earlier definition and «; is the scattering angle within the thin sample
(as introduced in Fig. S5). In contrast the detector reciprocal space is defined as g = 2k sin(6,),
with 6, being the scattering angle outside the thin sample (see Fig. S5). As shown by Lu et al. '®
the difference between intrinsic Q and detector ¢ is highly non-linear near the critical angle 8. of
the impinged thin film. Importantly, the refraction affects only the z-direction and (for the small
angles used here) will not alter the shift in the scattering signal on the detector along the horizontal
¢r-component.

To illustrate the non-linear contribution of refraction '*!¢ to the projection of scattering onto the
detector, we calculate the difference between intrinsic O and detector ¢ as 4q, = q, — Q,. Two

different cases need to be distinguished. The transmission channel (Tc) addresses the scattering

contributions containing no or double reflections (valid for |Tin|2 |F(+Q,)|? and
|Rin|2 |F(=Q;1)|?). In the reflection channel (Rc) (valid for |Rin|2|F(+QZZ)|2and

|Tl~Rf |2 |F(—Q,;)|?) we take into account the known shift of the scattering in Rc in relation to Tc,
which is proportional to 26; *. The derivation of Q- for Rc and Tc depending on the scattering
angles outside the sample is shown in the SI (Section S4).

A plot of Ag: vs g:1s given in Fig. 1b, showing the non-linear influence of refraction on the
projection of intrinsic Q. onto detector g. for two incident angles 6;. The vertical shift in the Ag:
curve between the Tc and Rc increases with higher incident angle since the difference between
intrinsic Q. and detector g originates from the finite incident angle combined with an odd number
of reflection processes. The non-defined g. region results from the same reasons given when
discussing Fig. la.

Combining the information from DWBA prefactors (reflection effects, Fig. la) and from
nonlinear reciprocal space vector projection (refraction effects, Fig. 1b) allows us to conclude the
following points for a comparison of transmission XPCS and XPCS results in grazing incidence

geometries.



Firstly: Fig. 1a shows that for high incident angles (6; = 0.30°) the scattering in the GT region
and high ¢. GI region is dominated by the BA term. While for lower incident angles the scattering
contributions from both transmission and reflection channels are mixed on the detector,
consequently influencing the shapes of extracted correlation functions. The dominance of BA

related scattering does not imply that e.g. correlation times are identical, because the absolute g-

value given by q = \/m generally differs in GTSAXS where ¢. = 0 and GISAXS where ¢-
> (. However, we propose for a heterogeneous system with no dominating characteristic length
scales, no changes to the nature of the underlying dynamics over the combined g-ranges are
expected. As a result, the scaling behavior of t with g will be comparable for GT- and GI-XPCS.
Secondly: Fig 1b shows that refraction alters the projection of intrinsic Q onto the detector. For
higher incident angles the discrepancy between intrinsic O and detector ¢ is globally reduced for
Tc but will still lead to the examination of a different intrinsic Q in transmission XPCS than in
GT- and GI-XPCS. This leads to associated changes in the correlation functions when compared
to the same detector g in a transmission XPCS experiment. Calculating the influence of refraction
allows us to conclude, which detector g-values in transmission XPCS and GT-and GI-XPCS are
comparable. For accessible g. in GI up to ~ 0.06 A™! (see Section S5 for discussion) the difference
in Aq, is not yet minimized or as low as in GT-XPCS measured at ¢.= 0.0 A!. For ¢. below ~
0.06 A'and when Tc and Rc channels contribute to the detected signal, different intrinsic Q- values
contribute to the recorded intensity within an analyzed Region of Interest (ROI) in GI-XPCS,
influencing the aged One-time correlation function (aged-1TCF) shape in comparison to GT-
XPCS and resulting in expected differences in parameters like stretching exponents and correlation
times. This contribution mixing can only be suppressed if only one of Tc or Rc is contributing.
Additionally, other experimental settings like beam size (scattering from front and end of the beam
footprint on sample) and the size of the analyzed ROI also contribute to a certain degree of mixed
intensity contributions. Therefore, we calculated how the finite sample size, the detector pixel size
and the size of our evaluated ROIs from Fig. S2 lead to mixed ¢- on the detector (details see section
S6). We can conclude that the influence of mixing of different ¢. within a single pixel, as well as
the influence of changes of the sample detector distance (SDD) by the extended footprint on the
sample is negligible and up to three orders of magnitude smaller than the effect introduced by 4¢-
caused by refraction effects shown in Fig. 1b. Further shows Fig. S8 that the size of the ROls along
g-(see Fig. S2 for ROIs) have a bigger impact on the analysis than the SDD and single pixel size.
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Still the Ag. shift caused by finite ROI size along g- (here: Ag.=0.003 A™!) is several times smaller
than the shift 4g- seen in Fig. 1b for the g.-discrepancies induced in Tc and more than one order
of magnitude smaller in comparison to those induced in the Rc.

MATERIALS AND METHODS
Materials. Materials for thin films of a metal halide perovskite solar cell were used as received.
Methylammonium iodide (MAI) was bought from Greatcell Solar and Lead(II) iodide (Pbly,
99,99% trace metal basis) was obtained from Tokyo Chemical Industry. Solvents used for
precursor dissolution were Tetrahydrofuran (THF), stabilised, purchased from BerndKraft and
Methylamine, 33% in absolute Ethanol acquired from Aldrich. Solvents used to clean the silicon
substrates (SiegertWafer, 1000 = 20 um, PIB, <100> £ 0.5°) were deionized (DI) H2O, H2O> (30%,
stabilised, VWR) and H>SOq4 (95% - 97%, for analysis, Merck).
MAPDI: thin film preparation. Thin films of Methylammonium lead iodide (MAPbI3) were
produced on silicon substrates by slot-die coating in a one-step process. The cleaved silicon
substrates were first cleaned 15 min in an acid bath (54 ml of DI water, 84 ml of H202 and 198
ml of H2SO4), heated to 80°C. After rinsing with DI water and drying with pressurized nitrogen,
the Si substrates were functionalized with O2 plasma (Plasma Technology GmbH, 0.1 bar, S5min).
For thin film preparation metal halide precursors (MAI and PbI2) were dissolved in a solution of
Methylamine in ethanol and THF (1:1 volume ratio) to get a final precursor concentration of 0.5
mol. The prepared MAPbI3 precursor solution was used to slot-die coat thin films with a custom-
built setup under ambient atmosphere ?° on the prepared Si substrates. The slot-die parameters
were the following: 200 um gap distance between slot-die head and substrate, 30 mm/s coating
speed, 30 mm/s? coating acceleration and 50°C substrate bed temperature. After a resting time of
approximate 30 s after the finished slot-die coating process, the thin films were transferred to a
heat plate and annealed for 10 min at 140°C. Finished films were around 800 nm thick (as
measured by Dektak 150, Veeco) and cleaved to 2 cm x 1 cm size to produce clean edges for
GTSAXS experiments. The cleaved films were stored until use in a nitrogen filled glovebox at
RT.

XPCS Measurements. Simultaneous GT-GI-XPCS experiments were conducted at the 11-ID
Coherent Hard X-Ray (CHX) beamline at the National Synchrotron Light Source II (NSLS II) at
the Brookhaven National Lab. The photon energy was fixed to 9.65 keV (wavelength A = 1.285

A) with a beam size of 10 x 10 pm? defined by slits. Intensity patterns were captured using an
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Eiger X 4M detector with a sample-detector-distance of 13 m and a pixel size of 75 um. To induce
dynamics in a static MAPbI3 sample 120 s of unattenuated beam were administered to the sample
under grazing incidence with incident angles of 6; = 0.22° and 0.30° (6; > 6., bulk-sensitive) for
which 600 detector images with an exposure time of 0.2 s and a frame rate of 5 Hz were recorded.
The resulting footprints were 2.6 mm and 1.9 mm, but halved by the requirement for edge-near
measurements in GT geometry. With an unattenuated flux of 5x10'! ph/s for the beam the
respective photon flux on the sample were 1.9 x 107 ph/s/ um? and 2.6 x 107 ph/s/ um?. The
administered 120 s of unattenuated beam is 240 times higher than the measured threshold for beam
damage of 0.5 s (~ 1.0 x 107 ph/um?) at an incident angle of 0.30° and induced degradation within
the thin film. The chosen flux was 1) necessary to gather sufficient photon statistics within the GT-
region of the detector and ii) allowed to induce beam-damage-driven dynamics in the sample. To
circumvent build-up of x-ray dose in measurement spots the sample was translated by a minimum
of two times the beam size between measurements for subsequent measurements. Subsequent
measurements of 0; = 0.22° and 0.30° were taken on the same MAPDbI3 sample. The calculation of
autocorrelation functions (for details on the calculations see SI section S1) was performed using
the computing infrastructure and Python code provided by the CHX beamline staff (see NSLS II
on Github, %)

RESULTS AND DISCUSSION
Simultaneous GT-GI-XPCS measurements. To test the theoretical considerations shown in the
section Theoretical Basis on the origin of detected intensities and their impact on measured
dynamics in GT- and GI-XPCS we conducted simultaneous GI-GT-XPCS measurements on a
MAPDI; thin film (see Materials and Methods). The film consists of grains, ranging from several
tens of nm up to several hundred nm leading to a scattering signal without Kiessig fringes and a g
" decay. The experimental set-up geometry and incident angles were chosen such that the GT- and
GI-signal can be recorded simultaneously on the same 2D detector, while the x-ray beam
penetrates inside the film allowing for bulk-sensitive GI-XPCS measurements. This ensures
measuring identical dynamics of beam damage-driven degradation in GI and GT geometry

simultaneously, but limits the observable ¢ range to a gz max of 0.06 A (see Fig. S2 for ROIs).

Fig. 2a shows the correlation time 7, against g- taken for a deterioration time t of [50 £ 2] s. The

dependence of 7, on ¢. above the GT region is related to the fact that different length scales are
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probed, resulting in different correlation times present. For intermediate regions of ¢. (g- <
respective Yoneda) flat regions arise (dotted lines in black). Zhang et al. ° attribute these flat
regions in ¢: to mixing of scattering signals from the Tc and Rc originating from different Q.. The
overlapping contributions of Tc and Rc scattering signal vary in between the Yoneda region and
the specular beam position and roughly cancel due to opposing intrinsic Q- trends, resulting in flat
g- regions. Within the flat regions most of the g-scaling of 7, is governed by the scaling of 7y vs
grand hence can be used to analyze the present dynamics in the sample according to Zhang et al.
%, Fig 2b shows the Kohlrausch-Williams-Watts (KWW) exponent y against ¢. from the aged-
1TCEF fits. In the GT region at g-= 0.0 A" y values around 1.5 to 1.7 are observed, while an increase
with increasing ¢. from 1.5 up to 2.0 is obtained in the GI region for 6; = 0.30° and an increase
from 1.2 up to 1.7 for 6;=0.22°. Due to our measurement approach of simultaneous GI-GT-XPCS
measurements, the probed underlying physical behaviour is expected to be identical in GI and GT
geometry. Nevertheless, we observe significant differences between ygr = 1.7 (0; = 0.22°, ¢- = 0.0
A1) in GT and yai= 1.2 (8;=0.22°, g- = 0.02 A!) in GI within the same measurement. It is known
that y, which is a descriptor of the sample dynamics, can vary with g. But the dependence of y to
g does not explain the sharp jump between yot and yc1. Without characteristic length scales within
the sample y should vary slowly with ¢ !. Sharp jumps would only be expected when characteristic
length scales are crossed e.g. during structural rearrangements'-?’, but in a heterogeneous system
of multi-sized crystalline grains no such length scale is dominant. Consequently, the sharp change
in y between GI and GT regions of ¢: is attributed to the influence of refraction and MRSCs,
altering the shape of analysed aged-1TCFs. However, the GI data for 0; = 0.22° for ¢. > 0.05 A-!
reach the value of ygr. This is in line with the expectations based on the prefactor fractions from
Fig. 1a, which show that for high g. values, the prefactor fractions from the GT range are reached.
Although for an incident angle of 0.22° these are not dominated by Tc alone as for 0.30°
(explaining the difference between ygr of 6; = 0.22° and ; = 0.30°), comparable prefactor fractions
are nevertheless achieved. In contrast, comparable y are not achieved for high ¢. for 6;=0.30°. We
expect that comparable values could be reached for ¢ > 0.06 A™!, since possibly the influence of

the difference between intrinsic Q. and detector g: is not yet linear enough (see Fig. 1b).
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Figure 2. a) Graph of correlation times 7o against g-and b) KWW exponent y against g for a slot-
die coated MAPbDI3 thin film in simultaneous GI/GT geometry for various incident angles around
gr = 0.0035 A, Error bars are given in grey and are smaller than the marker size. The incident
angle-dependent Yoneda regions are marked in the respective colour. Flat regions identified after
Zhang et al. ° are marked as dotted lines in black. Identified flat regions were adapted with

permission from Ref. 9, Copyright 2019 American Physical Society.

Scaling Analysis of extracted 1TCF parameters. To further investigate the differences in
dynamics in GI and GT-XPCS the proposed approach by Zhang et al. ? is used to investigate the
scaling of 7o vs ¢, within flat regions of 7 vs g.. The ROIs along ¢, are shown in Fig. S2 a) and ¢)
and their respective aged-1TCFs in Fig. S3 and S4. The results on the scaling of 7o vs ¢ are shown
in Fig. 3 for 3 different ¢. regions. The scaling behaviour of 7o vs ¢, varies depending on the
incident angle and measurement geometry. The observed process is a surface activated ionization
and destruction process of the MAPDI; thin film. Therefore, bulk sensitive conditions (g: ~ 0 or
high 6; and high ¢:) show a weaker dependence of ¢, In contrast, the more surface sensitive
condition of 6; = 0.22° at intermediate ¢. (below the Yoneda-region) examines the destruction
mechanism on the sample surface leading to a stronger scaling with g,. As argued within the section

on theoretical considerations in GI geometries the scaling behavior for 7o vs g for an incident angle
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01 0.30° should show comparable scaling dynamics in the GTSAXS region and the GISAXS region

at ¢->0.055 A! because the scattering signal in these detector regions stem from only one DWBA
scattering contribution ( |Tin| |F.1|?). To test this expectation, we project the scaling of 7o vs g-

in GT (Fig. 3a, dashed line) to g via q = \/m and compare it to 7o from the GI data points
for both incident angles in Fig. 2a projected to g. The result of the projection to g is shown in Fig.
4. To visualize the scaling in GT in comparison to GI the slope of the GT data points was shifted
as a guide-to-the-eye (dashed-dotted line). The graph shows that the scaling behavior of 7 in GT
converges with the high g.-data in GI for 6; = 0.30°, in contrast to 0; = 0.22° for which the data
points are not converging on the guide-to-the-eye. The presented plot therefore indicates that the
higher the angle of incidence is, the lower the ¢ for which this scaling applies, in accordance with
the dominance of the BA term. Therefore, we attribute the deviation of the t,-scaling behavior for
lower ¢ in Fig. 4 to the additional DWBA terms resulting in mixing of Tc and Rc scattering and

the respective non-linear refraction changes occurring in that g-range.
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Figure 3. The graphs show fit results from the aged-1TCF and the resulting comparison of the
scaling behavior of the average value of the correlation time 7, versus ¢, between GT data
(extracted near ¢- = 0) in a), as well as surface (b) and bulk (c) sensitive ¢. regions for GI data (for
comparison reasons located below and above the respective Yoneda regions), where according to
Zhang et al. dynamics are solely represented by their g, scaling. Error bars are given in grey and
are smaller than the marker size. For an incident angle of 0.22° scattering stems in all subfigures

from Rc and Tc scattering contributions. For an incident angle of 0.30° subfigures a) and c) are
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dominated by scattering from Tc scattering, while contributions from Tc and Rc are present in b)

(see Fig. 1a). Numbers above each dashed line mark the slopes of a linear fit in the log-log graph.
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Figure 4. The graph shows fit results from aged-1TCFs and the relevant comparison of correlation
times 7o vs ¢ for extrapolated GT data (circles, taken from GT data points along ¢, in Fig. 3) and
GI data (triangles, taken from GI data points along ¢: in Fig. 2) for 0.22° (a) and 0.30° (b). Error
bars are given in grey and are smaller than the marker size. Numbers under dashed lines mark the
slopes of a linear fit in the shown log-log graph for GT data. The correlation time 7o behaviour was
extrapolated from GT data to high g-values via the scaling exponent (linear slope). The solid lines
are variations to the extrapolated 7o by + 20 % to take into account uncertainties, influencing the
refraction within the thin film and altering nominal ¢ for the GI data (after Zhang et al. °). The
dashed-dotted lines are a guide-to-the-eye having the same slope as the dotted lines. Uncertainties

were adapted with permission from Ref. 9, Copyright 2019 American Physical Society.

Identification of suitable q: regions. We aim to use simultaneous GI-GT-XPCS measurements

to demonstrate that several regions on the detector can be used to extract comparable dynamics to
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bulk sensitive transmission XPCS measurements, while other regions suffer from intensity
variations due to MRSC and refraction effects. We propose that the data that is most comparable
to transmission XPCS is in the GT region, when using high incident angles. For the GT region,
we can show in Fig. 1b for an incident angle of 0.30° that an offset to correlation times o in

comparison to transmission XPCS occurs, due to the refraction effect on the projection of intrinsic

0 to detector g. But under consideration of the dominant scattering term |Tin|2 from Fig. la
under the same incident angle we do not expect a systematic effect on the stretching exponent y as
a result from the combination of reflection and refraction effects. Further, we showed in Fig. 4 that
the scaling behaviour of correlation times 7y vs ¢ in the GT regions can be recovered in GI for
large enough 6; and high ¢: regions which are dominated by the BA term (see Fig. 1a).

Care must be taken if the proposed approach by Zhang et al.? is used to analyze the scaling of 7,
vs ¢r. According to their work, in between the direct beam and the specular beam position the
intrinsic Q. from Tc and Rc overlap within the detector ¢g. with competing trends. Based on
theoretical considerations on Q, ¢, and Q¢ g (section S4, equation 3a and 3b) we calculated
the absolute |Q, | against detector ¢g.. The result is seen in Fig. S7. The plot indicates that while
Q2,61 7c shows a continuous increase with gz, Q; ¢; rc 1s decreasing from the Yoneda position up to
the specular beam position, while increasing above the specular beam position. While the general
trend of countervailing ¢. for Tc and Rc is supported by our calculations, these calculations also
show that the region to extract meaningful XPCS signals is further restricted. In addition, it is also
necessary to consider the respective prefactors of Tc and Rc to identify valid g ranges for which
Tc and Rc prefactors are approximately equal such that g. shows competing @, trends. Combining
information from Fig. 1a and S7 leads to expecting flat regions within the Yoneda regions, which
are not present in our data set. We therefore anticipate that the flat ¢. regions are false-positives
and related to the effect of distortions in GI geometry which strongly influences the XPCS analysis
shown in Fig. 3b, especially for an incident angle of 0; = 0.22°. The plot shows a slope of -1.2 in
the log-log-plot of 7 as a function of g,. However, the GT data at 6;= 0.30°, which are most close
to a transmission XPCS measurement, show a much-reduced slope of -0.07 although we propose
that the same dynamic process is probed. Such strong influence of reflection and refraction effects
on the correlation times makes scaling analysis of correlation times in GI-XPCS data error-prone.
To avoid errors in scaling analysis we suggest analyzing the results of Fresnel coefficients and

refraction calculations in GI to identify which g.-regions are suitable for XPCS analysis.
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Influence of hetero- and homodyne detection schemes. Still, other effects might alter
extracted aged-1TCF shapes. One such effect is the interplay of homo- and heterodyne detection
schemes, which might occur in low g-regions. Based on Gutt et al.'?> we calculate the typical
reciprocal length scale for interference to be g ~ 5 x 1075 A! (see S7 for further discussion). This
value is more than 10 times smaller, than the lower ¢, limit used within our GI experiments.
Further, Sikharulidze et al.?® showed that the contrast factor £ jumps when changing detection
schemes. Fig. S9 shows the contrast f vs ¢-for GT and GI at various ¢.. One can see that no jumps
occur in f, further suggesting that solely a homodyne detection scheme is observed. Another point
to consider is the projection of the coherence length in GI geometries. From Sikharulidze et al. 2
it is known that the projection of the coherence length onto the sample increases detected speckles
per pixel, therefore reducing the measured contrast f. Due to the angle dependence of the
projection this varies with the angle of incidence, but should not dominate the shape of measured
aged-1TCF, despite reducing the contrast at low a;.

Influence of coherence on wave vector spread and detector resolution. Gutt et al.” further
included the influence of the coherence length on the wave vector spread dg/q (see S8 for
discussion), the detector resolution and pixel size and showed that both could induce a change of
detection scheme from homo- to heterodyne in GI. They observed that these effects are pronounced
at small detector openings or pixel sizes (< 30 um) and for wave vector spreads >0.2. Due to the
use of a 2D detector a plot of dg/g with g is shown in Fig. S10. From the plot we see that we are
below the identified dg/q ratios of Gutt et al. for the ¢ values used within this study. Along with
the pixel size of 75 um we conclude that these effects of partial coherence to aged-1TCF shapes
can be excluded for our measurements with exceptions to altered contrast factors.

After consideration and exclusion of these well-known effects of partial coherence, resolution and
detection scheme mixing we conclude that the effects seen within the manuscript are related to the
geometrical effects mentioned in the theoretical section of the manuscript. We therefore can
identify suitable regions of analysis with our chosen approach, relying on the calculation of
refraction and MRSC effects. Both reflection and refraction effects alter the projection of intrinsic
scattering on the 2D detector and depend on material properties. The refraction influence can be
calculated with knowledge of the critical angle . of the material, which can be measured in
GISAXS experiments or calculated from the materials refractive index. Reasonable reflectivities

and transmissivities are not as easy to estimate. But for experiments done on uniform films,
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meaning that the scattering contrast from structures within the film is significantly smaller than
the scattering contrast between the thin film and the ambient atmosphere, reflectivities and
transmissivities are well governed by the average film density and thickness, making an easy two-
slab approach suitable!. This allows determining ¢ regions most suitable for analysis for a large
variety of material systems and strengthens the potential of bulk sensitive GI-XPCS for analysis

of dynamic processes in thin films.

The presented approach is highly dependent on the sample (material, thickness) and measurement
conditions (x-ray energy, incident angle). Therefore, we calculated further Fresnel coefficients for
two materials (hybrid perovskite, polymer), two layer thicknesses (100s, 10s of nm) and x-ray
energies (9.65 keV, 13.50 keV) (further details in section S9). The results are presented in Fig. 5
for 9.65 keV and Fig. S11 for 13.50 keV for ratios of incident angle to material critical angle of 6;
=1.16,, 1.5 6. and 2.0 6.. Fig. 5 shows that for MAPDbI; an incident angle of 1.5 6. is sufficient that
the BA scattering term is dominant around the specular beam position, while for P3HT an incident
angle of 2.0 6. is necessary for the BA scattering term to become dominant. Furthermore, Fig.
S11a shows that for MAPbI; at 13.50 keV already 0; = 1.1 0. is mostly dominated by BA scattering
around the specular beam position (sample thickness 800 nm). Due to the complexity of the
relationship between material parameters and x-ray energy no simple rule-of-thumb can be
established. While for the here chosen material systems and energies at 6; = 2.0 6. the BA term is
dominating around the specular beam position for all variables, scenarios exist (e.g., enhancement
effects of interface layers or employed substrates) where this relationship could break down.
Consequently, we recommend calculating the dominant scattering terms for specific experiments
to identify the lowest angle at which the BA term dominates. This allows to maximize the overall

scattering intensity that decays with increasing incident angle.
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Figure 5. Material dependent Fresnel coefficient analysis used for intensity calculations in the
simplified DWBA for incident angles ;= 1.1 6., 1.5 6. and 2.0 0. versus g.. The reflectivities and
transmissivities are calculated for a two-slab system of a) 800 nm thick MAPbI3 b) 20 nm thick
MAPDI; ¢) 200 nm thick P3HT d) 20 nm thick P3HT placed on a silicon substrate with varying

exit angles 6y which is converted to ¢.. Calculations are for an x-ray energy of 9.65 keV (A =1.285
A).

CONCLUSIONS To move towards XPCS characterization of thin films beyond surface scattering
dominated experiments, we have carried out calculations to reveal the dominant scattering terms
as a function of incident angle within the simplified DWBA for bulk sensitive GT and GI scattering
captured on a large 2D detector. In combination with the calculation of ¢ space distortions by
refraction in grazing incidence geometry we propose how reflection and refraction and resulting
contribution mixing alter the observed dynamics from GI- and GT-XPCS in contrast to
transmission XPCS. The expectations are probed by a study of simultaneously taken measurements
of GT- and GI-XPCS, which allow us to identify regions in ¢. and angle of incidence 6; with
comparable scattering origin in GI and GT geometry. This also holds true for incoherent GI and

GT experiments. The presented approach enables the user to determine ¢- regions suitable for GI-

20



XPCS experiments prior to experiments by systematically considering reflection and refraction
contributions.
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