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ABSTRACT: Chalcogenide perovskites, such as BaZrS3, are emerging semiconductors with potential for high photovoltaic power 
conversion efficiency. The role of defects in the efficiency of the generation and collection of photo-excited carriers has not been 
experimentally investigated extensively. We study the effect of processing-induced defects on the photoconductive properties of 
single crystals of BaZrS3. We achieved ohmic contacts to single crystals of BaZrS3 and observed positive surface photovoltage, which 
is typically observed in p-type semiconductors. However, mechanical polishing of BaZrS3 to remove the surface oxide leads to dense 
deformation grain boundaries and leads to trap-dominated photoconductive response. In comparison, ohmic contacts achieved in 
cleaved crystals leave fewer deformation defects and greatly improve optoelectronic properties. Defect-controlled crystal growth and 
contact fabrication are potentially limiting factors for achieving high photon-to-excited electron conversion efficiency in BaZrS3.  

INTRODUCTION 

From silicon,1 GaAs,2 to halide perovskites,3,4 semiconduc-
tors with excellent optoelectronic properties have laid the foun-
dation of modern photonics. Recently, a new class of inorganic 
semiconductors, chalcogenide perovskites,5–8 has drawn signif-
icant attention due the characteristics such as earth-abundant 
and non-toxic composition,9 tunable bandgap in the visible and 
infrared energies,5 and thermal stability.10 Polycrystal-
line11,12,13,14 and epitaxial15,16 thin films of BaZrS3 have been 
used to realize prototypical metal-semiconductor heterojunc-
tions with appreciable photoresponsivity. Solution-processed 
BaZrS3 nanoparticles17,18,19 and thin films20,21,22 have been ex-
plored to realize low-cost optoelectronic devices. However, the 
role of extended defects i.e., grain boundaries, dislocations, and 
crystalline domains and interfaces during thin film growth and 
device fabrication has not been systematically studied yet. 
Hence, the intrinsic optoelectronic performance limits have not 
been studied, despite the availability of single crystals of Ba-
ZrS3.23,24  

In this work, we use single crystals of BaZrS3 grown with 
BaCl2 flux to establish optoelectronic device fabrication proto-
cols. The electrical contacts to bulk BaZrS3 crystals were fabri-
cated after removing the oxide layers using mechanical polish-
ing or cleavage. We studied the work function of BaZrS3 by 
Kelvin Probe Microscopy (KPFM), which shows an obvious 
decreasing trend under optical excitation, resembling a p-type 
semiconductor. Conversely, two terminal ohmic electrical con-
tacts to polished BaZrS3 crystal show trap-dominated photo-re-
sponse in time-resolved, power-dependent, or spatially mapped 
photocurrent measurements. The traps are presumably related 
to extended defects caused by mechanical deformation while 
polishing the surfaces. Cleaving the crystals to expose fresh sur-
faces to electrical contacts showed significant improvement in 
the optoelectronic properties, in agreement with this notion. 
These results show the limits posed by extended defects during 
materials processing for optoelectronic devices of BaZrS3 and 
show the need to develop processing techniques to access the 
intrinsic performance limits of chalcogenide perovskite optoe-
lectronic devices.  



 

RESULTS AND DISCUSSION 

Crystal Growth and Contact Fabrication. Single crys-
tals of BaZrS3 were grown in an evacuated sealed ampoule us-
ing BaCl2 flux, as reported earlier21,22 (Methods I). We were 
able to achieve relatively larger single crystals of BaZrS3 using 
the slower cooling rate (i.e., cubes with sides of ~250 μm). First, 
we characterize the optoelectronic quality of the crystals using 
time-resolved photoluminescence (TRPL). The bi-exponential 
relaxation time of photo-excited states, as measured by TRPL 
for BaZrS3 crystal [Figure S1] was τ1 = 0.675 ± 0.005 ns, τ2 = 
3.97 ± 0.04 ns, shorter but comparable to the SRH recombina-
tion lifetimes (SRH) of ~50 ns 24 (τ1 = 1.069 ± 0.009 ns, τ2 = 
8.00 ± 0.15 ns) measured on earlier BaZrS3 crystals. We have 
employed a nearly O2-free sample preparation for the flux 
growth,23 and a sulfur-rich reaction condition to minimize point 
defects such as sulfur vacancies and oxygen substitution in sul-
fur during the growth, but inadvertent point defects created in 
the growth could have caused subtle differences in the TRPL 
response between these crystals. 

Next, we attempted to fabricate electrical contacts to single 
crystals of BaZrS3 to characterize their optoelectronic proper-
ties. As grown crystals, after extraction from the flux, invariably 
have a thin insulating layer of sulfate, sulfite, or oxide on the 
surface. Presumably, this layer is formed during exposure to 
water and/or air, while extracting the crystals from the salt flux, 
and severely limits our ability to make ohmic contacts. To over-
come this issue, we resorted to mechanically polishing off (op-
timized by crystal embedding, details see Methods) the insulat-
ing layer [Figure 1a] or cleaving it [inset of Figure 4a] right be-
fore depositing or transferring metal contacts. Both approaches 

are discussed in detail in Methods, and both achieve ohmic con-
tacts or nearly ohmic contacts to bulk BaZrS3.  

 
Optoelectronic Properties. First, we leveraged stable elec-

trical contacts to perform static surface potential measurements 
on BaZrS3 using the Kelvin Probe Microscopy (KPFM)25. We 
will use optical illumination during the KPFM studies to track 
the evolution of the surface potential to learn about the accumu-
lation of the photo-excited carriers. BaZrS3 crystals were elec-
trically connected to AFM disks with silver paint on the back-
side. Contact potential difference (CPD, illustrated in Figure 
1b) of BaZrS3 is then measured [Figure S3] between the top 
surface [Figure 1c, Figure 1d] and the tip by KPFM, CPD = φtip 

– φBaZrS3. CPD map of BaZrS3 and the highly oriented pyrolytic 
graphite (HOPG)26 were measured under the same condition to 
calibrate the work function values determined from these meas-
urements. BaZrS3 work function is thus extracted to be 4.44 ± 
0.02 eV (Supporting Information). This is a slightly higher 
work function than Ti (4.33 eV) and Ga (4.32 eV)27. Both metal 
contacts were tested and established as ohmic contacts to Ba-
ZrS3.  

Next, we introduce optical illumination in the same region of 
KPFM to investigate the surface photovoltage (SPV) accumu-
lation on the surface of an as-grown (Figure S3, SPV up to 
+0.18 V) and a polished (Figure 1a, SPV up to +0.15 V) BaZrS3 
surface. As the charge neutrality level of semiconductor sur-
faces bends the conduction and valence band near the free sur-
face depending on the type of carrier in the semiconductor [Fig-
ure 1b], photo-excited carriers accumulated near the surface 
will dictate the band curvature, which typically leads to a posi-
tive ΔCPD = CPDilluminated – CPDdark in the case of p-type 

Figure 1. Surface photovoltage (SPV) characterization of BaZrS3 via KPFM. (b) Illustration of the band diagram of a p-type sem-
iconductor surface whose surface potential is balanced with the metallic tip of the KPFM without (black) and with (orange) illumi-
nation. (c) AFM topography of polished BaZrS3. The surface roughness Ra was lower than 7 nm. (d) The spatial dependence of the 
topography of the polished sample corresponds to the white line noted in (c). (e) CPD map of the surface of BaZrS3 crystal across 
the same area in (c). The optical excitation power is noted, and dark regions correspond to dark conditions without optical illumi-
nation. The CPD scales with optical excitation power. (f) The spatial dependence of CPD along the white line noted in (e).  



 

semiconductors or negative ΔCPD in the case of n-type semi-
conductors28. In BaZrS3 [Figure S4], 785 nm excitation leads to 
lower ΔCPD compared to 532 nm or 638 nm excitation, as 785 
nm has energy below the bandgap of BaZrS3 ~ 1.7-1.95 
eV7,16,29,30, but a consistent positive SPV (decreasing work func-
tion) is observed, under all three excitation wavelengths. Fur-
ther, the increase in SPV scales with the increase in the excita-
tion power, which saturates beyond a certain wavelength-de-
pendent threshold. [Figure 1e, Figure 1f]. We thus conclude that 
the surface photovoltage characteristics of BaZrS3 are con-
sistent with a p-type or a hole-mobility-dominated ambipolar 
semiconductor, whose acceptor level is potentially induced by 
Ba or Zr vacancies formed during the growth31. As sulfurization 
conditions of oxide give rise to both n-type11 and electron-mo-
bility-dominated ambipolar13 electrical transport, and colloidal 
BaZrS3 achieves temperature-dependent ambipolar proper-
ties20, carrier type of BaZrS3 could be influenced to achieve both 
n- and p-type by doping and alloying. 

Photoconductivity studies on polished crystals. Next, 
we fabricated two-terminal devices to study the photoconduc-
tivity response in BaZrS3 single crystals. We made Ti/Au (de-
tails see Methods), which is nearly ohmic, and a typical device 
is shown in the inset of Figure 2a. We observed relatively linear 
DC current-voltage, or I-V characteristics under dark condi-
tions, and a typical I-V curve is shown in Figure 2a.  We ob-
served positive photocurrent (I – Idark, hereafter noted as photo-
current for brevity) under the illumination of 405 nm, 532 nm, 
and 633 nm wavelengths [Figure 3b], and a sharp drop in 

photocurrent was observed [inset of Figure 3c] when we used 
photon energies (of 710 nm and 785 nm) below the bandgap of 
BaZrS3

7. We normalized the power density in terms of sun 
power (1 sun = power of AM 1.5 illumination ~ 1000 W/m2) 32 
to compare the responsivity between different wavelengths of 
light used here. We observed a responsivity of up to ~0.3 A/W 
at 10 V under 532 nm excitation, equivalent to a ~0.18 external 
quantum efficiency (EQE). This is possibly led by either an ef-
ficient minority carrier photoexcitation or accumulated long-
lifetime defect traps like BaZrS3 thin films16.  

Scanning Photocurrent Microscopy Studies. Next, we 
performed a scanning photocurrent microscopy (SPCM) study 
by scanning the focused (~ 0.8 μm diameter spot size, details in 
Supporting Information) 532 nm laser excitation across the ac-
tive channel from source to drain while recording the photocur-
rent response to learn about the nature of the photoexcited car-
riers. Figure 2d shows the SPCM mapping results under differ-
ent DC bias voltages. The maximum photocurrent was observed 
in the middle and roughly equidistant from the source and drain, 
irrespective of the applied voltage bias, which is inconsistent 
with the SPCM behavior expected from p-type nor n-type sem-
iconductors33 (n-type Silicon verified in Supporting Infor-
mation). For degenerately doped semiconductors, we expected 
the maximum photocurrent to occur near the source (p-type) or 
drain (n-type) electrodes under a +Vsource (Vdrain = 0), and such 
photocurrent profile is generally inversed under a -Vsource. Past 
studies showed that the photo-excited minority carrier mean-
free path (~5 μm24) for similar single crystals of BaZrS3 is much 

Figure 2. Photoconductivity studies on polished BaZrS3 crystals. (a) I-V characteristics under dark conditions of a 50 μm two terminal 
BaZrS3 channel. It shows relatively linear I-V characteristics. Inset is an optical image of a 25 μm channel with two-terminal contacts to 
a BaZrS3 crystal. (b) Measured enhancement in the current upon optical illumination in the active region of the same device as (a) between 
the contacts. Optical illumination leads to an increase in photocurrent with increasing optical power density. (c) Wavelength dependence 
of responsivity or external quantum efficiency (QE) derived from the photocurrent values measured as shown in (b). (d) Spatial depend-
ence of photocurrent across the active region of a 200 μm two terminal BaZrS3 channel. The maximum photocurrent value occurs when 
the illumination is at the center between the two contacts, irrespective of the applied bias between the contacts. This suggests BaZrS3 
turns more “conductive” by the photo-excited electrons in traps. The trap-dominated photo response is illustrated in (e) using a schematic 
of the band diagram. The diffusion and/or drift of electrons or holes occupying shallow traps from illuminated region to the source or 
drain leads to higher steady-state photoconductivity σe and σh. 



 

smaller than the channel length (~ 200 μm). If one were to esti-
mate the photo-excited carrier mean free path using the shallow 
decay in the spatial dependence of photocurrent, the SPCM-
derived mean free path would be inconsistent with the much 
shorter mean free path observed in TRPL.  

Hence, the decay time of the photoexcited carriers could have 
been extended by the traps in BaZrS3: τdecay = τr + τt (1 + ρ)33, 
where τr is the lifetime of carriers, τt is the time required for 
thermal re-excitation of trapped carriers into the conduction or 
valence band, ρ is the probability that an electron/hole is re-
trapped before recombination. Since τt is inversely proportional 
to the thermal emission rate of carriers, τt ∝ exp (-ΔE / kT)34, 
where ΔE is the energy difference between the trap state and the 
conduction or valence band edge, accumulated trapped carriers 
lead to a transient photoconductive state in BaZrS3 that rises and 
decays slower than photoexcited electrons and holes. The 
photoconductance is then dominated by the diffusion and/or 

drift of trapped carriers to opposite electrodes before thermal 
recombine, as illustrated in Figure 2e.  

Electron Microscopy Studies. To understand the origin of 
the discrepancy in the deduced mean free path, and whether any 
extended defects were created during the processing of the sam-
ples for the photoconductance studies, we carried out scanning 
tunneling electron microscopy (STEM) studies near the surface 
of a polished BaZrS3 [Figure 3a] and a cleaved BaZrS3 [Figure 
3b]. Figure 3a shows a large number of planar defects right be-
neath the polished surface, which from selected area diffraction 
(Supporting Information) are determined to be domain walls. 
Considering the absorption coefficient of BaZrS3 for 532 nm is 
~2×106 1/cm7, most of the light is absorbed by ~ 20 nm (4x the 
absorption length of ~5 nm) and photo-excited carriers are 
largely generated within this length scale. Thus, extended de-
fects observed here down to 300 nm would dominate the pho-
toconductance response of the polished crystals of BaZrS3. In 

Figure 3. Extended defects introduced by mechanical polishing BaZrS3. (a) STEM image of the polished BaZrS3 covered by Al. 
Extended defects such as dislocations, stacking faults, and grain boundaries are populated down to ~300 nm into the surface, 
marked by a dotted box. (b) STEM image of the cleaved BaZrS3 without any capping layer. No cracks or extended deformation 
are observed across the cleaved surface. Inset observed uniform BaZrS3 (101) or (101ത) atomic planes within a few nm beneath the 
oxide surface.  

 

Figure 4. Photoconductance response of polished and cleaved crystals of BaZrS3. (a) Dark and illuminated I-V characteristics of 
cleaved crystals of BaZrS3. Halogen incandescent lamp with measured 0.06, 0.13, and 0.21 sun power densities were used for the 
measurements. Inset is the picture of two terminal junctions to a cleaved BaZrS3, scale bar 200 μm. (b) Transient photocurrent 
response to 0.24 sun power white light from halogen lamp. Rise time (time to reach 90% photocurrent from dark current after 
illumination on): τpolished = 18 s, τcleaved = 2 s; Decay time (time to reach 10% of the photocurrent after switching off excitation): 
τpolished = 26 s, τcleaved = 2 s. Cleaved samples have a much faster photocurrent response. (c) Power law dependency of photocurrent 
with intensity of 532 nm illumination at +10V, fitted as I - Idark ∝ Pθ. Polished BaZrS3, θ = 0.29, cleaved BaZrS3, θ = 0.67, in 
comparison with epitaxial BaZrS3 (Reproduced with permission.[16] Copyright © 2021 American Chemical Society) with 10 µm 
channel finger geometry electrodes.  

 



 

comparison, Figure 3b, STEM near a cleavage surface of Ba-
ZrS3, does not feature any noticeable cracks or other extended 
defects near the surface and the projection of atomic planes can 
be resolved within a few nm from the surface. Thus, less defec-
tive cleaved BaZrS3 surfaces are expected to have faster photo-
current response with lower number trap states. Nevertheless, 
we may also note that orthorhombic23 BaZrS3 does not have an 
easy-to-cleave crystalline plane. The presumed (010) cleavage 
surface will be uneven during cleavage, making it non-ideal for 
avoiding extended defects. Thus, we anticipate that benign sur-
face processing techniques such as chemical etching can miti-
gate the defect concentration that mechanical cleavage leaves in 
the bulk or at the surface of BaZrS3. 

Comparison of Cleaved and Polished Crystals. Next, we 
compare the photoconductance response of the polished and 
cleaved crystals by performing photoconductance studies on 
cleaved BaZrS3 crystals. First, the cleaved crystals of BaZrS3 
show much lower dark conductance [Figure 4a] but signifi-
cantly better linearity in I-V characteristics compared to the pol-
ished crystals of BaZrS3 under both dark and illuminated con-
ditions. Moreover, Figure 4b shows the time-resolved photocur-
rent measurements on polished and cleaved BaZrS3 crystals, 
where clear differences in the time constant in the rise and decay 
of the photocurrent. It is evident that avoiding extended defects 
formed during the processing of BaZrS3 can dramatically im-
prove the rise/decay time of the photocurrent from 18/26 s to 
2/2 s; the latter is comparable to the epitaxial BaZrS3

16. Further, 
the contribution of the trap-contributed photo-conductance can 
be deduced from the power law relationship between the in-
duced photocurrent and incident power of light, noted as I - Idark 
∝ Pθ, where θ = 1 is the ideal photocurrent current generation 
and smaller θ reflects more trap-domination photocurrent gen-
eration. Figure 4c shows the relationship between photocurrent 
and excitation power P and the fitted powder law dependence 
of polished and cleaved crystals of, and epitaxial thin films of 
16 BaZrS3. It is worth noting that device geometries here are nei-
ther exactly comparable nor optimized. The power law scaling 
for cleaved BaZrS3 crystals reaches θ = 0.67, which is compa-
rable to θ = 0.71 of epitaxial BaZrS3

16, which is significantly 
higher than θ = 0.29, observed for polished crystals of BaZrS3. 
Thus, we show that mechanical deformation-induced extended 
defects play a significantly detrimental role in the optoelec-
tronic properties of BaZrS3.  

CONCLUSION 

We experimentally show that extended defects introduced by 
mechanical polishing are the major cause of the defect-domi-
nated photoconductance behavior in single-crystal BaZrS3. By 
avoiding such traps in cleaved BaZrS3 crystals, the efficiency 
of separating photogenerated electrons and holes under DC 
voltage is greatly improved. Considering the relatively weak ra-
diative recombination7 and photoexcited carrier mean-free-
path24 well over the penetration length in single crystal BaZrS3, 
electrode patterning, surface passivation, electron/hole hetero-
junction, and defect control would further improve the optoe-
lectronic performance of single crystals of BaZrS3. Optimiza-
tion of the contacts, surfaces, and device geometry is the next 
critical step for achieving high-efficiency optoelectronic and 
photovoltaic devices based on BaZrS3 and other chalcogenide 
perovskites.  

METHODS 

Single Crystal Growth. BaZrS3 crystals were grown with 
BaCl2 flux. 1g of Barium Chloride powder (Alfa Aesar, 
99.998%) was mixed and ground along with 0.5g stoichiometric 
quantities of precursor powders, including barium sulfide pow-
ders (Sigma-Aldrich 99.9%), zirconium powders (STREM, 
99.5%) and sulfur pieces (Alfa Aesar 99.999%) in a nitrogen-
filled glovebox. They were then loaded into a quartz tube 
capped with ultra-torr fittings and a quarter-turn plug valve in-
side to avoid exposure to the air. The tube was then evacuated 
to around 10 mbar and sealed.  

Precursors sealed in quartz tubes were heated to 1050 ℃ at a 
ramping rate of 100 ℃/h, held at 1050 ℃ for 100h, and then 
cooled to 850 ℃ at a cooling rate of 2 ℃/h, and allowed to nat-
urally cool down by shutting off the furnace. The obtained sam-
ples were washed with cold deionized water repeatedly for 10 
min to remove the excess flux and quickly dried in desiccators. 
The collected crystals are then sieved into different sizes and 
picked out from insoluble impurities.  

Time-resolved photoluminescence (TRPL). TRPL 
measurements were carried out with a HydraHarp400 time-cor-
related single photon counting system. PL was confocally ex-
cited by a 60 ps, 405 nm laser pulse at a 5 MHz repetition rate 
through a 50×objective with a numerical aperture of 0.7. The 
excitation power used was∼100μW. The collected PL was 
spectrally filtered using a combination of a 630 nm long-pass 
filter and a 770 nm short-pass filter and detected by a pair of 
fast avalanche photodiodes with 16 ps time resolution.  

Kelvin Probe Microscopy (KPFM). KPFM measure-
ments were carried out using an AFM (HORIBA Scientific 
SmartSPM 1000) in the air. BaZrS3 crystals cleaved or polished 
on the back side are connected to AFM metal specimen discs 
with silver epoxy. A nitrogen gun was used to remove particles 
on the as-grown top surface before the measurements. KPFM 
measurements were performed using a gold-coated Si tip with 
a 6 nm radius of curvature (HYDRA6R-100NG-10, 
APPNANO) as the probe in a noncontact mode with an AC 
voltage of −1 to +1 V. Crystals are illuminated under 450 nm, 
532 nm, and 600 nm lasers to verify the SPV consistency.  

KPFM under light illumination was carried out using 
XploRA Nano AFM-Raman Instrument from HORIBA Scien-
tific. 532 nm, 638nm, and 785 nm lasers were aligned separately 
with the tip apex before KPFM. The XYZ coordinates of the 
objective were then changed by the software along with the la-
ser selection itself in the middle of KPFM scans of polished Ba-
ZrS3 crystals. ND filters were changed with increments for 
power dependence. SPV is extracted by the ΔCPD with and 
without turning on the laser.  

Electrical contacts to Polished Crystals. The BZS crys-
tals were first embedded in a polymeric medium to planarize 
the top surface such that regular mechanical polishing and pho-
tolithography processes can be applied. The crystal planariza-
tion processing is modified from the literature36 as such: BZS 
crystals with a thickness of ~ 100 µm or below were picked up 
individually by a polydimethylsiloxane (PDMS) stamp. The 
crystal was then embedded in a UV-curable epoxy (NOA 61, 
Norland Products, Inc) medium on top of a sapphire substrate 
(5×5 mm) by attaching the PDMS stamp adjacent to the sub-
strate, followed by a UV curing step (i-line UV lamp B-100, 
UVP for 30 min) to solidify the epoxy. The crystal was then 
gently polished with a 12000-mesh polishing cloth to remove 
the surface oxides. Electrodes of Ti/Au (20/300 nm) were then 



 

formed using standard photolithography and e-beam evapora-
tion without much delay.   

Electrical Connections to Cleaved Crystals. BaZrS3 
crystals were cut into half with a razor blade and loaded on Kap-
ton double-sided tape with the cleaved surface facing up. The 
cleavage surface does not propagate along a specific crystalline 
orientation, so an uneven cleavage surface is commonly 
formed. Systematic electrode deposition is thus inaccessible. 
We then manually painted In/Ga eutectic to cover both ends of 
the cleaved surface to form two terminal ohmic electrical con-
nections.  

I-V Characteristics and Optoelectronic Response. I−V 
characterization and transient photocurrent I-t measurements 
were conducted using a semiconductor parameter analyzer (Ag-
ilent 4156C). Scans are carried out between DC -10V and +10V 
to avoid breakdown. Ambient steady-state and time-resolved 
photocurrent used Bausch & Lomb 20-watt halogen microscope 
bulb provided and controlled by Micromanipulator Probe Sta-
tion to switch on or off the ambient illumination. The higher 
power densities were provided by solid-state lasers and attenu-
ated by numeric apertures to control power intensity before be-
ing guided and focused on the active region of BaZrS3. 

Dark current (measured before excitation was introduced) 
was subtracted from light current. This gives us the unsaturated 
photocurrent, Iph = I - Idark. Incident optical power was estimated 
by: Pactive = Aactive × Pspot / Aspot. Then responsivity and external 
quantum efficiency (EQE) at +10V DC are deducted: Rλ = Iph / 
Pactive, ηEQE = Rλ × Ephoton.  

Wavelength dependence and quantitative photocurrent are 
achieved with 532 nm, 633 nm, and 785 nm static laser illumi-
nation provided and configured by a Renishaw Raman spectros-
copy equipped with inVia confocal Raman microscope and di-
ode lasers. 450 nm and 700 nm were performed using the Squid-
stat potentiostat. 

Scanning Photocurrent Microscopy (SPCM). SPCM 
was carried out within the same Renishaw Raman spectroscopy, 
but the laser spot size focused to ~ 1 μm in diameter. The scan-
ning is achieved by a motorized stage with an accuracy of 0.1 
μm across the BaZrS3 terminal junction at a step of 5 μm. The 
finer step size is tested near the electrodes to verify consistency. 
Two terminal I-V characteristic is measured with a Keithley 
2400 source meter under dark or illuminated conditions.  

Scanning Tunneling Electron Microscopy (STEM). 
FIB samples were made using a Thermo Fisher Scientific He-
lios Dual Beam focused ion-beam. TEM samples were made 
from BaZrS3 coated in Al to mitigate any charging or damage 
from the electron or gallium beams. Large regions of carbon 
and platinum were deposited with the electron beam prior to 
gallium beam exposure. Initial milling and cleaning steps were 
performed at 30 kV, which was sequentially decreased until the 
finishing energy of 2 kV. Aberration-corrected STEM imaging 
and Conventional TEM were performed on a Thermo Fisher 
Scientific Themis-Z STEM operating at 200 kV. 
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Photoconductive properties of single crystals of BaZrS3 were studied. Processing-induced polishing de-
fects lead to a transient photoconductive state, contributing greatly to the shallow-trap-controlled genera-
tion and collection of photo-excited carriers. At the same time, cleaved BaZrS3 left fewer deformation 
defects and greatly improved optoelectronic properties. Defect-controlled crystal growth and contact fab-
rication are potentially limiting factors for achieving high photon-to-excited electron conversion effi-
ciency in BaZrS3. 

 


