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1. Introduction

Visualization and deconvolution of carrier kinetics
within grains of Cu,ZnSnS,_,Se, using ultrafast
diffuse reflectance microscopyt

*ab

Maha Sharif,?° Xiao Ma®® and Elham Ghadiri

CuoZnSnS,_,Sey (x = 0—4, CZTSSe) materials are gaining interest for their solar energy conversion appli-
cations. We investigated the use of state-of-the-art ultrafast pump—probe microscopy and ultrafast
image segmentation to visualize and spatially deconvolute photoexcited dynamics with CZTSSe materials
at grain-size level. Band-tailing and electronic trap states are limitations in achieving high photovoltaic
performance. We tested a combination of ultrafast pump—probe diffuse reflectance transient absorption
microscopy (DR-TAM), and broadband femtosecond transient absorption spectroscopy in diffuse
reflectance mode (DR-TAS) to understand the dynamic behaviors of charge carriers and sub-grain-
resolved charge carrier kinetics in CZTSSe thin film-based devices. Broadband UV-NIR pulses have been
used to monitor the photoexcited dynamics within grains of CZTSSe films under different UV and NIR
photoexcitation wavelengths. Pump—probe microscopy showed spatially heterogeneous photoexcited
patterns across different grains of CZTSSe films. Image segmentation analysis helped identify the type of
photophysical processes at each grain and to determine whether the TAS signal therein consists of only
one type of photophysical process or a combination of different transient absorption features including
excited-state absorption (ESA), ground-state bleaching (GSB), or ESA/GSB spectral reshaping. UV- and
NIR-photo-excitations compared the charge carrier dynamics (trapping and de-trapping or free carriers)
under high and low energy (compared to the bandgap) photoexcitation conditions. We observed
features of localizing states in both DR-TAM and DR-TAS at even 200 nm above the bandgap implying
that the bandgap may be better defined as a mobility gap (similar to amorphous silicon). Our findings
present a modern approach and toolbox for the visualization and detailed photophysical analysis of
semiconductor materials that are important for energy conversion applications.

to image pigments found at cultural heritage sites.'™ Despite
the great potential of conventional TAS, its main limitation is

Pump-probe transient absorption spectroscopy (TAS) provides
insights into ultrafast photophysical processes within materials,
namely excited-state characteristics, the spectral signature of
photocarriers absorption, charge separation, charge trapping,
and charge recombination dynamics. Ultrafast transient
absorption microscopy (TAM), which is a sub-class of pump-
probe microscopy, is an advanced and powerful technique that
facilities the visualization of the photophysical processes. The
technique has been used (within its optical diffraction limits)
to visualize the charge carrier transport within nanowires and
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that it requires the samples to be optically transparent for the
Beer-Lambert law to be applicable. Therefore, conventional
transmission-based TAS is not suitable for the study of many
opaque materials or highly light absorbing samples. We pre-
viously demonstrated an ultrafast time-resolved pump-probe
diffuse reflectance spectrometer (DR-TAS) with a sub-200 fs
time-resolution.’ The new technique enabled the understand-
ing of ultrafast charge carrier separation in fully functional
opaque dye-sensitized solar cells, highly light-absorbing, scat-
tering materials, and new-generation Cu,BaSnS, ,Se, (x = 0-4,
CBTSSe). We integrated ultrafast TAM with diffuse reflectance
spectroscopy (DR-TAM) to visualize the heterogeneous photo-
physical processes, namely the excited state pattern, with a spatial
resolution of a few hundred nm to few um (relevant to the grain
size of advanced semiconductors used for photovoltaics).®”

The kesterite Cu,ZnSnS,_,Se, (x = 0-4, CZTSSe) family has
recently gained interest as an earth-abundant alternative to
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CulnxGa,; _,Se,®*° and is a non-toxic substitute for CdTe'! that
can be used in thin-film solar cells. Cu,ZnSnS,_,Se, kesterite-
based photovoltaic devices have made progress in conversion
efficiency, from 6.7% for pure sulfide CZTS in 2009 to 12.6%
for Se incorporated films CZTSSe in 2013"® with a recent further
improved efficiency to 13.8% in 2023."* However, the main
limitation of CZTSSe photovoltaics is the open circuit voltage
(Voe), which remains far below the maximum achievable limit
defined by the detailed balance limit."> This has been attrib-
uted (although not fully understood) to different device
performance-limiting mechanisms such as enhanced recombi-
nation due to tail states arising from Cu/Zn (or other cation)
disorder,'®*® enhanced surface recombination at grain bound-
aries,”® and the influence of secondary phases.”® A detailed
understanding of the photophysical processes such as electro-
nic transitions, trap states, charge carrier generation kinetics,
and recombination processes is essential for improving
CZTSSe-based solar cell performance.

The photophysical characterization of larger bandgap CZTS
materials using ultrafast laser techniques can be achieved in
only a few studies, mainly those using intensity dependence or
time-resolved photoluminescence (PL),>"** transient absorp-
tion on single crystals,”® and terahertz measurements.”* PL
spectroscopy can determine the lifetime of only radiative
recombination between the carriers at the band edge or carriers
localized in the donor and acceptor states. Excitation intensity
dependent PL measurements show that the spectral shape of
the PL strongly depends on the excitation intensity.”"** At low
excitation, luminescence occurs through defect-induced trap
states within the bandgap of CZTS. Once the trap states are
filled at higher excitation fluences, higher energy band-to-band
emission becomes dominant, resulting in a shoulder in the
upper energy region of the PL spectrum.”™** In other words,
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the pronounced red-shift (~100 meV) of the PL (compared to
the band-edge determined from external quantum efficiency,
EQE) for CZTSSe, and broadening of the PL is attributed to
band tailing resulted from spatial bandgap or electrostatic
potential variations in the film.'® While the PL experiments
are reported to assess the radiative charge carrier recombina-
tion and distribution of electronic states, the non-radiative
processes including the dynamics of the free photocarriers in
the conduction and valence bands as well as the those of
carriers localization or de-trapping within trap states remain
unclear in CZTS or smaller bandgap CZTSSe thin films used in
solar cells. Notably, CZTSSe chalcogenides exhibit exceptionally
high optical absorption coefficients; hence, even thin films of
this material appear dark with a relatively opaque color. This
suggests that studies of the photophysical dynamics of this
material can be performed more precisely using DR-TAM and
DR-TAS.

In this study, we used ultrafast DR-TAM and DR-TAS to
visualize the photoexcited processes in CZTS films. The charge
generation was monitored within the grains using pump-probe
microscopic imaging with a few hundred-nanometer spatial
resolution. Our broadband TAS results revealed the existence of
charge-localizing states and ultrafast trapping of charge car-
riers with de-trapping from these states occurring within tens
of picoseconds. These states were observed even at ~300 nm
above the optical bandgap, indicating that the bandgap for this
material may be better defined as a mobility gap (similar to
amorphous silicon). As such, we used image segmentation to
decompose and deconvolute the ultrafast images; the unique
temporal and spatial sensitivity of microscopy enabled us to
directly localize the fingerprints and dynamics of free carriers
as well as carriers localized within electronic trap states at the
sub-grain level.

2. Experimental
2.1.

Cu (CH;COO), (99.99%), ZnCl, (98%), SnCl,-2H,0 (98%),
thiourea (99.0%), and dimethyl sulfoxide (DMSO, 99.9%) were
purchased from Sigma Aldrich (St. Louis, MO, USA) and used
without further purification.

The optical absorbance spectrum of samples was measured
by an Agilent Cary 6000i UV-Vis-NIR spectrophotometer
equipped with an integrating sphere (Agilent, DRA-1800
150-mm diffuse reflectance external integrating sphere). SEM
images were obtained using a Zeiss Gemini 300 while energy-
dispersive X-ray spectroscopy (EDS) was obtained with a Bruker
XFlash 6|30 Detector.

Materials and instrumentation

2.2. Synthesis

CZTS/Se film was synthesized by annealing the molecular
precursor based on (1) metal chalcogenides-hydrazine approach
as developed by Mitzi et al.;'>*® and (2) Cu(CH3COO),, ZnCl,,
SnCl,-2H,0 and thiourea in dimethyl sulfoxide (DMSO) as
reported by Ki et al®® For the DMSO approach, the mixed

This journal is © The Royal Society of Chemistry 2024
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precursors including 0.8 mmol Cu(CH3;COO),, 0.56 mmol
ZnCl,, 0.56 mmol SnCl,-2H,0, and 2.64 mmol thiourea (or
2:1.4:1.4:6.6 of Cu:Zn:Sn:S) were dissolved in 0.7 mL DMSO
and stirred for 40 min. The solution turned into a transparent
light-yellow color after the precursors were completely dis-
solved and was then drop-cast or spin-coated on a glass slide
or Mo-coated glass substrates for heat treatment. Specifically,
we pre-baked at 160 °C and annealed at 580 °C for 3 min. All the
steps were performed in a nitrogen-filled glove box.

2.3. Ultrafast TAM and TAS

The ultrafast pump-probe transient absorption technique uses
femtosecond pulses at 1030 nm, tunable at 1 kHz-100 kHz. The
pump at different wavelengths relies on an optical parametric
amplifier in tandem with a harmonic generator which allowed
to use different pump beam at 460 nm, 600 nm, and 700 nm in
different experiments. The probe beam was a white-light con-
tinuum generated in a sapphire plate with less energy than the
pump on the sample to avoid multiple excitations. The pump
and probe pulse length were ~220 fs and the time resolution of
measurements was approximately 350 fs (overlap time of the
pump and probe). The pump pulses was modulated before the
sample for pump,, and pump,g measurements. The effective
acquisition rate was typically 3 kHz, and a few thousand spectra
were averaged to calculate each mean spectrum. The absorp-
tion change is calculated using eqn (1).

background
ot pumped ()“) - Inol pumped (;“)>
background / 4
-1 pumped (/L)

AA(2) = AOD = 1000 x log
Ipumped(i)

1)

where It pumped 1S given by the intensity of probe light reach-
ing the detector through the sample that the pump pulses have
not altered, and I,umpeq is the intensity of light reaching the
detector that the pump pulse has altered. The Iyackground refers
to the intensity of the probe beam without interaction with the
sample. The typical probe power was 400-800 pW, and pump
power was typically 0.1-6 mW for the sample. With a pump
power of 1 mW and a beam diameter of 5 um the pump fluence
was typically 50 m] cm 2. With an absorption coefficient of
8.13 x 10°® cm™ ' and assuming a photon-to carrier yield of
100% for the CZTS sample, the initial carrier density was
estimated 9.4 x 10*° cm™* (calculations are provided in ESI¥).
For 600 nm-pump, 7% become 5.61% and R% is 27.36%, o
become 1.11/d = 7.4 x 10> em™" and the initial carrier density
would become 11.2 x 10*° em ™, which is 18.6% larger than the
value for 460 nm-pump.

Satisfactory experimental condition is determined in control
tests and considering sample thickness (absorbing power) and
targeting a satisfactory signal to noise with considering the
power limits to avoid photodegradation of samples. The photo-
stability of the sample is tested by verifying if the signal is
reproducible over several consecutive measurements. The
broadband spectrum was acquired using a spectrograph-
equipped photodiode array. The overlap time of pump and
probe was wavelength-dependent owing to the chirp of the
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white light. We used a standard procedure for chirp correction;
namely, we fitted the temporal responses with the cross-
correlation function between the pump and supercontinuum
probe to access the correct time-delay response for different
wavelengths.

2.4. Density functional theory (DFT) electronic calculations
and crystal structure

The crystal structure of CZTS (ICSD-12710)*” was plotted with
VESTA,*® and the sizes of atoms were based on the Shannon
Effective Ionic Radii.>® DFT calculations were performed
with the aforementioned structure with CAmbridge Serial Total
Energy Package (CASTEP)*° using the HSE06 hybrid exchange-
correlation function for a more accurate bandgap estimation.

3. Results

Based on the Shannon effective ionic radii,?® Cu* and Zn*" both
have 0.6 angstroms radius (Fig. 1a), and their similar size and
coordination leads to Cuy, and Zng, anti-site defects. The
electronic structure (Fig. 1b) suggests CZTS is a direct band
semiconductor with a bandgap of 1.23 eV (1008 nm). This value
is lower than the bandgap derived from EQE and optical
absorbance experimental results (1.45-1.51 eV; 851-821
nm).>'?? For the partial density of the states of CZTS, the
valence band maximum is mainly formed by the 3d-orbital
from Cu and 3p-orbital from S, and the conduction band
minimum is normally contributed to the 5s-orbital of Sn and
3p-orbital of S. The Brillouin zone for Kesterite CZTS is pro-
vided in Fig. S1 (ESIT). The optical transmittance, reflectance,
and absorptance spectra (Fig. 1c) shows the absorption edge
(at ~850 nm) IR region, which is characteristic to the CZTS
band-edge transition and consistent with previous reports.

According to X-ray diffraction analysis of the CZTS sample
prepared with DMSO approach (after annealing) (Fig. 1d), the
characteristic peaks are consistent with the calculated pattern
of the kesterite Cu,ZnSnS,. The EDS (Fig. S2, ESIT) was per-
formed to reveal the atomic composition; the EDS of the film
was measured as [Cu]/Zn + Sn] = 1.16 and [Zn]/[Sn] = 0.95,
which was consistent with their stoichiometric values, although
S is relatively deficient. The SEM image of the CZTSSe film
(Fig. 1e) reveals a grain size of approximately 500 nm to 3 pm
for the sample prepared by the hydrazine approach with much
smaller crystallites when using the DMSO approach for CZTS
sample (Fig. 1f). The cross-section SEM image and the corres-
ponding elemental distribution across the cross-section of
CZTS film for which the optical response is presented in
Fig. 1c, is provided in Fig. S4 (ESIT).

3.1. Pump-probe diffuse reflectance microscopic imaging of
CZTSSe

In this context, TAM (a subclass of pump-probe microscopy)
refers to pump-probe TAS under the microscopy configuration.
In these experiments, the pump and probe beams collinearly
passed through a microscope objective and, after interaction

J. Mater. Chem. C
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Fig. 1 Structural, electronic, optical, and microscopic characterization of the kesterite CZTS samples. The (a) crystal structure, and (b) calculated band
structure and density of states (DOS) (HSEO6 hybrid function) for the kesterite CZTS. (c) Total transmittance, total reflectance, and absorptance spectra
for CZTS film. (d) XRD pattern for CZTS prepared using the DMSO approach. Scanning electron microscopy images using the (e) hydrazine, and (f) DMSO

synthetic approaches.

with the sample, the probe beam was directed to the detector
using the second microscope objective. For diffuse reflectance
measurements, the same objective was used for focusing and
diffuse reflectance beam collection.

In TAM images, the image contrasts consisted of excited
state absorption (ESA), ground-state bleaching (GSB), and sti-
mulated emission (SE). By convention, the reflectance change
is calculated with and without pump excitation using the
equation (_AR = Rprobe notpumped Rprobe pumped); ESA prOVideS
a positive-signed image contrast whereas GSB and SE result in
negative-signed image contrasts. A positive signal indicates an
increased photoinduced absorption while a negative signal
indicates a decreased photoinduced absorption of the sample.
The pump and probe are scanned on the sample to visualize the
spatial variations. Additionally, the pump-probe time delay is
changed; at each delay time, a pump-probe TAS microscopic
image is acquired. It should be noted that in our control tests
the same trend was observed in several measurements, and the
pump-probe images and amplitude of the TAS signals were
reproducible over consecutive measurements; this indicated
a lack of sample photodegradation under this experimental
condition.

Fig. 2a depicts the pump-probe TAM image of the CZTSSe
film at 500 fs after excitation, which was at 700 nm. The TAM
image was heterogeneously composed of positive and negative

J. Mater. Chem. C

regions. The pump-probe signal averaged over the entire scan
area compared with those from some example region of interest
(ROI) is shown in Fig. 2b. Heterogeneity was also observed in
the TAS signal kinetics extracted from different regions of the
sample. Some grains showed a positive excited-state relaxation
kinetics, some show negative bleaching recovery kinetics, and
in some regions the signal evolves from negative to positive.
The average TAS signal showed a bleach recovery within
~ 60 ps, which evolves to excited state absorption. For quanti-
tative comparison the time-traces were fitted with exponential
decay or exponential growth functions and the fitting para-
meters are provided in Table 1. The time constants of the ESA
relaxation are 7, = 2.65 and 7, = 20.8 ps and ps in ROI1. The 14
time constant of exponential growth function fit for ROIs 2-5
has a value between 0.35 ps and 1.79 ps. The same trend is also
observed for the 7, component with value between 1 ps and
18 ps. The time constants for the evolution of the TAS signal
averaged over the ensemble of grains are 0.73 ps and 11 ps
(Table 1).

It is remarkable that photon energy of the probe at 820 nm
(1.5 eV), is above the bandgap 1100 nm (1.13 eV) identified for
CZTSSe films using EQE measurements.'®** Therefore, the
observation of negative regions is a measure of charge carriers
trapped within electronic states extended above the bandgap.
This resemble the electronic structure of amorphous materials

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Pump-probe transient absorption microscopy of CZTSSe devices and the kinetics of charge carriers. Excitation was at 700 nm (above the
bandgap) and probe beam was at 817 nm. (a) Pump—probe TAS image at 500 fs with an 18 um x 18 um field of view; scale bar shows 9 um. (b) The TAS
signal of different grains compared to the signal averaged over the scanned area is depicted. The experiments were performed in diffuse reflectance
mode as the device was completely opaque. The pump and probe powers were 0.4 mW in both measurements. Solid lines are double-exponential

function fit to TAS signals.

Table 1 Parameters of double-exponential function fit to TAS signals extracted from different example ROIS on the TAM image shown in Fig. 2

Yo Ay 71 (ps) Ay 75 (ps)
ROI1 0.019 £ 0.003 0.039 £ 0.009 2.65 + 0.89 0.058 4 0.008 20.8 £ 4.1
ROI2 —0.023 £+ 0.008 —0.225 + 0.018 1.79 £ 0.22 —0.230 + 0.017 18.0 £ 2.4
ROI3 0.007 £ 0.002 —0.181 4+ 0.015 0.38 &+ 0.05 —0.055 + 0.005 6.2 +1.1
ROI4 0.035 £ 0.018 —0.137 4+ 0.014 0.36 & 0.06 —0.007 £+ 0.011 1.1 £ 0.2
ROI5 0.017 £ 0.001 —0.216 + 0.016 0.35 £+ 0.04 —0.092 + 0.004 5.1+ 04
Ensemble 0.001 £ 0.002 —0.152 + 0.010 0.73 £ 0.08 —0.116 + 0.005 11.0 £+ 0.9

same as amorphous silicon, for which a mobility gap was
described.®® The mobility gap of amorphous films should be
equal or larger than the band gap of the crystalline as a
measure of the influence of lattice disorder on optical gap of
the films.>® Electrostatic potential and band gap/compositional
inhomogeneity across the films were previously reported by
intensity and temperature-dependence photoluminescence
(PL) and external quantum efficiency measurements. Although
the exact mechanism of the defect transition in CZTS is not yet
clearly understood, but spectral shifts of PL peaks at different
temperature or excitation intensity was attributed to the
presence of significant potential variations.**® It is note-
worthy that the TAM microscopy image enabled to visualize
the presence of these localizing states above the bandgap.
Spatial bandgap or electrostatic potential fluctuations can
cause such heterogeneity in TAM images and carrier kinetics
across different grains.

3.2. Image principal component analysis

We performed principal component analysis (PCA) of the pump-
probe TAM images of CZTS sample and identified a set of
orthogonal-basis TAS signal components, referred to as principal

This journal is © The Royal Society of Chemistry 2024

components (PCs); these could be combined to reproduce the
signal at any given pixel (Fig. 3). The PC signals are all at
the same wavelength. In this method, the data matrix is divided
into main principal components, according to the singular
value decomposition analysis approach in which the principal
(meaningful) parts of a matrix data are separated from the noise
(also known as a noise reduction method).”® The composite
TAM image was deconvoluted into three images shown in red,
green, and blue with their corresponding TAS signal component
provided next to each. PC1 was assigned to the excited state
relaxation by minority charge carriers. PC2 represented the
ground state bleaching from charge carriers localized within
electronic states. PC3 was indicative of charge carriers that
localized in electronic states; their relaxation (de-trapping) from
these electronic states within a few picoseconds after excitation
leads to the recovery of the bleach. The PC signal components
were fitted with exponential growth or exponential decay func-
tions and the fitting curves and fitting parameters are provided
in Fig. S3 and Table S1 (ESIf). The time constant of PC1’s
relaxation (ESA relaxation) and PC’3 recovery (GSB recovery) is
31.25 £+ 4.71 ps and 11.37 %+ 0.62 ps respectively, and the time
constant for PC2’s GSB to ESA evolution is 8.25 + 0.68 ps.

J. Mater. Chem. C
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Fig. 3 Principal component analysis of the pump—probe TAM image of the CZTSSe devices and the kinetics of charge carriers. Representative false-
color images of PC1 (red), PC2 (green), PC3 (blue), and the composite image (PC1 + PC2 + PC3) obtained by projection of PCs of the pump—probe image
of the sample. The corresponding three PC signals are depicted. PC1 represent the excited state relaxation and its corresponding image identifies grains
that show this kinetic behavior. PC2 and PC3 respectively represents the ground-state bleaching (localized charge carriers within electronic states) and
ground state bleaching that recovers to excited state (de-trapping of charge carriers) and their corresponding image show grains with those kinetic

behavior.

Remarkably, the PCA facilitate to visualize and distinguish the
photo-response of different grains and to know what grains show
which type of behavior.

Pump-probe experiments are typically carried out on large
ensembles of particles or molecules, where the response of
individual contributors combines with that from others to
produce strong optical signals from the illuminated sample.
For some heterogeneous samples, however, the response
from individual components is lost when averaging over the
ensemble. Such kinetic deconvolution is not straightforward
using conventional ensemble spectroscopy, which is an ensem-
ble measurement in which it cannot easily be ascertained
whether a given signal is an averaged contribution of different
components all existing at the same time or otherwise a
homogeneous single component within the sample. Remarkably,
the pump-probe TAM image spatially showed the excited state
pattern over different grains, and the principal component image
deconvolution analysis identified the type of photoexcited process
at the grain-size level. The spatial heterogeneity in transient

J. Mater. Chem. C

signals at different regions on the sample is explained in terms
of spatial electronic variations. Red regions represent positive
excited state optical absorption (by charge carriers) and negative
regions (GSB) is a bleaching of probe due to population of
electronic states. The presence of localizing electronic states is
expected to affect the relaxation kinetics of charge carriers.

3.2.1. NIR photoexcitation of CZTSSe. Fig. 4 shows the
broadband pump-probe diffuse reflectance transient absorp-
tion spectra of CZTSSe samples (excited at 600 nm), with
different pump powers of 300, 500, and 600 pW (respectively
in Fig. 4a—c). The broadband diffuse reflectance was measured
in the NIR from 700 to 900 nm. The transient absorption
spectrum was typically measured up to 900 nm where suffi-
cient white light intensity and detector sensitivity facilitates
measurements.

Several spectral features were noted in the broadband TAS
spectrum. First, in the 700-780 nm region, an ultrafast negative
peak formed and evolved into a positive peak in approximately
1.5 ps. Second, in the 780-880 nm region, a large and broad

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Broadband diffuse reflectance pump—probe transient absorption spectra of CZTSSe thin films. Pump wavelength is 600 nm. The probe beamis a
white light in the 700-900 nm spectral region. Different pump powers of (a) 300, (b) 500, and (c) 600 pW are applied. The probe power was kept
constant at 20 pW. The samples are fully functional and opaque CZTSSe thin film-based devices, and the experiments were performed in diffuse

reflectance mode.

negative peak was observed; after some tens of picoseconds, the
negative bleach diminished and a positive TAS peak appeared.
By increasing the excitation power, the amplitude of the
positive TAS in the 800-880 nm region (which appeared after
several picoseconds) increased. Third, in the >880-900 nm
region, another negative peak was observed. In the latest

This journal is © The Royal Society of Chemistry 2024

spectral region, the signal remained negative; the TAS spectrum
reshaping was not observed even when increasing the excita-
tion power. The large negative peak in the 800-880 nm region
was due to GSB formed by photocarriers populating the higher
energy extended states. The positive TAS can be attributed to
the charge carrier’s absorption with a lifetime of picoseconds.
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The amplitude of the positive feature attributed to the charge
carrier absorption was larger at wavelengths below 750 nm where
the spectral overlap with the carriers that are formed in the
extended states (contributing to negative overlapping signal) was
smaller. The bandgap of CZTSSe (prepared by the same method
as the CZTSSe in this study) was estimated 1100 nm (1.13 eV) from
EQE measurements. The PL peak for this material was reported
with a pronounced red-shift at 1200 nm (1.03 eV)."*** The
negative bleaching peaks observed up to 800 nm spectral region
(much higher energy compared to band-edge) is a direct evidence
to assess the electronic states within this material and is also an
indication that the bandgap for this material can be known as
mobility gap same as amorphous silicon.*

The kinetics of the pump-probe TAS signals probed at
different spectral regions are shown in Fig. 5. In Fig. 5a and
b, the TAS signal measured at 736 nm and 779 nm are depicted
until 100 ps and 30 ps, respectively. At a wavelength of 736 nm,
the positive signal formed under a picosecond. As the negative
bleaching signal was not present at 736 nm, the kinetic evolu-
tion of this signal reflects the pure relaxation of charge carriers.
At 779 nm, however, a negative signal evolved to the ESA in 5 ps
as the spectral evolution at this region was also evident in the
broadband spectrum (Fig. 4). Fig. 5¢ shows the TAS kinetics
recorded further in the NIR region. The bleaching kinetics
observed at wavelengths 819 nm and 845 nm are longer-lived,
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which could be due to carriers localized in the extended states.
The relaxation of the bleaching signal and conversion into
positive TAS kinetics indicated the relaxation of localized carriers
from these states and the formation of free charge carriers in 30—
40 ps. At wavelengths of 865 nm (Fig. 5¢) and 880-900 nm
(Fig. 5d), the kinetics reflected pure photobleaching, which was
a result of the carriers in the band edge tail remaining for 100 ps.
We expected that the free carriers would absorb with the same
amplitude in the entire 800-900 NIR region. If present, we ought
to have observed their positive transient absorption signature
across the entire 800-900 nm NIR region. However, the absence
of free carrier absorption between 880 and 900 nm indicated that
the carriers trapped in these states have a longer lifetime and do
not delocalize within the time frames of our laser spectroscopy.
Therefore, our broadband studies identified the spectral signature
of two types of electronic traps, one in the 800-880 nm range and
another in the 880-900 nm range.

The combination of different bleaching types of signal at
spectral regions up to ~300 nm above the optical bandgap
strongly suggests that the electronic bandgap for CZTSSe
materials may be better defined as a mobility gap similar to
amorphous silicon, and also points to the existence of the
bandgap (and potential fluctuations) within the film grains.

3.2.2. UV photoexcitation of CZTS. Photophysical response
of large bandgap CZTS films excited using UV photons (460 nm,
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Fig. 5 Photo-induced transient absorption kinetics for NIR-excited CZTSSe devices measured in diffuse reflectance modes. The pump wavelength was
600 nm. (a) and (b) TAS kinetics recorded in the 730-780 nm range up to 100 and 30 ps. (c) The TAS kinetics from the 800-860 nm region, and (d) the
TAS kinetics further in the NIR region close to the band edge of the CZTSSe. The samples are fully functional opaque CZTSSe devices, and the

experiments are performed in diffuse reflectance mode.
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Fig. 6 Time-resolved broadband TAS spectra and TAS relaxation kinetics for UV-excited CZTS. (a) Time-resolved TAS broadband spectra, and (b) The
TAS kinetics at different spectral region. The sample is excited at 460 nm and probed using white light pulses in the 550-900 spectral range. Solid lines

correspond to biexponential fit with fitting parameters shown in Table 2.

Table 2 TAS decay kinetic fitting parameters at different wavelengths for CZTS, excited at 460 nm

A (nm)/parameters 550 600 650 700 750 819

Yo 0.42 + 0.00 0.32 &+ 0.00 0.217 £+ 0.00 0.16 + 0.00 0.13 &+ 0.00 0.10 £ 0.00
Ay 0.33 £ 0.04 0.34 £ 0.02 0.48 £ 0.03 0.56 £ 0.03 0.60 £ 0.03 0.64 £ 0.05
74 (ps) 2.57 + 0.54 1.65 + 0.23 0.81 + 0.08 0.72 + 0.06 0.70 + 0.05 0.53 + 0.06
Ay 0.26 £ 0.02 0.24 £ 0.01 0.22 £ 0.01 0.19 £ 0.01 0.18 £ 0.01 0.18 £+ 0.01
75 (ps) 24.62 + 3.37 19.42 £+ 1.99 14.49 £ 1.11 12.88 £+ 0.97 13.07 £+ 1.02 12.86 £+ 1.19

2.7 eV), is shown in Fig. 6. For UV-excited measurements, the
TAS featured a positive ESA across the 550 to 900 nm spectral
region (Fig. 6a). The time traces (Fig. 6b) are fitted by double
exponential decay function and the fitting parameters are
provided in Table 2. The time constants of ESA signal relaxation
for 550 nm-probe are 2.57 &+ 0.54 ps and 24.62 + 3.37 ps and for
819 nm-probe are 0.53 + 0.06 ps and 12.86 + 1.19 ps. The ESA
relaxation kinetics at the NIR region (700-819 nm) were faster
than those in the visible region (relaxation at 560 nm).
Hypothetically, this can be explained in terms of different
distributions of electronic states close to and above the band
edge, which affects the relaxation rates of photoexcited carriers.

Different kinetic behaviors at spectral regions that were
closer to or further away from the band edge were also observed
at low-energy NIR excitations. Probing at 700 nm for both NIR
and UV excitations, a positive relaxing ESA signal was observed,
albeit with different relaxation rates. At probe wavelength
regions above 800 nm, NIR excitations resulted in the trapping
of carriers within electronic states, and their de-trapping was
associated with the emergence of excited state absorption after
tens of picoseconds. Meanwhile, UV excitations initially
resulted in positive photoexcited absorption by photocarriers
that relaxed in tens of picoseconds.

4. Discussion and conclusion

We analyzed the kinetics of charge carrier processes within
electronic and trap states of CZTS/Se semiconductors using

This journal is © The Royal Society of Chemistry 2024

ultrafast TAM and TAS. Using principal component analysis
image decomposition, we extracted 3 kinetic components,
and spatially and kinetically deconvoluted the TAM image
into 3 TAM image components. This analysis helps identify the
photophysical processes at each grain and assists in understand-
ing whether the TAS signal at each grain consists of only one type
of photophysical process or a combination of different transient
absorption features (ESA, GSB, or ESA/GSB spectral reshaping).

The broadband TAS results upon NIR photoexcitation show
broad GSB peaks from 900 nm extending up to 800 nm.
Considering the bandgap of the CZTSSe sample (1097 nm as
determined from the optical absorbance spectrum and DFT
calculations) the observed bleaching up to 800 nm indicates the
existence of localizing electronic states energetically above the
optical bandgap. This suggests the presence of extended trap
states at the band edge. The existence of electronic states in
CZTS/Se materials was previously shown by non-time-resolved
temperature-dependence PL spectroscopy. Our ultrafast
spectroscopy results shed light on the photophysics of these
materials by demonstrating the ultrafast behavior of photoex-
cited carriers at broad spectral regions when excited closer to
band edge using NIR pulses or at energies above the band edge
using UV pulses.

In the CZTSSe samples, the free charge carriers (measured
optimally in the spectral region of approximately 730 nm to
avoid signal bleaching) are stable up to hundreds of picose-
conds. When the CZTSSe thin films are measured at the probe
wavelength of 817 nm, the signal polarization changes from
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negative to positive in a few picoseconds. It is not straight-
forward to determine the mechanism of this polarization change
using ensemble spectroscopy if it is originating from the trapping
and de-trapping of carriers in this time frame, is a contribution
from optical effects such as the refractive index or has another
origin. The pump-probe microscopy results supported by ensem-
ble spectroscopy can localize the type of charge carriers (trapped
and free) within the grains of a few micrometers in size. The
spatial resolution of the pump-probe microscopy allows us to
localize the charge carriers within 200-400 nm.*” Using TAM and
PCA deconvolution of TAM when probing at 817 nm (above the
bandgap), we observed that a minority of grains showed an ESA
signal (originating from free carrier’s absorption) while the
majority showed a GSB type of signal (originating from trapped
carriers). Using image kinetic deconvolution of TAM, we observed
some of the trapped carriers would delocalize into ESA but others
remain within electronic states (deconvoluted PC remains nega-
tive). The average signal over the entire scanned area showed the
same type of negative-to-positive evolution and in agreement with
ensemble spectroscopy. Therefore, the deconvoluted subregion
kinetics indicate that the signal polarization change was due to an
averaging effect over subregions and different photophysical
responses across different grains.

Our broadband measurements supported by the TAM obser-
vations showed an entirely different spectral and kinetic com-
ponents in the CZTSSe samples with CBTSSe films.*” For
CBTSSe, the carrier kinetics measured at 817 nm, relaxed faster,
and had a lifetime of several picoseconds. Additionally, the
electronic states were less extended in the CBTSSe compared
with CZTSSe. From pump-probe imaging, we could detect the
local variation in the effective potential due to inhomogeneity
in stoichiometry. In the broadband spectrum of the CBTSSe
samples, the photo-bleaching component was relatively narrow
and located at the band edge transition with relatively minimal
contribution from the extended higher energy levels. The
heterogeneity in TAS images was due to local stoichiometry
inhomogeneity that resulted in local energetic variation in
different grains. These observations are another indication of
the sharp energy transition caused by less extended states in
CBTSSe compared to the extended states of CZTSSe.
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