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Ultrafast microscopy and image segmentation
of spatially heterogeneous excited state

and trap passivation in Cu,BaSnSSe;

Hannah Luebbering,’? Ashkan Shafiee,”* Betul Teymur,® Yongshin Kim,> David B. Mitzi,**

and Elham Ghadiri'2:3.6.*

SUMMARY

Earth-abundant Cu,BaSnS,.,Se, (CBTSSe) represents a recent alter-
native for Cu,ZnSn(S,Se), for solar energy conversion with a lower
level of disorder and band tailing. We report the heterogeneous
excited-state and trap-state pattern in different solution-processed
CBTSSe films using ultrafast two-color pump-probe diffuse reflec-
tance microscopic imaging. The spectroscopy/microscopy method
can visualize and correlate the microscopic compositional and elec-
tronic variations (i.e., trap states) in real space with time-resolved
photophysics. Heterogeneity patterns in TAM images show that
some grains exhibit a positive excited-state absorption (ESA) signal,
while others show negative ground-state bleaching (GSB). Our re-
sults visualize that film processing, such as air annealing and Na
addition, has a clear influence on the heterogeneity of the excited-
state pattern. Importantly, we report stable charge carrier over
100 ps. We applied the image principal component and histogram
for quantitative analysis of TAM images to deconvolute and visu-
alize the contribution and fingerprints of minority free carriers and
sub-band-gap trapped carriers.

INTRODUCTION

Multinary chalcogenide semiconductors (e.g., Cu(In,Ga)(S,Se), [CIGSSe] and
Cu2ZnSn(S,Se)4 [CZTSSe]) have been adopted as thin-film solar absorbers for elec-
tricity production in photovoltaic (PV) and photoelectrochemical (PEC) devices.
However, scarcity of In in CIGSSe and poor defect properties of CZTSSe limit their
long-term and large-scale application.' The poor defect properties of CZTSSe that
limit power conversion efficiency (PCE) improvement stem partially from the chem-
ical/electronic similarities of Cu/Zn and their tendency to replace each other within
the CZTSSe lattice.” To circumvent these obstacles, an emerging family of materials
that replace Zn in CZTSSe with larger ions, such as Ba or Sr, has been proposed.®™
Materials in this family are expected to be disorder resistant (i.e., to have lower den-
sities of intrinsic defects that can adversely impact optoelectronic properties)
because of the ionic size and coordination differences among the component
metals. For example, a material of this family, earth-abundant Cu,BaSnS,Ses «
(CBTSSe), has been shown recently to have a lower level of disorder, with initial
PV and PEC devices exceeding 5% PCE without detailed device optimization.®
These initial results are based on CBTSSe films deposited by vacuum-based ap-
proaches (i.e., sputtering). Given the expected dependence of defect chemistry
on film growth conditions coupled with prospective processing benefits,
examination of solution processing for film deposition is also of interest;” e.g.,
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solution-processed CBTSSe thin films used for PEC applications have been demon-
strated using low-toxicity dimethyl sulfoxide as a solvent.® Recently, solution-pro-
cessed PV devices have also been demonstrated, with PCE exceeding 6%.°

A detailed understanding of photophysical processes, such as charge carrier pho-
togeneration, recombination dynamics, the role of various defects, and their influ-
ence on the carrier lifetime in these recently developed solution-processed
CBTSSe films, is essential. In general, a spectroscopic/optoelectronic characteriza-
tion approach that can identify such processes in solar cell devices or visualize and
correlate their microscopic origins in real space with the time-resolved photophy-
sics is indispensable. Pump-probe techniques, including transient absorption spec-
troscopy (TAS), provide insights into ultrafast photophysical processes in materials
(namely, excited-state characteristics, the spectral signature of photocarrier ab-
sorption, charge separation, trapping, and recombination dynamics) within a
femtosecond to nanosecond time frame.'"'? Despite the great potential of con-
ventional transmission-based TAS, the main limitation of this technique is that
the samples must be optically transparent. Therefore, conventional transmission-
based TAS is not sufficiently versatile for the study of many opaque materials,
highly light-absorbing samples, or thin films deposited on conductive metallic sub-
strates. We have previously demonstrated ultrafast time-resolved pump-probe
diffuse reflectance (DR) spectroscopy (DR-TAS) with a sub-200-fs time resolution.’®
The technique has enabled study of ultrafast charge carrier dynamics in functional
opaque dye-sensitized solar cells (DSCs), highly light-absorbing/scattering mate-

371 and vacuum-deposited CBTSSe films on Mo substrates.” Notably, the

rials,
optical absorption coefficients of the CBTSSe chalcogenides are exceptionally
high. The absorption coefficient for CBTS is about 10* cm™" for the range of
photon energies above the band gap.'” Therefore, even thin films of this material
look dark and relatively opaque gray with no specular reflection. This observation
suggests that studies of the photophysical dynamics involved should be performed
more precisely using DR-TAS. We also integrated DR-TAS with pump-probe
confocal microscopy (fs-DR-TAM) and showed that the technique allows localiza-
tion of charge carrier kinetics in small grains.” We demonstrated that the technique
provides useful insights into the dynamic behavior of charge carriers within few-
hundred-nanometer-scale grains of vacuum-deposited CBTSSe layers. For vac-
uum-deposited CBTSSe thin films, we observed that early recombination of the
majority of charge carriers happens in sub-20 ps. These observations suggest
that the charge carrier processes should be improved for these films to further
enhance device performance.”

Itis important to clarify and note the importance of recent methodological advance-
ments for establishing non-invasive methods for thermal or artifact-free spectros-
copy methods. Traditionally, time-resolved DR measurements are performed using
a laser flash photolysis method, which applies low repetition rates and dramatically
high excitation pulse energies. DR spectroscopy in a microsecond time frame was
first reported by Kessler and Wilkinson'® in 1981 using an optical lens to collect
3%—4% of the diffuse reflected light of powders in a laser flash photolysis scheme.
Dramatically high excitation energies of 20 mJ/pulse (64 mJ/cm?) caused interfering
photothermal effects.'” For nanosecond DR-TAS, we previously used ellipsoidal mir-
rors intercepting ~20% of the total reflection at all angles, 0°-90°, of opaque DSC
samples at much lower excitation pulse energies of 50-200 pJ/cm?."® By increasing
the solid angle of DR light collection and applying laser pulses (with a low energy of
100 nJ) that provide a fluence on the order of 100 pJ/cm?, we resolved DR spectros-
copy at sub-200-fs time resolution and verified the agreement of transmission and
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DR-based measurements and photostability of the chromophores after several mea-
surements."® Two-color microscopy using megahertz repetition with lock-in detec-
tion allows a high signal-to-noise ratio at low pulse energies, which eliminates ther-
mal effects as a non-invasive method. Using two-color TAM, the spatial variation in
electron-hole recombination in ZnO rods was reported.”” By scanning probe versus
pump, this method was incorporated to study charge separation, transport, and

21-24 and perovski'ces25 and (using non-linear contrast)

recombination in nanowires
for biomedical imaging®® and artwork.?’ The ultrafast microscopy in DR mode, the
same as in transmission modes, applies much less pulse energy (on the order of pi-
cojoules) and energy fluences typically of 0.5-1 mJ/cm? as a non-invasive method for
photochemical analysis of samples.® Time-resolved photoemission electron micro-
scopy (TR-PEEM) has been reported for photodynamic study.”® However, in TR-
PEEM, the high photon flux of the applied laser pulses needed for the photoemis-
sion process results in strong charging effects in the sample that disallow study of
higher-resistivity samples, such as semiconductors. Despite the high spatial resolu-
tion, the low penetration depth of electrons is another challenge in TR-PEEM, and, in
general, stricter sample and instrumentation requirements, such as an ultrahigh vac-
uum, make them less effective to measure real functional samples and devices made
of multilayers of materials.

The important aspects of the current manuscript are (1) emerging materials develop-
ment with advanced photophysical characteristics suitable for energy conversion
applications, (2) integration of advanced ultrafast microscopy methods for photo-
physical analysis of materials at few-hundred-nanometer spatial resolution, and (3)
a first-time report of microscopic visualization and quantified analysis of electronic
trap states and their passivation for relating the photochemistry to electronic varia-
tions. The current manuscript is a first-time report of the photophysical analysis of
CBTSSe materials prepared by a solution method using pump-probe DR micro-
scopy. In this study, we address the issue of the very short charge carrier lifetime
observed in CBTSSe thin films prepared by vacuum deposition. Remarkably, we
show that charge carriers are stable in solution-based CBTSSe films for hundreds
of picoseconds. We perform DR-TAM microscopy to spatially localize the excited-
state pattern in solution-processed films. We also study the effect of Na addition
and air annealing treatment of the films on the heterogeneity of the ultrafast
pump-probe TAS images. We observe that solution processing and film post-depo-
sition treatment impact the ultrafast excited-state absorption (ESA) pattern in DR-
TAM images. Na addition and air annealing enhance the homogeneity of the ESA
pattern. The spatial and spectral heterogeneity can be due to the existence of
shallow traps, which cause energy variations and band tailing.

RESULTS AND DISCUSSION

Structural and elemental analysis of CBTSSe samples

For spectroscopic analysis, we used solution-processed CBTSSe films prepared with
different Na mole concentrations (0% and 1%) on Mo/soda lime glass (experimental
procedures). The phase and chemical composition of the films were characterized by
X-ray diffraction (XRD) and inductively coupled plasma mass spectrometry (ICP-MS)
(Table S1) analyses. The depth profile of the elemental components was defined by
time-of-flight secondary ion mass spectrometry (TOF-SIMS) (Figure S1). A detailed
discussion of Na content analysis using ICP-MS and TOF-SIMS is provide in Note
S1. The notation 0% Na does not represent the absence of Na in the film because
there can be diffusion of Na from the glass itself; rather, it represents no excess
amount of Na added during film precursor solution preparation. XRD patterns of
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Figure 1. Crystalline structure and morphological analysis of the CBTSSe films

(A) XRD profiles of CBTSSe films for externally introduced Na atomic ratio to all other metal ions
(Na/[Cu + Ba + Sn]) = 0, 0.01. Miller indices for the major XRD peaks are determined by fitting with
the reference XRD (blue stick pattern) for trigonal structure Cu,BaSnS,_,Se, (P34) (x = 3).

(B and C) Top-view and cross-section SEM images of the films with (B) 0%-Na additive and (C) 1%-
Na additive.

CBTSSe films with 0% and 1% Na mole concentrations (Figure 1A) show a single P3;
space group phase of CBTSSe with no impurity phases detected. The ICP-MS results
(Table S1) indicate that current films exhibit a nominally stoichiometric to slightly Ba-
rich metal composition; for example, with [Cu]/([Ba]+[Sn]) = 0.99 + 0.05 and [Ba]/
[Sn] = 1.05 + 0.05 for the 1% Na film. The %[Nal/([Bal+[Sn]+ [Cu]) values are
1.30% for the 1%-Na sample and 0.71% for the 0%-Na sample.

The top-view scanning electron microscopy (SEM) images of 1% -Na CBTSSe and
0%-Na CBTSSe films (Figures 1B and 1C) confirm that Na addition improves grain
growth. After selenization, both films show large grains, with a greater number of
larger grains for the films with Na additive. The lengths of a total of nine lines on
the SEM image were divided by the number of grains that intersected the lines to
calculate the average grain size. 1%-Na CBTSSe films have an average grain size
of 2.2 pm, whereas 0%-Na CBTSSe films show an average of 1.3 um. The average
grain size enlargement and enhanced uniformity with Na additive decreases the
density of grain boundaries that can potentially serve as recombination centers for
charge carriers. As indicated in the cross-section image of the 0%-Na film (Figure 1B),
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Figure 2. PL microscopic image, PL spectra, and steady-state optical absorptance spectrum of the CBTSSe films

(A) The typical confocal PL images resolve grains of ~5 pm and show uniform PL across the entire large scanned area. The darker areas correspond to
surface morphology that reduces the collection of PL. Aexc = 633 nm.

(B) The PL spectrum for the four solution-processed CBTSSe samples, including air annealing (AA) and 1%-Na addition. All samples show a PL peak at
790 nmM. Aexe = 633 nm.

(C) Kubelka-Munk spectrum of a solution-processed CBTSSe film.

(D) Broadband DR-TAS of the CBTSSe film. The negative peak centered around 780 nm corresponds to the GSB. The positive feature above 807 nm
belongs to ESA, which reflects photoabsorption by photogenerated minority carriers. The excitation is at 720 nm, and the broadband spectrum is
measured from 600 nm. The wavelength range of 795-806 nm is eliminated because of spectral overlap with the fundamental laser wavelength.

darker spots appearing on the top-view image represent CBTSSe grains with
different thicknesses (0.8-1.1 um). Formation of larger columnar grains with fewer
grain boundaries is observed in 1% -Na CBTSSe films (Figure 1C), with a more uni-
form thickness of approximately 1 um all over the surface. Therefore, one role of
Na addition (in the form of NaCl) appears to be improvement of film morphology
and providing a pathway to improve grain size.

Atomic force microscopy (AFM) analysis (Figure S2; Note S2) is also used to discuss
the film morphology of the CBTSSe samples and the effect of Na content on it, and
the results show, in the case of the 1%-Na film, that the grains are slightly bigger;
however, the 0%-Na film has reduced surface roughness (Rq).

A typical photoluminescence (PL) image of a CBTSSe film (Figure 2A) exhibits
nominally homogeneous PL across the large scan area. The PL spectrum for all
four samples (with or without air annealing, with or without added Na) shows a
PL peak at 790 nm (Figure 2B), which is not changed upon film processing. NIR-
PL images of different films (CBTSSe-Na0, CBTSSe-Na1, and CBTSSe-air annealing

Cell Reports Physical Science 4, 101601, October 18, 2023 5



¢? CellPress

OPEN ACCESS

[AA]-Na1) are provided in Figure S3. Because of the weak PL of CBTSSe, it is chal-
lenging to use PL for extensive quantitative analysis. Therefore, we used this tech-
nique to look at the homogeneity and structure of the films and the spectral loca-
tion of the PL peaks. The Kubelka-Munk spectrum of the CBTSSe film (Figure 2C),
is characterized by a relatively sharp band edge at 770 nm with no residual absorp-
tion at 820 nm. The PL peak is spectrally located close to the absorption band
edge. The broadening of the CBTSSe film PL is remarkably smaller than that
reported for analogous CZTSSe materials (~190 nm full-width half-maximum
[FWHM], 180 meV).”"” These observations indicate that near-band-edge states
in CBTSSe are less prevalent compared with CZTSSe films. Low-temperature and
fluence-dependent PL studies on samples prepared similarly as in the current
work have been conducted to quantitatively investigate the nature and energetics
of defects in this material and compare them with DFT studies.”” Briefly, at low
temperatures (15-100 K), major defect PL was observed at 1.5 eV, for which the
PL intensity varies with excitation power and with a slight spectral shift depending
on temperature.”” The external PL quantum yield (radiative recombination) at
room temperature is low for CBTSSe material (~4 x 107" at 1-sun-equivalent
excitation), and high excitation energies are required.29 Therefore, while PL mea-
surements may provide valuable information about electronic states, in the current
study we targeted TAS spectroscopy as an approach to garner more information
on radiative and non-radiative processes.

Broadband ultrafast DR spectroscopy

The time-delayed pump-probe DR-TAS data of a typical solution-processed CBTSSe
sample (Figure 2D) is characterized by a weak tail at 680-725 nm, a narrow negative
peak at 725-795 nm, and a positive spectrum formed at wavelengths above 807 nm.
The intensity-dependent TAS studies are provided in Figure S4. As the results show,
the ground-state bleaching (GSB) of CBTSSe is quite narrow and featureless, and the
bleaching peak is spectrally located close to the band-edge absorption at 770 nm
(shown in Figure 2C). The negative peak is assigned to GSB, and the positive absorption
peak is assigned to ESA, which reflects the absorption by photogenerated minority car-
riers (see also the discussions of microscopy section). With increasing the pump power,
the intensity of ESA increases (Figure S4). The ESA increase is linear (and not quadratic,
for example). Therefore, one-photon absorption is involved (rather than multiphoton).
This agrees with the intensity dependence TAM results discussed later. ESA is stable
within the time frame of the experiments, which agrees with the ESA kinetics from
TAM experiments (discussed later). We do not have evidence in our spectroscopy results
pointing to exciton formation at room temperature. A near-band-edge exciton transition
in PL of larger-band-gap CBTS films prepared by vacuum deposition was observed at a
low temperature of 30 K."” The FWHM of the GSB peak is about 30 nm (67 meV, the data
in eV units are provided in Figure S5), which is in agreement with that of previously
measured vacuum-based CBTSSe samples.”

Using broadband spectroscopy measurements and analyzing the spectral shape and
broadening of the peaks, it is possible to qualitatively deconvolute and compare
different transient species when they are spectrally separated enough. For example,
the bleaching caused by population within electronic trap states can be distin-
guished from the bleaching formed upon population at the band edge (or stimu-
lated emission resulting from radiative recombination from these states) when
they are spectrally (energetically) separated enough. However, the narrow GSB of
CBTSSe makes spectral deconvolution difficult. Transient absorption microscopy
provides the possibility to deconvolute and visualize the photoexcited species not
accessible using ensemble spectroscopy.
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Figure 3. Stable ESA reflecting a stable charge carrier in solution-processed CBTSSe

(A) As an example, the pump-probe TAM image of the AA-0%-Na-CBTSSe film is shown at different time delays. The pump beam is 720 nm, and the
probe beam is 820 nm. The scale bar represents 80 um. The pump-probe DR-TAM images are heterogeneously composed of negative and positive
components over different grains.

(B) High-resolution scan over a relatively smaller area (48 48 um x 48 um) on the sample and TAS signals averaged over two regions of interest (shown in
white boxes); one region identifies a negative GSB type of the TAS signal, and the other shows a positive ESA component. The scale bar represents
24 pm, and the ROIs shown in the white box are 10 x 10 um.

Ultrafast two-color pump-probe DR microscopy of solution-processed CBTSSe
To deconvolute the photoexcited pattern and scrutinize the charge carrier formation
and relaxation kinetics in solution-processed CBTSSe films, we performed two-color
pump-probe experiments combined with confocal microscopy (pump-probe micro-
scopy imaging), allowing localization and imaging of the ESA and charge carrier pro-
cesses at a grain-scale level. In pump-probe DR-TAM, the pump-probe time delay is
changed; at each delay point, a pump-probe TAM image (A = Pumpon) — Pumposs)
is acquired by scanning the pump and probe beams across the sample. The high
repetition rate and sampling (see experimental procedures) enable TAS signal mea-
surements with a high signal-to-noise ratio.

In Figure 3A, pump-probe images at different pump/probe time delays for the AA-
0%-Na film are shown as an example. The three images correspond to different time
delays, including the overlap time (0 ps) and after the overlap time (0.6 ps and 20 ps).
The 720-nm pump beam, which has low energy while still being just above the
bandgap, can penetrate deep into the sample and therefore allow monitoring of
the charge carriers in the bulk of the film. For 820-nm photons, the penetration depth
is about 1 um, given the extinction at this wavelength.

Using broadband DR-TAS, the spectral positions of the ESA and GSB for CBTSSe
films are determined (Figure 2D). The broadband spectrum is characterized by a
positive TAS peak above 807 nm, which belongs to the ESA. Although the broad-
band spectrum can identify the spectral position of the ESA and GSB, with the
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narrow and featureless shape of the GSB of the CBTSSe, it is not sufficiently versatile
to enable an in-depth analysis of the electronic states, including the sub-band-edge
states, and also to spectrally deconvolute the photodynamics.

In pump-probe microscopic imaging, we set the probe beam at 820 nm to access the
positive TAS signal and monitor the free charge carrier dynamics. As observed, the
pump-probe image heterogeneously comprises a dominant positive ESA compo-
nent and a negative GSB component resolved at some grains. Conventional
pump-probe spectroscopy experiments are typically performed on large ensembles
of particles or molecules, where the response of individual contributors combines
with that of others to produce strong optical signals. However, for some heteroge-
neous samples, the response from individual components is lost when averaging
from across the ensemble. In the DR-TAM image of CBTSSe solution-processed
samples, although the majority of the regions on the film represent a positive ESA
signal, some grains show a negative GSB-type signal. Figure 3B shows a high-reso-
lution scan over a relatively smaller area (48 um x 48 um) on the sample and the DR-
TAM signal at two different regions. The pump-probe signal averaged over two re-
gions of interest identifying ESA and GSB components is shown. The feature size in
the pump-probe TAS images is in agreement with the SEM. Therefore, the pump-
probe images provide insight into the excitation pattern and the charge kinetics
at the grain-size level. Notably, there is no change in the sign (positive or negative)
of the signal. All negative-dominated grains remain negative throughout the time
delay, while all positive-dominated regions remain positive. Therefore, the nega-
tive-positive pattern cannot be assigned to effects such as band gap renormalization
resulting from charge accumulation (observed for perovskite materials®®) but rather
to inherent electronic states. In general, a stimulated emission signal can be de-
tected by pump-probe microscopy. The stimulated emission signal contrast would
also result in an increased probe intensity at the detector (negative signal) same
as GSB signal contrast (negative regions). However, our PL studies do not show
any radiative recombination at 820 nm, and previous reports document that radia-
tive recombination is not prevalent in CBTSSe materials at room temperature.”’

Also, we have to discuss the possible effect of film thickness variation on the pump-
probe TAS signal. The film surface is relatively smooth, although some voids are
observed in the SEM (Figures 1 and Sé), AFM (Figure S2), and PL images (Figure S3).
Given that the depth of focus in our measurements is a few micrometers, such local
variations are not sufficient to experience a defocused beam and a change in the in-
tensity of the beam (Note S3).

Excitation-power dependence TAM studies

The effect of pump intensity on the pump-probe images and the TAS signal amplitude is
depicted in Figure S7. With the increase in pump intensity, the TAS signal increase fol-
lows a linear trend, reflecting that signal formation does not arise from nonlinear absorp-
tion mechanisms such as two-photon absorption. Also, the increase in pump excitation
does not affect the sign of the TAS signal of different grains, nor the averaged TAS signal
from the entire scanned area; the grains with dominant GSB remain negative, and the
grains with dominant ESA response remain positive. The advantage of microscopy
over spectroscopy is that we can deconvolute the signal of individual components.
The fluence dependence micro-spectroscopy is provided in Figure S8 (for excitation
at 180, 450, and 800 uW), with the extracted TAS signal of a typical negative grain
labeled as a region of interest (ROI) shown as an example. By increasing the excitation
power, the signal amplitude is enhanced, while the signal is stable within 100 ps. There-
fore, the TR images and intensity-dependent measurements all confirm that the
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observed positive-negative pattern cannot be due to any local laser intensity variations,
and it rather reflects the electronic variations (ESA and GSB) across the film. It should be
noted that, in our control studies, the pump-probe images and the amplitude of the TAS
signals were reproducible over consecutive measurements, indicating that no sample
photodegradation occurred under this experimental condition (Figures S9 and S10;
Note S4), and the technique is non-invasive.

For vacuum-deposited CBTSSe samples, we previously reported fast relaxation of
ESA within a few picoseconds after excitation.” For comparison, an example micro-
spectroscopy measurement of a vacuum-deposited CBTSSe sample is provided in
Figure S11 and discussed in Note S5. Figure S12 also shows an example intensity-
dependent measurement on a CBTSSe vacuum-deposited sample. The TAS signals
extracted from TAM images and over the ensemble of grains at different excitation
powers (varying from 0.06-0.6 mW) are provided. The ESA relaxation kinetics are in-
tensity dependent. For 0.06-mW excitation, the ESA signal’s decay is fitted by a sin-
gle exponential with a time constant of 433 ps and reaches a plateau at ~34% of the
signal. For 0.6-mW excitation, almost all of the ESA relaxes to zero, and the signal is
fitted with a two-exponential decay function with time constants of 416 fs and 1.96
ps. Fitting parameters are provided in Note Sé. The intensity-dependent relaxation
kinetics confirm that relaxation of the TAS signal at 820 nm represents the relaxation
(recombination) of free charge carriers in CBTSSe films.

Effect of Na incorporation and film processing on microscopic heterogeneity
Figure 4 compares the DR-TAM images of CBTSSe films 260 fs after excitation for
different solution-processed samples, including 0%-Na-CBTSSe, 1%-Na-CBTSSe,
AA-0%-Na-CBTSSe, and AA-1%-Na-CBTSSe. For all four samples, the DR-TAM is
comprised of negative and positive features in different grains of the film, albeit
with varying degrees of each of the components. Figure 4 clearly shows that, by
Na doping and AA, the heterogeneity of the ESA-GSB is impacted. The most
ESA-GSB heterogeneity (blue-red pattern) is observed for the as-deposited
CBTSSe sample, and by Na doping, the number of blue regions is decreased, and
the TAM image is relatively homogeneously comprised of ESA regions. DFT predic-
tions for CZTSSe showed that Na energetically forms Naz, rather than Snz, (known as
a deep-level defect).*'** Hence, Na doping is able to suppress formation of detri-
mental Snz, defects and has been observed to improve device performance.® Inter-
estingly, the current data suggest that TAM microscopy offers a way to directly visu-
alize the effect of varying solution processing, including doping and annealing, on
the heterogeneity of defects and passivation in the film.

In Figure S13, the pump-probe TAS signal averaged over the entire scanned area ap-
pears next to each pump-probe image. Remarkably, the TAS signal is flat over 100 ps
with no decay observed, which indicates that the charge carriers are stable within this
time frame. In our previous measurements on vacuum-based sputtered CBTSSe
samples,® approximately 80% of the TAS signal (ESA component) decayed in a
few picoseconds, while the remainder had a long lifetime with a flat signal over hun-
dreds of picoseconds. In other words, the majority of charge carriers were trapped or
recombined in a few picoseconds after excitation, and the remainder were stable.
Here, we did not observe the picosecond relaxation component for the solution-pro-
cessed samples; one important conclusion is, therefore, that the preparation
method has a noticeable influence on the film’s optoelectronic characteristics.
Namely, we observed that the free charge carriers are stable in solution-processed
films, which is particularly important for integration of this material family in energy
conversion applications and solar cell devices. The long-time-delayed kinetics of
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Figure 4. Effect of Na doping and air-annealing on the heterogeneity of the pump-probe DR-TAM
of solution-processed CBTSSe films

(A-D) 0%-Na-CBTSSe (A), 1%-Na-CBTSSe (B), AA-0%-Na-CBTSSe (C), and AA-1%-Na-CBTSSe (D).
The pump-probe TAS image shown is at 260 fs. The pump beam is 720 nm, and the probe beam is
820 nm.

charge carriers in CBTSSe films were measured using TR terahertz spectroscopy.”’
Terahertz spectroscopy is sensitive to the number of free carriers and their associ-
ated mobility. This earlier study on similarly prepared samples observed a long
decay tail with a lifetime of 2.5 ns when the sample was excited at 800 nm. This is
in agreement with our measurement.”’

Quantified two-color pump-probe TAM image analysis
For quantified analysis of images, and scrutiny of the heterogeneity pattern, we
applied different image analysis methods.

Pixel-based statistical analysis

To deconvolute the photoexcited pattern across the film, histogram analysis is per-
formed. The image histogram chart shows the distribution of intensities in the image.
In this analysis, the frequency of pixels for each color-coded region of the colormap
(which represents the signal sign and intensity) is defined. The histogram analysis is
done using a standard Parula colormap, which provides better contrast for visualization
of the zero-signal regions and the TAS signal. The histogram charts of the pump-probe
images of two different CBTSSe samples are shown in Figure 5. The two overlaid histo-
gram charts are also shown in Figure S14. Figure 5, left, shows the Parula color-coded
TAM images. In Figure 5, right, the histogram of the entire colormap for each sample
is shown. For both samples, the frequency of the ESA regions is higher than the
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Figure 5. Histogram analysis of the TAS signal extracted from pump-probe images of CBTSSe
samples for quantification of heterogeneity in doped versus undoped films

(A and B) NaO-CBTSSe (A) and Na1-AA-CBTSSe (B). This analysis is done on the Parula standard
colormap applied on the pump-probe image, shown on the left. The scale bar represents 80 um. On
the right, the histogram of the entire colormap (which reflects all signal intensities) for each sample
is shown. The positive region and negative region are labeled with ESA and GSB, respectively.
Substantial differences are observed in the TAS histogram chart of 0%-NA- CBTSSe and 1%-Na-AA-
CBTSSe samples. Forboth samples, the number of the ESA regions is higher than the number of the
GSB regions. By Na doping and AA, the GSB region is further diminished. Significantly, in 0%-Na
CBTSSe samples, the number of GSB regions is higher (by 27%) and the number of positive regions
is slightly lower than in 1%-Na-AA-CBTSSe. Also, the number of zero regions is higher in 0%-Na
CBTSSe compared with 1%-Na- AA-CBTSSe.

frequency of the GSB regions. Substantial differences are observed in the histogram
chart of 0%-Na CBTSSe and 1%-Na- AA-CBTSSe samples. Remarkably, the number of
GSB regions in 0%-NA-CBTSSe samples is 27% more than in 1%-Na-AA-CBTSSe. The
number of ESA regions is less in 0%-Na-CBTSSe than that in 1%-Na-AA-CBTSSe. The
number of zero regions is more in 0%-NA-CBTSSe compared with 1%-Na-AA-CBTSSe.
This analysis shows that a number of regions do not effectively generate any signal in
pristine 0%-Na CBTSSe samples and that sample treatment (AA and Na doping) has
enhanced the effective charge carrier generation in the CBTSSe films. The GSB resolved
at 820 nm is assigned to carriers localized within sub-band-gap trap states (see the
extended model in the discussions). The histogram analysis agrees with PCA data anal-
ysis (discussed later), in which we observed that the negative signal coverage was weaker
on 1%-Na-AA-CBTSSe compared with pristine 0%-Na CBTSSe, and both reflect that the
Na doping-AA process on the sample has considerably decreased the charge carrier
trapping (charge carriers are less localized in the electronic states in the Na-AA-treated
sample by 27%).

The contributions of the negative GSB and positive ESA in the TAS image of the four
different samples (shown in Figure 4) are provided separately in Table 1. To define
the ESA regions (all positive regions) and GSB regions (all negative regions), a
threshold value is set. According to the image colormap, yellow/red regions
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Table 1. Effect of Na additive and air-annealing on the ESA and GSB pattern resolved by DR-TAM

for different solution-processed CBTSSe samples

CBTSSe CBTSSe CBTSSe CBTSSe

0% Na 1% Na 0% Na, AA 1% Na, AA
Percentage of the GSB in the TAS signal 35% 27% 28% 12%
Percentage of the ESA in the TAS signal 65% 73% 72% 88%

correspond to positive regions, and light/dark blue correspond to GSB regions. The

black regions correspond to zero signal. The noise level is considered the threshold

value, and the signal at each pixel (region) is compared with that. In Figure S15, ex-

amples of ESA, GSB, and zero signals are shown (also consider the description in

Note S7). The values in this table represent the percentage of contributions of the
ESA and GSB to the total TAS signal measured over all the grains of each sample.
Notably, Na addition and AA decreased the GSB contribution and increased the
ESA contribution in the TAM images and TAS signal measured over all grains.

We hypothesize that chemical composition variation is responsible for the observed
longer carrier lifetime. To scrutinize the chemical composition of the samples, we
performed X-ray photoelectron spectroscopy (XPS) analysis on solution-processed
films: Na1-CBTSSe with and without AA. The XPS spectra at Sn 3d and Se 3d
core-level positions are shown in Figure 6. The XPS spectra of CBTSSe films before

As-deposited CBTSSe Air-annealed CBTSSe
=} =
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Figure 6. XPS spectra of Na1-CBTSSe before and after air-annealing

Binding Energy (eV)

Shown are XPS spectra of Sn 3d and Se 3d core-level positions of CBTSSe films (left) before and (right) after AA treatment. Sputter cleaning was
performed using 5-kV Ar ions. Open symbols, measured data; black solid lines, enveloping curves and backgrounds; colored curves, fitted peaks.
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and after AA treatment reflect oxidation of the film surface. XPS spectra near the Sn
3d peak of the air-annealed CBTSSe films exhibit a noticeable broadening of peaks
toward higher binding energy that reflects increased oxidation states of Sn (SnO,
with x = 1.65).%° On the contrary, there are no significant changes in peak positions
and widths of Cu 2p and Ba 3d core-level peaks before and after AA treatment (see
Figure S16 and the XPS discussions provided in Note S8), implying that the AA treat-
ment primarily causes oxidation of Sn, which is also observed for CBTS* and
CZTS.?’*% Sn oxidation is known to be beneficial for CZTS devices because the
SnO, secondary phase forms a type | band offset with CZTS at grain boundaries,
which has been shown to improve device performance by suppressing recombina-
tion of charge carriers.”” Further, in as-deposited and air-annealed samples, addi-
tional S 2p peaks at 165.4 and 166.4 eV appear (Figure S16, green curves), indicating
the presence of SO,"."” This observation agrees with backscattered electron SEM
(Figure Sé), which shows the presence of the BaSO, phase (below the detectable
level for XRD) at the CBTSSe film surface and grain boundaries. Therefore, the
XPS results point to secondary phase formation (BaSO4 and SnO,).

Principal-component analysis

We performed principal-component analysis (PCA) of the pump-probe TAM images
of different CBTSSe samples. In the PCA, we identify a set of orthogonal basis TAS
signal components, called principal components (PCs), that can be combined to
reproduce the signal at any given pixel. The proportion of PCs found in each pixel
can be used for further analysis.>” The data collected are in the form of a three-
dimensional data cube (x, y, and t); x and y are spatial dimensions (pixels), and t re-
flects the temporal evolution. The main components are defined by analyzing the
signal for each pixel (512 x 512) in a way that the signal vector for each pixel can
be approximated by a non-negative linear combination of component vectors
(PC). The signal vector at one spatial pixel can be expressed as si = ®vi+ ¢i, where
® and vi are the components and mixing coefficients of the components, respec-
tively, and «i is the noise/approximation error. The components are defined simply
through this algebra tool to represent the best vectors that, when added, give the
best representation of the experimental data with minimum approximation error.
Other combinations of components’ vectors could be possible but do not minimize
the residual/approximation error. The PCAs of the 0%-Na-CBTSSe and AA-1%-Na-
CBTSSe films are shown for comparison in Figure 7. For both samples, the represen-
tative false-colorimages rendered from PCA of the pump-probe images and images
of each PC are shown. The PC signals are provided. The actual pump-probe image
acquired at 260 fs is also demonstrated for comparison. This analysis shows that the
pump-probe TAM images can be constructed by three PCs, two of which contribute
to the transient pump-probe response (one positive and the other negative). The
third component is an instantaneous signal that only appears at the overlap time
of the pump and probe (zero time), and its time duration is within the time resolution
of our technique. This instantaneous signal is assigned to nonlinear optical pro-
cesses and is not suitable for dynamic analysis in our samples.

Itis also important to compare the PCA of two CBTSSe samples; one sample without AA
and Na doping and the other with AA and Na doping. As can be seen in the correspond-
ing figures for PC1 and PC2, positive and negative components are distributed across
different grains of the film. This important observation indicates that, for example, for re-
gions that appear solid blue in the TAM images, basically, the negative component
mainly dominates the positive, while both components can be present. This analysis is
of particular importance for understanding the nature of the heterogeneity in photoex-
cited pattemns of CBTSSe films. By looking at the TAM images, one might think that only
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Figure 7. Principal component analysis of the pump-probe TAM image of the 0%-Na-CBTSSe and AA-1%-Na- CBTSSe films

(A and D) Representative false-color images of PC1 (red) and PC2 (green) and the composite image (green and red) obtained by projection of PCA on
the pump-probe image of the sample.

(B and E) The pump-probe TAM image is shown for comparison. The pump-probe TAM image can be reproduced by two PC images. Positive and
negative components are distributed across different grains of the film. The positive component is stronger than the negative component.

(Cand F) The corresponding three PC signals are depicted. PC1 and PC2 contribute to the time-delayed TAS signal and are considered for our analysis,
while PC3 is an instantaneous signal that appears at the pump and probe overlap time within the time resolution of our technique. The scale bar
represents 80 um.

certain grains are negative. However, these data show that blue colors (bleaching type
of signal) do not belong only to specific grains, but, rather, they are distributed over
different grains of the film with a different amount.

For 0%-Na-CBTSSe and AA-1%-Na-CBTSSe, the positive component is stronger
than the negative component. The negative component is further diminished in
AA-1%-Na-CBTSSe. The PCA results, together with the pump-probe TAM image
statistical analysis, confirm that, by solution processing, Na doping and AA, the ratio
of the positive component (ESA) to the negative component (GSB because of charge
carriers localized in sub-band-gap states) is increased considerably.

In the broadband ensemble spectroscopy measurements (Figure 2D), at 820-nm
probe wavelength, the positive ESA is observed in the TAS signal (with a sharp cut-
off from the narrow GSB component observed around 780 nm). In the two-color
pump-probe TAM images, measured at 820 nm, the majority of grains show a pos-
itive ESA signal, and the TAS signal averaged over the entire scan area is positive,
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Scheme 1. Schematic of the effect of band-gap variation via shallow trap state formation and passivation on the expected DR-TAM image

The band gap of the CBTSSe is 1.6 eV.

(A) The presence of shallow traps can localize carriers at energies below the band gap. Therefore, a heterogeneous negative-positive TAM image is
expected at the 820 nm probe, where the positive component represents the ESA by the minority carrier in the conduction band or from the trap states,
and the negative component represents bleaching because of carriers localized within sub-band-edge states.

(B) Passivation of shallow traps decreases the bleaching component, which results in a more homogeneous TAM image with dominating positive ESA.

while in some grains, a negative signal is observed. Importantly, all data analyses
support that the contribution and heterogeneity of the positive and negative com-
ponents are different in different CBTSSe solution-processed samples. Using PCA,
we could deconvolute the two kinetic components and map each component in a
separate image. Using histogram analysis, we can define the ratio of the regions
with no signal to the active regions with a transient photoresponse. Importantly,
the PCA unravels that the negative component is distributed over entire grains
with different contributions rather than being restricted to some grains. The
PCA, together with the pump-probe images, confirms that the contribution of pos-
itive outweigh the weak negative signal in most grains and that the negative re-
gions are even more diminished in the air-annealed and Na-doped samples. The
statistical analysis also shows that the percentage of the active regions to the
zero-signal regions is increased in air-annealed and Na-doped samples compared
with the pristine CBTSSe sample. Notably, all results presented in this paper are
achieved by performing several sets of measurements and iterations on different
samples, different regions on the same sample, and, in general, under different
experimental conditions to ensure the reproducibility of the reported trend. In
Figures S17 and S18, the experimental results of pump-probe measurements
and histogram analysis of another sample under Na1-AA-CBTSSe experimental
conditions are shown. By comparing the histogram results with those reported in
Figure 7, we observe that the same trend is supported (see also Note S9 for
data trend reproducibility).

To understand the effect of solution processing on the TAM images, we should
note that the presence of GSB-dominated regions in TAM images can be a sign
of any parameter that has resulted in energy level variation (Scheme 1A). This vari-
ation can be caused by different parameters, including small S/Se ratio stoichiom-
etry variations that result in red/blueshift of the absorption spectrum® or the pres-
ence of shallow traps that can localize charge carriers in the sub-band-gap states
(with an effect similar to band-gap narrowing). We have to rule out S/Se stoichiom-
etry variations in different films because of several experimental observations;

Cell Reports Physical Science 4, 101601, October 18, 2023 15



¢? CellPress

OPEN ACCESS

namely, the results of PL and UV-visible (UV-vis) absorption, supported by XPS. Ac-
cording to the PL analysis, solution processing has not macroscopically changed
the band gap of different CBTSSe films because the PL of all four samples is
centered at the same wavelength. The S/Se variations would result in a shift in
the PL spectrum.® We did not observe any spectral shift in the PL or in the optical
absorption edge of the samples. Therefore, it is unlikely that the type of solution
processing applied to different films (Na addition or AA) will significantly change
the S/Se stoichiometry. Our experimental and data analysis results all point to
the effect of sub-band-gap electronic states. The presence of shallow traps and a
slight band tailing could result in a locally narrower effective band gap. This can
also explain the distribution of the negative component with different amounts
over different regions of the sample so that, at 820 nm, some regions represent
a stronger bleaching type of signal (Scheme 1A). The density of shallow traps could
be affected by solution processing and post-processing. The weaker negative
component in the AA-Na1-CBTSSe sample compared with the pristine NaO-
CBTSSe can be due to passivation of such sub-band-edge trap states. With trap
passivation, the bleaching signal decreases, and, therefore, the ESA contribution
relative to GSB is increased in the TAM image (Scheme 1B). Therefore, in our
pump-probe microscopy imaging measurements, GSB represents the carriers local-
ized in the sub-band-edge states. We can conclude that Na addition and AA have a
considerable effect on the existence of localized versus free charge carriers. In other
words, with Na incorporation and AA, the population of free carriers over the car-
riers localized in near-band-edge traps is enhanced, which is a useful observation
from a device engineering point of view.

Shallow trap states at 820 nm (1.5 eV) (near band edge) have also been detected
experimentally using low-temperature (LT) PL experiments on samples prepared
similarly as those in the current study.”” In the LT PL measurement, the peak at
1.5 eV (820 nm) belongs to radiative recombination from defects level. The negative
820 nm (1.5 eV) pattern in the TAM measurements at room temperature may be
attributed to the population (GSB) of these levels. Shallow defects and deep defects
levels are also reported by LT PL experiments for larger-band-gap CBTS analog ma-
terials. The same 1.5-eV defects level are present for the larger-band-gap CBTS
phase. The 1.5-eV level is considered a deep level for the CBTS phase (bigger dis-
tance from the band edge).*°

Remarkably, the lifetime of the charge carrier is enhanced in all CBTSSe films made by
the solution synthesis method compared with our previously reported CBTSSe films pre-
pared by sputtering.® Also, the heterogeneity of the TAM images is less than that of the
vacuum-deposited films. For comparison, a typical pump-probe result of the CBTSSe
vacuum-deposited film measured at identical conditions is shown in Figure S11. It has
been proposed computationally”' that the chemical potential during synthesis impacts
defect formation energy. It can be expected that the synthesis method would impact the
defect chemistry and, therefore, the photophysics. The different defect densities will
lead to different spectroscopic behavior. Our experimental results are consistent with
the conclusion that secondary phase formation (large-band-gap SnO, and BaSQO,) and
shallow trap passivation may underlie the longer carrier lifetime and more homogeneous
excited state pattern in CBTSSe films prepared using the described solution processing
approach compared with previously studied vacuum-deposited films. The Na additive
may passivate the shallow traps close to the band edge, which can cause energy varia-
tions in different grains across the film. According to the XPS analysis (Figures 6 and S16),
AA causes surface Sn oxidation and formation of SnO, with x = 1.65. SnO, formation at
grain boundaries can supposedly passivate shallow trap states as well. It is noteworthy
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that it has been determined previously that SnO, formation on CZTSSe samples forms a
type | band offset with CZTS at grain boundaries. From a device perspective, it has been
observed that AA of CIGSSe and CZTSSe films improves solar device perfor-
mance.®****** Formation of the secondary BaSO,4 phase on the film and on the grain
boundaries (Figure S5) can also be a possible mechanism for the longer lifetime
observed in the solution-processed films. BaSO,4 nanocrystals have a large band gap
(band gap in UV). Therefore, formation of these large-band-gap crystals possibly inhibits
charge recombination by building an energy potential wall (band offset). It should be
noted that the large-band-gap BaSQO, is not interacting with the 720-nm excitation, so
the TAS signal reflects direct excitation of CBTSSe.

Itis reasonable to discuss the relevant reported PV performance of CBTSSe films and
future potential for improvements. Given that the band gap of the CBTSSe film is
1.59 eV, the Shockley-Queisser (SQ) limit predicts a maximum achievable value of
open circuit voltage (Vo) for this absorber of ~1.31 V. By measuring the PL quantum
yield on similarly prepared CBTSSe films at high excitation intensities and extrapo-
lating under 1-sun conditions, the quasi-fermi level splitting is estimated to be 0.68
eV, and therefore, the contribution of non-radiative recombination to V. loss can be
considered to be ~0.62 V.” The best thin-film solar cell device in this earlier study
provided a Vo of 0.47 V, which is only about 36% of the V, predicted by the SQ
limit. More recent record devices with improvements in device design offer a power
conversion efficiency of 6.2% and a V. of 0.68 V. Several factors contributing to sub-
optimal device performance may include a low minority carrier lifetime and mobility
(associated with a significant concentration of bulk and/or surface defects) and low-

concentration charge carriers.”*°

It is significant that the sensitivity of the pump-probe DR microscopy measurements
would provide a tool to relate the fine chemical composition to the spectroscopic
behavior of the sample. Particularly, it has been a challenge for the field to find fin-
gerprints of the trap states in such TR spectroscopy and deconvolute the photody-
namics of different transient species with overlapping spectral absorption. Accord-
ingly, using ultrafast broadband DR-TAS and two-color DR-TAM, we analyzed the
photophysical processes, including the kinetics of charge carrier processes within
electronic and trap states, of solution-processed CBTSSe samples. The unique sensi-
tivity of the spectroscopy and microscopy methods allows localizing the ESA pattern
and charge carrier kinetics across the film grains and within trap states. There are
several important points to consider regarding pump-probe microscopy of the solu-
tion-processed samples. First, the charge carrier kinetics are remarkably improved
for all solution-processed films compared with vacuum-deposited samples, with
charge carriers being stable until hundreds of picoseconds. The observed enhance-
ment in the charge carrier lifetime is of particular importance for integration of these
films in energy conversion applications, including solar cell devices. Second, our
experimental results show that the heterogeneity in the TAS images of the solu-
tion-processed samples is less than that in vacuum-deposited samples (as reported
previously®). Third, by changing the solution processing parameters, such as Na
addition and/or AA, the heterogeneity tends to decrease (the pump-probe TAM im-
age is more positively dominated). We integrated the PCA and histogram analysis,
and the results show that the amplitude of the negative signal component and the
number of non-active regions that do not generate a TAS signal, is diminished in
the sample with AA and Na doping compared with the pristine sample.

The spatial and spectral GSB/ESA heterogeneity can be due to the existence of
shallow traps, which cause energy variations and band tailing, according to our
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optoelectronic model (Scheme 1). The observed decrease in the GSB/ESA hetero-
geneity upon film processing (Na addition and AA) is assigned to trap state passiv-
ation. The Na additive could passivate the shallow traps close to the band edge,
which can cause energy variations in different grains across the film. Passivation of
the traps can result in more homogeneous positive-dominated pump-probe images,
as discussed for the optoelectronic model. It is also plausible that the secondary
phases consisting of the large-band-gap SnO, and BaSO, that are formed during so-
lution processing of the film can build up local energy barriers that can reduce
charge carrier recombination at interfaces.

The ultrafast photophysical analysis discussed here is also significant in the sense
that pump-probe microscopy facilitates resolving and spatially locating different
excitation patterns within the film, enables localizing the minority component in
the TAM images (GSB signal), and provides a microscopic relation between the
compositional/energy variations to the ultrafast photophysics at the grain size level
in the film.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information should be directed to the lead contact, Elham Gha-
diri (ghadire@wfu.edu).

Materials availability
This study did not generate new unique materials.

Data and code availability
The published article and its supplemental information include all data generated or
analyzed during this study.

Molecular ink synthesis and film formation

A molecular solution was prepared using the commercially available precursors
Cu(CO,CH3), (98%, Sigma-Aldrich), anhydrous Snl, (99.99%, Sigma-Aldrich),
Ba(NO3), (99.99%, Sigma-Aldrich), thiourea (NH,CSNH,) (>99.0%, Sigma-Aldrich)
and NaCl. Solution preparation and film formation temperatures were modified
slightly relative to our previously indicated temperatures and solution preparation
s‘ce|os.8 Prebake, sulfurization, and selenization temperatures were set to 580°C,
590°C, and 580°C, respectively, using a homemade hotplate. The molecular stoichi-
ometry of the initial solution was maintained using 2.56/1.28/1.92/5.38 mmol of Cu/
Sn/Ba/thiourea (i.e., nominally Ba and S rich relative to the ideal stoichiometry of
CBTS). Cu/Sn and Ba/thiourea precursors were mixed separately in 2 mL DMSO
(99.99%., anhydrous, Sigma-Aldrich) and stirred overnight at room temperature.
Ba/thiourea precursor solution was mixed with Cu/Sn precursor solution to prepare
the non-additive ink. To prepare Na additive ink, NaCl was added to Ba/thiourea
precursor solution and then mixed with Cu/Sn solution. The atomic ratio of Na in
the Na additive ink was calculated as Na/(Cu+Ba+Sn) = 0.01 (1%) (atomic ratio of
Na to all metal ions). All steps described in this section were conducted in an N-
filled glovebox. AA of CBTSSe/Mo/SLG samples was done at 200°C for 2 min under
ambient conditions.

Pump-probe DR microscopic imaging and spectroscopy

The two-color pump-probe system used a part of the fundamental beam to pump
a tunable, intracavity frequency-doubled, optical, parametric oscillator, used as
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the pump beam for the experiments. The pump beam was set at 720 nm. A sec-
ond beam at 820 nm was used as the probe beam. The bandwidth of the pump
and probe pulses was 5 nm. The time resolution was defined by measuring the
two-photon absorption cross-correlation in rhodamine-6G, about 250 fs. The
pump beam and the probe beam were sent collinearly into a home-built micro-
scope. The microscope was fitted with a 20X objective. In reflectance mode mea-
surements, the diffuse reflected pump beam was directed to the detector. Appro-
priate chromatic filters were applied just before the detector to reject the pump
beam. A lock-in amplifier amplified the signal and measured the modulation
passed from the pump beam to the probe beam (Sig(uV) = — ARpope =
Rprobe unpumped — RProbe pumped)- By convention, positive signal refers to ESA (i.e.,
less probe intensity at the detector), and negative refers to less probe absorption
by the sample (more probe intensity at the detector). Regular imaging conditions
were around 0.6 mW for each beam, measured on the sample, corresponding to
0.3-nJ pulse energy.

For the transient absorption spectroscopy measurements, the pump beam at a
defined wavelength is produced. The pump is modulated using a synchronized
chopper for pump on/pump off experiments. In the broadband TAS spectrum, the
y axis is absorbance change, defined from the equation Sig = AA = — Log %’),
where |, and |, refer to the intensity of the probe at detector with and without
pump excitation, respectively. The pump beam has a radius of about 100 pm at
the surface of the sample. The typical power of the pump is about 100-600 pW or
318-1,910 mW/cm?, giving an energy fluence of 0.6-3.8 mJ/cm?. The probe
beam is a white-light continuum generated in a sapphire plate (2 mm thick), having
less energy than the pump on the sample to avoid multiple excitations. The probe
beam is focused onto the sample with a spot size of around half of that of the
pump (i.e., about 27 pm). The typical power on the sample for the probe beam is
from 16-20 uW, giving an energy fluence of 2.8-3.5 mJ/cm?. The pump and probe
beam are irradiated onto the sample, and the diffuse reflected probe beam is
collected, collimated, and focused into the detector. The pump beam entrance to
the detector is blocked by using appropriate band pass filters and cutoff filters,
and the white light probe beam is recorded. The polarization of the pump and probe
pulses was set at the magic angle of about 54° to consider all polarizations in the
sample.

PL imaging and UV-vis absorption spectroscopy

Steady-state PL imaging of the samples was performed using a Carl Zeiss LSM 880
confocal microscope. The optical absorptance spectrum of samples was measured
by a PerkinElmer UV-vis spectrophotometer equipped with an integrating sphere
(PerkinElmer Lambda 950 and 100 mm sphere). Because the samples are opaque
and deposited on Mo metal substrate, the DR is measured. The Kubelka-Munk spec-
trum is calculated from (F(R) = %).

Thin-film characterization

The film-phase homogeneity was assessed with XRD patterns using a PANalytical
Empyrean powder X-ray diffractometer and Cu Ka radiation. Top and cross-section
SEM images of CBTSSe films were taken using an FEI XL30 SEM system with 5-kV and
10-kV accelerating voltages, respectively.

Elemental concentrations of metal precursors were determined by acid digestion
followed by analysis with ICP-MS (Agilent 7900). The CBTSSe film deposited on
Mo-coated SLG substrate was dissolved by sequentially dropping 1.6 mL HNO3
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(ACS grade) and 0.4 mL HCI (ACS grade) acids into a beaker and allowing enough
time for dissolution of the CBTSSe film from the Mo-coated SLG substrate. The so-
lution was then further diluted with 20 mL of DI water. A reference sample,
including only HNOj3, HCI, and DI, was also prepared with the same volume ratios
for the measurement. Analysis of all elements was carried out under a He atmo-
sphere (collision cell) to reduce polyatomic interference. All standards and samples
were diluted into a 2% HNO3/0.5% HCI (v/v) (Fisher Scientific trace metal grade)
matrix made with 18.2 MQ water prior to analysis. The instrument was calibrated
for 2°Na, 3Cu, "*®Ba, and ''7Sn prior to sample analysis (0.1-250 pg/L for Cu,
Ba, and Sn; 25-250 pg/L for Na) using a Spex Certiprep standard containing Na,
Cu, and Ba (mixed element 2A) with an addition from a single-source Spex Certi-
prep Sn standard. #*Sc,2%Y, "%Rh, ""%In, and "**Tb were used as internal standards
to correct for shifts in the analyte signal intensity during the analysis run. The cali-
bration was verified using NIST traceable second source standards. For Na, Cu,
and Ba, a standard (CRM-TMDW-A) from High Purity Standards was used, while
a standard purchased from Agilent was used for Sn. The digested samples were
diluted by a factor of 50 or 10,000 to ensure that the analytes of interests were
within the calibration curve.

TOF-SIMS analyses were conducted using a TOF SIMS V (lon TOF, Chestnut Ridge,
NY, USA) instrument equipped with a Bi,™* (n = 1-5, m = 1, 2) liquid metal ion gun,
Cs" sputtering gun, and electron flood gun for charge compensation. Both the Bi
and Cs ion columns were oriented at 45° with respect to the sample surface normal.
The instrument vacuum system consisted of a load lock for rapid sample loading and
an analysis chamber, separated by a gate valve. The analysis chamber pressure was
maintained below 5.0 x 1077 mbar to avoid contamination of the surfaces to be
analyzed. For high-mass-resolution spectra acquired in this study, a pulsed Biz™ pri-
mary ion beam at 25 keV impact energy with less than 1-ns pulse width was used. An
electron gun was used to prevent charge buildup on the insulating sample surfaces.
The total accumulated primary ion dose for data acquisition was less than 1 x 10"3
ions/cm?, a number of ions within the static SIMS regimen. The mass resolution on
the Si wafer was ~8,000 m/Am at 29 AMU. For depth profiles acquired in this study,
10-keV (or 3-keV) Cs" with 30-nA current was used to create a 120 x 120-um sput-
tered area, and a 50 x 50 um area was analyzed using a 0.3-pA Bis" primary ion
beam. The positive ion spectra were calibrated using O, Na*, Mg™, Al*, Cu™,

o*, Sn™, and Ba™ ions.

The surface morphology was characterized by AFM using an Asylum Cypher atomic
force microscope. XPS spectra were acquired using Kratos Analytical Axis Ultra with
a monochromatic Al K, (1,486.6 eV) as the X-ray source. Sputter cleaning of the film

surface was conducted using a focused Ar" beam with an accelerating voltage
of 5 kv.
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