Time-Resolved Photoluminescence Studies of Perovskite Chalcogenides
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Abstract

Chalcogenides in the perovskite and related crystal structures (“chalcogenide perovskites” for
brevity) may be useful for future optoelectronic and energy-conversion technologies in as much
as they have good excited-state, ambipolar transport properties. In recent years, several studies
have suggested that semiconductors in the Ba-Zr-S system have slow non-radiative recombination
rates. Here, we present a time-resolved photoluminescence (TRPL) study of excited-state carrier
mobility and recombination rates in the perovskite-structured material BaZrSs3, and the related
Ruddlesden-Popper phase Ba3;Zr,S7. We measure state-of-the-art single crystal samples, to identify
properties free from the influence of secondary phases and random grain boundaries. We model
and fit the data using a semiconductor physics simulation, to enable more direct determination of
key material parameters than is possible with empirical data modeling. We find that both materials
have Shockley-Read-Hall recombination lifetimes on the order of 50 ns and excited-state diffusion
lengths on the order of 5 um at room temperature, which bodes well for ambipolar device
performance in optoelectronic technologies including thin-film solar cells.

1. Introduction

Understanding excited-state charge transport properties and recombination rates is central to
semiconductor materials selection and device design for optoelectronic and energy-conversion
technologies. Time-resolved photoluminescence (TRPL) is a technique that can probe excited-
state recombination dynamics, including effective carrier lifetimes. However, the inferred lifetimes
typically correspond to a host of radiative and non-radiative recombination processes taking place
simultaneously and varying spatially through the probed material. Advanced modeling and fitting
of transient data can be useful to distinguish the rates of various recombination processes,
especially between bulk and surface effects.!™

In this paper we present TRPL data measured on chalcogenide perovskites in the Ba-Zr-S
system, and a data analysis method that enables accurate study of recombination processes.
Chalcogenide perovskites are a family of promising semiconductors for optoelectronics.*® These
chalcogenide materials have direct band gap (E,) tunable from the visible to NIR, strong optical
absorption and luminescence, and reports of slow non-radiative recombination rates.*®!*"13 They
feature inexpensive and non-toxic elements, combined with thermal stability up to at least



550°C.'"*!> We have recently demonstrated synthesis of large-area, atomically-smooth, epitaxial
thin films of BaZrSs by pulsed laser deposition (PLD) and molecular beam epitaxy (MBE).!¢!7

Here we study single-crystal samples of the perovskite-structured material BaZrS3, and the
related Ruddlesden-Popper phase BasZr,S7.!® BaZrS; is a semiconductor with direct band gap of
energy E; = 1.9 eV."” BasZn,$7 is an indirect-band gap semiconductor with E; = 1.25 eV, and
strong near-infrared absorption due to a direct, allowed transition near 1.3 eV.® We measure TRPL
data for varying temperature and illumination conditions. We model and fit TRPL data using a
semiconductor physics simulation, using the program PC-1D.!” PC-1D allows parametrization of
recombination processes including bulk non-radiative Shockley-Read Hall (SRH), surface, and
Auger. We incorporate the models simulated by PC-1D into a MATLAB routine to perform global,
nonlinear, least-squares fitting on the measured TRPL data sets. We find that both materials have
bulk SRH recombination lifetime (7ggy) on the order of 50 ns, and excited-state diffusion lengths
on the order of 5 um at room temperature, which bode well for device performance in
optoelectronic technologies including thin-film solar cells.

2. Methods
2.1. Experimental methods

We synthesized crystals using the flux method, according to previously-reported procedures.'®
We ground and mixed 1 g of BaCl, powder (Alfa Aesar, 99.998%) together with 0.5 g of
stoichiometric mixtures of precursor powders (BaS, Zr, and S), and loaded the resulting powder
into a quartz tube, as for powder synthesis. For BaZrS; crystal growth we heated to 1050 °C at a
rate of 1.6 °C/min, held at 1050 °C for 100 hrs, cooled to 800 °C at a rate of 0.1 °C/min, and then
cooled to room temperature in an uncontrolled manner by shutting off the furnace. To make
BasZr,S7 crystals we heated to 1050 °C at a rate of 0.3 °C/min, held at 1050 °C for 40 hrs, cooled
to 400 °C at a rate of 1 °C/min, and then cooled to room temperature uncontrolled. The samples
obtained we washed repeatedly with deionized water and isopropyl alcohol to remove excess flux
before drying in airflow. The crystal dimensions are on the order of ~100 um.!® For the
experiments reported here, these are effectively infinitely thick, and the rear surface plays no role.
In our models and fits we fix the thickness at 100 um.

We perform steady-state PL. and TRPL measurements using pulsed laser diodes (Picoquant
450 nm and 705 nm), focused on the samples using an optical microscope equipped with a
cryogenic stage. The spot size for TRPL measurements was approximately 2.2 pm (Gaussian
FWHM, determined using Air Force target), and the pulse FWHM was approximately 100 ps. The
repetition rate was 5 MHz and 2.5 MHz for BaZrS; and BasZr,S; samples, respectively. The
measurement spot on the sample was kept constant by aligning to camera images of unique marks.
We control the pump intensity using a continuously-variable attenuator. The emitted light is
analyzed using a spectrometer and CCD for steady-state spectra, or directed to an avalanche
photodiode for TRPL.

The spectrometer and the Si CCD have wavelength-dependent efficiency. To account for these,
we convolve these instrument response curves to create a spectral correction curve, which we then
use to scale the measured data. We use the resulting spectrally-corrected data for further analysis.

2.2. Data analysis methods



To model the TRPL data, we assume an absorber layer with an SRH lifetime t5zy (the low-
injection limit) and ambipolar mobility u (related to ambipolar diffusivity D, via the Einstein
relation). We model surface recombination via surface recombination velocity (S), and Auger
recombination via an Auger coefficient (B). Tggy and S are injection-dependent according to
typical semiconductor statistics.!”?° We assume that excited-state charge transport during TRPL
experiments is best-modeled as ambipolar, because of the high injection levels reached, and
because the chalcogenide perovskites have very low carrier concentrations at equilibrium in the
dark.

The model is refined using a nonlinear, least-squares fitting routine in MATLAB. We refine
the model globally across multiple data sets, collected at a fixed temperature but with varying
illumination wavelength and pump fluence, to more accurately distinguish the different
recombination rates. The physical semiconductor model is implemented in software PC-1D,
which considers generation, recombination, drift, and diffusion along one spatial dimension.!”
PC-1D calculates spatial profiles of charge carriers at discrete time steps. We integrate the PL
emission for each spatial profile at each time step to produce a model of TRPL. All software
configuration settings are set to ‘PC1DS5,’ to avoid the implementation of empirical models not
applicable to chalcogenide perovskites. In the PC1D input file, we use an effective mass ratio
(majority to minority carriers) of 2 for both BaZrS; and Ba3Zr,S7. In our models and fits we fix
the thickness at 100 um. We also assume that the front and back surface recombination rates are
equal. We approximate the unknown majority carrier concentration and intrinsic carrier density
using values typical for silicon, e.g., N, = 10 cm™, n;(300 K) = 10 cm™; numerical studies
demonstrate that our results here are insensitive to these approximations within very wide ranges
covering all reasonable values.
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Figure 1: Flow chart of TRPL data analysis. Multiple data sets are acquired at a given temperature
with varying pump fluence and/or wavelength. The data are modeled using a generation-recombination-
drift-diffusion solver in one spatial dimension, and the model is refined using global least-squares
minimization of all data sets (indexed by k) with customizable parameter sets (py, ). The results are best-
estimates of properties such as surface recombination velocity (§), non-radiative recombination lifetime
(tsrp ), and ambipolar diffusivity (D, ) that are directly relevant to optoelectronic performance.



3. Results: Steady-State Photoluminescence

The steady-state PL spectra contain information on the band-to-band emission, defect level
emission, and other recombination processes. We present in Figs. 2a-b the results of steady-state
PL measurements on Ba3Zr,S7 at temperatures ranging from 78 to 275 K. The PL peak position,
peak shape, and intensity all vary with temperature. The data presented in Fig. 2a are raw data, as-
measured. In Fig. 2b we present the data after applying a spectral correction, which accounts for
the wavelength-dependent detection efficiency of our equipment. After this correction, it is clear
that the PV emission develops a two-peak structure that depends on temperature. At lower
temperature, the dominant peak is at 1011 nm (1.227 eV). As the temperature is raised, the high-
energy shoulder develops into a distinct peak at approximately 997 nm (1.244 eV). We hypothesize
that this is the direct band-to-band transition, placed at 1.28 eV in our earlier work based on PL at
room temperature.® The peak separation is approximately 17 meV. Not enough is known about the
excitonic properties and the defect chemistry of chalcogenide perovskites to identify the origin of
this peak splitting. However, we note that 17 meV is comparable to the free exciton binding energy
of halide perovskites, which have similar band gap and large dielectric susceptibility to the
chalcogenide perovskites.®*! Therefore, it seems possible that the principle, lower-energy peak
represents radiative recombination of free excitons. It is clear from the data, and from the small
energy scale, that the two emissive states are in rapid thermal communication at room temperature.

In Fig. 2¢c-d we present further analysis of the spectrally-corrected PL data. We analyze the
data presented in Fig. 2a-b as well as data measured on a second spot on the sample. In Fig. 2c¢,
we plot the PL peak positions, determined by fitting a single Gaussian curve to the spectrally-
corrected data at each temperature and spot. There is an offset of approximately 28 meV between
the data measured on two separate spots, apparently resulting from sample heterogeneity. The
negative slope of all data suggests that E; increases with increasing temperature. Conventional,
tetrahedrally-coordinated, sp’-bonded semiconductors have negative band gap temperature
coefficients: E; decreases with increasing temperature. A positive temperature coefficient is
observed in less conventional and more ionic materials semiconducting compounds, including
binary lead chalcogenides and halide perovskites.??>* dE,/dT > 0 is favorable for solar cells,
that typically experience temperature higher during operation (e.g., in desert locations) than during
early-stage laboratory testing.

In Fig. 2d we plot the integrated PL signal vs. inverse temperature. We fit the PL intensity (I)

to an Arrhenius model of a single non-radiative recombination process, using the expression:>>

E
I1=1,/[1+aexp (—ﬁ)] (1)
E, is the activation energy of a non-radiative recombination process described by lifetime Ty =

ToeXp (ﬁ), and a = tRz/ty Where 1y is the radiative recombination lifetime which is assumed

temperature-independent. We estimate E;, = 130.0 = 19.0 meV and 306 £ 1 meV for the two
measurement spots. E, determined in this way likely represents an average of multiple,
temperature-dependent recombination processes, rather than a single process. The spatial
heterogeneity in the temperature-dependence, expressed by the substantial difference in E,, likely
derives from varying surface conditions; Ba3Zr>S7 crystal surfaces are faceted and we measure the
samples as-grown, without post-growth polishing or surface passivation.'® These differences
notwithstanding, from the data and analysis we conclude that the dominant thermally-activated
recombination process (or processes) in our Bas;Zr,S7 crystals have activation energy well above



100 meV. When we apply an Arrhenius model to the Gaussian-best-fit intensities of the two peaks
in each spectrum, we find that the thermal activation energies are statistically indistinguishable:
129.22 + 12.33 and 129.79 + 8.35 meV for the higher- and lower-energy peaks, respectively, for
the data measured at spot 1, and 321.19 + 40.97 and 373.64 + 167.87 meV for the higher- and
lower-energy peaks measured at spot 2. The fact that similar activation energies are observed,
within statistical confidence, can result from both features reflecting the same thermal distribution
(i.e., being in thermal equilibrium with each other).

There are multiple scenarios that could produce a thermally-activated rate of non-radiative
recombination. Carrier capture by recombination centers could be phonon-assisted, resulting in an
activation energy characteristic of the most relevant phonon mode.? The temperature-dependence
may also result from shallow, non-radiative traps that temporarily capture photo-generated
carriers.”’ In this case, the activation energy does not represent the recombination process itself,
but rather the energy for trap emission to the relevant band. Unfortunately, not enough is known
about the defect chemistry of chalcogenide perovskites to distinguish between these scenarios. We
further discuss below the possible influence of shallow traps on the TRPL results.
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Figure 2: Steady-state PL results measured with an excitation wavelength of 705 nm on a
BasZr,S7 single-crystal. (a) Temperature-dependent spectra, plotting the absolute measured
intensity. (b) Temperature-dependent spectra, plotting spectrally-corrected, normalized intensity.
(c-d) Analysis of the temperature-dependent PL spectra, for two measurement spots, the first of



which being the data shown in (a-b). (c¢) Peak positions as a function of temperature, estimated
by fitting a single Gaussian curve to the data at each temperature. (d) Arrhenius plot of the
integrated intensity (points) fitted with a model of a single non-radiative recombination process
(solid lines).

4. Results: Time-Resolved Photoluminescence

We present representative TRPL data and best-fit models in Fig. 3, for BaZrS3 and BasZr:S;
crystals. In Fig 3a, we show results for BaZrS; at room temperature, measured with 405
illumination and a 505 nm long-pass filter. The inset shows the steady-state PL spectrum, with a
peak consistent with E; = 1.9 eV. The feature near 500 nm (cutoff by the long-pass filter) also
contributes to the measured TRPL data, which is not wavelength-resolved. This feature is of
unknown origin, but fortunately it makes only a minor contribution to the integrated PL intensity.
From the data we estimate Tqgy = 55.2 £ 28.1 ns, S = 1.87 x 10* + 1.14 X 10* cm/s, and u =
146.2 + 525.6 cm?/V/s. The large uncertainty in the mobility highlights the value for global fitting
across multiple data sets with varying experimental parameters, to more precisely estimate material
parameters. In Fig. 3b, we show a global fit of three TRPL data sets measured on a BasZr:S;
crystal at 200 K with varying levels of pump fluence. From the data we estimate gz = 112.9 £
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1.51ns,S = 3.69 X 10* 4+ 2.9 x 102 cm/s, and u = 2607.47 £ 85.5 cm?/V/s. The global-fit routine
results in much-reduced fractional uncertainty in the best-fit estimate of .

Figure 3: TRPL data (points) and best-fit models (lines) for BaZrS; and Ba3Zr.S;. (a)
TRPL measured on BaZrS; at 300 K, measured with pump wavelength 450 nm and pump
of 0.04 mJ/cm? (1.02 X 10** ph/cm?) per pulse. The inset shows the steady-state PL
spectra measured with pump wavelength 450 nm. (b) TRPL measured on Ba3Zr,S7 at 200
K, measured with pump wavelength 705 nm and varying pump fluence.

We next discuss temperature-dependent results on Ba3Zr,S;. In Fig. 4, we show normalized
TRPL spectra and the best-fit models for temperature from 78 to 300 K (the data is normalized
here for visualization, but the fitting routines were run on the raw data). It is apparent that the
decay rate increases with increasing temperature. In Fig. 5 and Table 1 we present the details of
the data analysis. We do not find a notable temperature-dependence for the mobility within the
temperature range from 78 to 300 K, which suggests that the mobility is limited by defect scattering
throughout this range. The two non-radiative recombination processes, SRH and surface
recombination, both accelerate with increasing temperature. The temperature-dependence of the
surface recombination process (S) is far more pronounced than that of the bulk process (Tsgy)-
This, combined with the large and position-dependent activation energy for non-radiative
recombination determined from static PL (Fig. 2d), suggests that the temperature-dependence is
dominated by processes at the sample surface, further discussed below.
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Figure 4: TRPL spectra measured on a Ba3Zr»S7 crystal for temperature between 78 and
300 K, measured with pump wavelength 705 nm and pump of 3.85 mJ/cm? (1.37 x 1016
ph/cm?) per pulse. The TRPL data (points) and best-fit models (lines) are normalized to
accentuate the rise in decay rate with increasing temperature.
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Figure 5: Temperature-dependence of (a) Tgzy, and (b) S, for Ba;Zr:S7 determined from
the data and models shown in Fig 4.
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+ 2.8x10% +
5.9 x 10* 5.2 x 10731 5.7 x 10t
Table 1: Best-fit estimates and uncertainties of TRPL model parameters for Ba3Zr,S;
determined from the data and models shown in Fig 4.

2.0 x 105 + ‘ 3.7 x 10730 +

300 ‘ 68.7 + 25.8 73115 ‘

5. Discussion

Based on the TRPL analysis for BaZrSs: and Ba3;Zr;S;, we can obtain best-estimates of
semiconductor parameters relevant for optoelectronic and energy-conversion device performance.
For thin-film solar cells, the excited-state diffusion length (Lp) is a critical parameter, as it
describes the ability of a material to support a photocurrent and photovoltage even in the absence
of a depletion region. We estimate L, as L, = /D, Tsry; We find at 300 K that L,=4.6 + 6.2 um
for BaZrSs, Lp = 7.1 £ 2.0 um for Ba3Zr,S;. These are promising results because they are larger
than a typical absorber thickness for a thin-film solar cell, and because they were measured on
crystals with no attempt at point defect control or surface passivation.

It is interesting to compare our results to more well-established photovoltaic (PV) absorber
materials. In Fig. 6a, we locate our measured room-temperature values of 75z, for BaZrS; and
BasZr,S7 on a plot of 55y vs. solar cell efficiency () for a number of PV materials.?® In each case,
we represent Tgpy and 1 reported by the same research groups, and measured on as close to the
same material as possible. A large Tszy 1S a necessary prerequisite for high-performance, and the
data for BaZrS; and Ba3Zr,S7 are comparable to the best-performing, established materials: CdTe,
CIGS, and lead halide perovskites. We note that, for a particular device, the effective lifetime (i.e.,
not Tgry) 1s what determines the Fermi level splitting and the photovoltage, and ultimately the
performance. The effective lifetime depends on thickness and interfaces, in addition to the bulk
properties. However, as more parameters are included in any given figure of merit, the quantity
and diversity of published data becomes more limited. In making Fig. 6a, we choose to focus on
a bulk property relevant to materials selection, as appropriate for chalcogenide perovskites at this
early stage of development.

In Fig. 6b we plot n vs. a solar cell figure-of-merit, Fpy, = alLp, where a is an optical
absorption coefficient.?® For each material, we calculate Fp, using a as measured at the knee in
the curve of loglo(a(E )). For BaZrS; and Ba;Zr»S7, we use values 4940 cm™ (at 636 nm) and
4240 cm™!' (at 861 nm), respectively. Fpy is a comparison of length scales: the depth required to
absorb light (1/a) compared to the distance that excited-state charge carriers can diffuse before
non-radiative recombination (Lp). Fpy, > 1 is a requirement for high-performance solar cells. We
find that Fp, = 10 for both BaZrS; and Ba3Zr,S7, placing these chalcogenide perovskites among
the very best candidates for thin-film solar cells. It remains to be seen whether these results,
measured on microscopic single-crystals, bear out in thin films and in solar cell devices.

Our analysis enables us to disentangle the contributions of surface and bulk recombination in
TRPL spectra. However, the recombination parameters determined in this way (7sgy and S) likely
are effective parameters, representing multiple simultaneous processes, that could not be
distinguished without a more complex model and more, complementary experiments. We highlight
in particular the possible effect of shallow traps. Shallow traps that momentarily capture excited
carriers can forestall radiative recombination, making the rate of non-radiative recombination
appear slower than it actually is. Several approaches are available to assess the effect of shallow
traps on TRPL data, including varying the injection level and the temperature.?” Our temperature-
dependent results (Fig. 2c and Fig 5) suggest that surface processes have the strongest temperature



dependence, and it is quite possible that the activation energy modeled in Fig. 2d represents
thermal emission from near-surface traps. The bulk SRH recombination times Tgzy determined
here may also be artificially elongated due to trapping effects, although the data suggest that such
effects are less prominent in the bulk than at the surface. Our injection-dependent measurements
(Fig. 3b) also do not indicate an effect of carrier trapping on Tz . Trap-assisted slowing down of
TRPL decay is related to trap-assisted persistent photoconductivity.”® We suggest for future work
that a comparison of photoconductive and photoluminescent transients under varying injection and
temperature, combined with a more full-fledged model, could enable estimation of trap occupancy
and the quasi-Fermi level splitting.

In the context of Fig. 6a, we care about 75y inasmuch as it predicts solar cell performance. A
high concentration of traps with a large thermal emission energy, well above kT, will greatly
suppress the quasi-Fermi level splitting, the open-circuit voltage, and device performance.
However, shallow traps that remain in rapid thermal communication with the nearby band edge
will have a lesser effect, likely manifesting as a slight suppression in carrier mobility and diffusion
length. We expect that future work making and testing chalcogenide perovskite solar cells will
quantify these effects.

Our estimates for Auger recombination are likely not reliable, as evidenced by the large best-
fit uncertainty ranges. These uncertainties originate from the possible contribution of extraneous
signal to the TRPL data at very short times.

Our estimates of Lp are larger than the illumination spot size in our experiments. This
represents a deficiency in the modeling, and likely introduces inaccuracy in the results. For
instance, a measurement spot size smaller than the diffusion length may artificially reduce the
inferred lifetime (i.e., accelerate the apparent decay to equilibrium) because diffusion of excess
carriers out of the measurement spot is an additional, unaccounted-for mechanism that locally
reduces the excess carrier concentration. In a preliminary attempt to estimate these effects, we
repeated measurements on the same spot with objectives with varying magnification, to vary the
spot size. We do observe differences in the decay at short time, but no significant change in the
long-time decay kinetics. We leave for future work a full study including modeling in two
dimensions.



m CdTe v LHP ® ©SnS

CIGS A InP * Si
& czis & Gaas O GaAs (homoepitaxy)
25 : :
a " Tl b) 30— -
( ) Thin films L ( ) Thin films and silicon
20} ., " : AR 251 Fpy=olp ol
v l o, *
— [ ] e A¥
é:?’ 15 L B > 4 . v ﬁzo q& r--* *
v [73]
3 - (. > ey,
c A P | Yy € 15 N
L » 7 ¢ @ )
S 10 Py S 1 s v, I3
= s 8 ¢ y | = @
L A - ¢ Yo w10 o
5 O ’ . ’ “Eﬂ r\L]N ¢ ’ |’
®e ¢ .’0’ 3 5 oa <l
m ® T
4 A “ v Sulll
0 ' 0 :
102 107! 10° 10! 102 10° 102 107 10 10" 102 10°
Tsru (NS) Foy

Figure 6: SRH lifetime (t5gy) and solar cell figure of merit Fp,, = alp vs. energy
conversion efficiency for various photovoltaic materials. BaZrS; and BaszZr,S7 are plotted
as dashed lines corresponding to the best-estimates of our TRPL data analysis; no solar
cells of either material have yet been reported. In (a), we only show data for which tgzy
and device measurements were performed on samples that were synthesized in the same
laboratory and using as close to the same procedure as is reasonably possible; in (b), we
additionally require that D and «a are reported on comparable samples, with the exception
of silicon and GaAs for which we use tabulated values. Data are adapted from refs.?8-30-32

5. Conclusion

We use steady-state and time-resolved photoluminescence to study chalcogenide perovskites
in the Ba-Zr-S system. We demonstrate a data analysis workflow for TRPL that allows a direct
extraction of the material parameters that describe excited-state charge carrier dynamics, using a
semiconductor physics model embedded in a global nonlinear-least-squares regression routine. We
show that BaZrS; and Ba3Zr,S7 have bulk Shockley-Read-Hall lifetime (tsg) on the order of 50
ns, and ambipolar diffusion length (Lp) on the order of 5 um. These results suggest that
chalcogenide perovskites may support very high-performance solar cells. Our results were
obtained by measurements on microscopic single-crystals, and it remains to be seen what
properties and performance can be measured in thin films and solar cells.
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