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Supplementary Table 1 | Comparison of key properties of CuSbSe2 with other Sb- 

and Bi-based compounds. These are the charge-carrier mobility at room temperature, 

effective mass, bandgap and dielectric constants, along with the time taken for the 

photoconductivity signals to decay by 50% from the initial peak value (t50) from OPTP 

measurements. The charge-carrier mobilities shown are extracted from the 

photoconductivity spectra measured by OPTP. 

Material OPTP Mobility  

(cm2·V-1·s-1) 

Effective mass 

(𝑚h
∗ /𝑚0;   

𝑚e
∗/𝑚0) 

Bandgap 

(eV) 

Dielectric 

constant  

(𝜖∞; 𝜖stat) 

t50 (ps) 

Polycrystalline 

CuSbSe2 (this 

work) 

4.7±0.2 1.60; 0.43 0.9-1.2 11.3; 23.0 6.7 

Single crystal 

CuSbSe2
1 

87 (measured 

by Hall effect 

measurements) 

    

NaBiS2
2 0.29 

(delocalized); 

0.03 (localized) 

1.04; 0.24 1.4 𝜖∞ = 8.1; 

𝜖stat = 43.7 

∼0.5 

AgBiS2
3,4 As-prepared: 

0.43 ± 0.05 

(delocalized), 

0.11 ± 0.05 

(localized); 

annealed:  

2.70 ± 0.10 

(delocalized), 

2.20 ± 0.10 

(localized) 

0.51; 0.24 1.45 19.43(x/y), 

12.44(z); 

115.61(x/y), 

35.08(z) 

<1 (as-

prepared); 

20-30 (heat 

treated) 

Cs2AgSbBr6
5,6 0.5 

(delocalized); 

0.1 (localized) 

0.234–0.969; 

0.289–0.431 

1.64 4.82; 13.69 1–2 

Cs2AgBiBr6
7-11 3 (delocalized); 

1.3 (localized) 

0.14; 0.37 2–2.25 4.60; 12.76 1–2 

Polycrystalline 

BiOI12,13 

∼3 0.26; 0.23 1.93 8.60; 43.33 200–300 

Single crystal 

BiOI12 

26 

(perpendicular), 

83 (parallel), 
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measured by 

time of flight 

measurements 

Sb2S3
14-16 0.9±0.1 0.64; 0.40 1.7–1.8 11.55(x), 

10.97(y), 

8.25(z); 

98.94(x), 

94.21(y), 

13.14(z) 

10–20 

MA3Bi2I917-19 Not reported 0.95; 0.54 2.1–2.2 5.43(x), 4.67 (z); 

39.89(x), 9.62(z) 

Not reported 

Cs3Bi2I920,21 Not reported 0.94 

(perpendicular 

to (100)), 2.14 

(perpendicular 

to (001)); 0.33 

(perpendicular 

to (100)), 3.22 

(perpendicular 

to (001)) 

1.95 5.38 

(perpendicular 

to (100)), 4.09 

(perpendicular 

to (001)); 9.90 

(perpendicular 

to (100)), 7.85 

(perpendicular 

to (001)) 

Not reported 

BiSI22-25 Not reported 0.95; 0.53 1.57 8.03; 37.81 Not reported 

BiI326-29 Not reported 2.01; 0.68 1.8 7.1 (in plane), 

6.4 (out of 

plane); 54 (in 

plane), 8.6 (out 

of plane) 

Not reported 

 

Supplementary Note 1 | Optimization of CuSbSe2 thin film synthesis 

Pawley fitting was performed to understand the phase-purity of the solution processed 

CuSbSe2 thin film, which was thermally treated at 100 ℃ for 2 min in a glovebox then 

crystallized at 400 ℃ for 2 min in a tube furnace. The reference pattern used for 

CuSbSe2 was obtained from the Inorganic Crystal Structure Database (ICSD), 
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collection code 418754. After excluding the two silicon substrate peaks, all other peaks 

measured were accounted for by the reference pattern, with mostly featureless residuals, 

and a goodness of fit (GOF) of 1.18. Together, these indicate the thin films to be phase-

pure. Pawley fitting rather than Rietveld refinement was used for this analysis because 

of the high degree of preferred orientation in the thin films (Supplementary Table 2). 

 

We also investigated the effect of heat treatment temperature on the phase purity of 

solution-processed CuSbSe2 thin films. Initially, the spin-coated CuSbSe2 films were 

thermally treated in a N2-filled glovebox at 100 ℃ for 10 min. However, the XRD 

patterns had no clear, sharp peaks, indicating the films to be amorphous. We then 

investigated the spin-coated samples after heat treatment at 250 ℃ instead (also for 10 

min), and obtained sharp XRD peaks, most of which matched with the reference pattern 

of CuSbSe2. There were some minor peaks belonging to Cu3SbSe3 (ICSD database, coll. 

code 401095), as indicated by the blue dots in Supplementary Fig. 1c. To remove the 

Cu3SbSe3 skinnerite impurity phase, the sample was dried at 100 ℃ for 2 min in a N2-

filled glovebox, then heat treated at 400 ℃ for 2 min in an Ar-filled tube furnace. The 

XRD pattern of phase-pure sample is shown in Fig. 1b of the main text. 
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Supplementary Fig. 1 | Analysis of X-ray diffraction (XRD) patterns of solution-

processed CuSbSe2 thin films. a, XRD pattern (red, taken by the Bruker D8 Advance 
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system) of solution processed CuSbSe2 thin film after heat treatment at 100 ℃ for 10 

min then 400 ℃ for 2 min. Comparison with the CuSbSe2 reference pattern (black, 

ICSD database, coll. code 418754). All CuSbSe2 peaks are indicated by dashed lines. 

We also indicate the very minor peaks due to reflections from K (*) and W L (#) 

radiation from the X-ray source, along with peaks from the crystalline silicon substrate 

() and the associated W L reflection (#). The inset shows a closeup of the peaks 

from the silicon substrate () and the associated W L reflection (#). b, Pawley fit of 

the XRD pattern shown in Supplementary Fig. 1a. The goodness of fit (GOF) is given, 

along with the residuals (blue), measured data points (red), fit (purple) and background 

(green). Please note that a profile fit was made to the measured pattern, and the silicon 

substrate peaks were removed in order to understand how well the reference pattern 

matches with the diffraction pattern from the thin film itself. Without removing these 

silicon substrate peaks, the GOF from Pawley fitting is 1.58, and the residuals are 

dominated by the silicon substrate peaks not fit. c, Comparison of the XRD patterns of 

films thermally treated at 400 ℃ for 2 min (red), 250 ℃ for 10 min (purple) and 100 ℃ 

for 10 min (pink) with the CuSbSe2 reference pattern (black, ICSD database, coll. code 

418754) and Cu3SbSe3 reference pattern (blue, ICSD database, coll. code 401095). The 

three XRD patterns were taken by the Bruker D2 Phaser system. 

 

We also investigated the preferred orientation of the phase-pure CuSbSe2 thin film 

prepared by thermal treatment at 400 °C by calculating the texture coefficients of the 

main peaks. The texture coefficient of crystal plane (hkl) (TCℎ𝑘𝑙 ) can be calculated 

using Eq. S130: 

TCℎ𝑘𝑙 =  

𝐼(ℎ𝑘𝑙)
𝐼0(ℎ𝑘𝑙)

1
𝑁 ∑

𝐼(ℎ𝑖𝑘𝑖𝑙𝑖)
𝐼0(ℎ𝑖𝑘𝑖𝑙𝑖)

𝑁
𝑖=1

(S1) 

where 𝐼(ℎ𝑖𝑘𝑖𝑙𝑖) is the measured peak intensity of the (ℎ𝑖𝑘𝑖𝑙𝑖) plane while 𝐼0(ℎ𝑘𝑙) 

represents the standard peak intensity of the corresponding plane, and 𝑁 is the number 

of peaks considered. In this work, the standard peak intensity was calculated according 
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to the reference pattern from the ICSD database, with crystal planes (002), (004), (013) 

and (015) considered. As Supplementary Table 2 shows, the texture coefficients of 

planes (002) and (004) are higher than 1, indicating that the solution-processed CuSbSe2 

films have c-axis preferred orientation. 

 

Supplementary Table 2 | Texture coefficients of crystal planes in solution-processed 

CuSbSe2 thin film. 

Crystal plane Texture coefficient 

(002) 1.93±0.03 

(004) 1.30±0.07 

(013) 0.37±0.02 

(015) 0.40±0.08 
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Supplementary Note 2 | Analysis on the phonon modes of CuSbSe2  

 

Supplementary Fig. 2 | Phonon density of states curves of CuSbSe2 (bottom panel), 

along with the measured FTIR (middle panel) and Raman spectra (top panel) of a 

solution-processed CuSbSe2 thin film. The phonon modes of intense peaks are labelled. 

The symmetries of the phonon modes were obtained by energy matching with the 

calculated phonon dispersion curve. The assignment of the B2u mode is tentative, since 

a B3u mode of similar energy is present. But the higher-energy B3u mode is assigned 

with greater confidence, since the nearest IR-active mode is 5 cm-1 away.  
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Supplementary Table 3 | Calculated symmetry operations and wavenumbers of all 

phonon modes of CuSbSe2 excluding B1u, B2u, and B3u translational modes. Phonon 

modes observed in Raman and FTIR spectra are highlighted in bold. 

 Symmetry Wavenumber (cm-1) 

Raman 

active 

Ag 
49.5 63.9 88.3 104.4 

152.0 185.6 209.2 212.9 

B1g 27.7 76.8 149.3 192.2 

B2g 
52.4 68.5 103.2 125.5 

145.1 194.4 202.1 211.7 

B3g 31.9 71.8 137.8 192.6 

IR active 

B1u 
41.2 108.9 123.2 143.4 

191.4 201.6 215.9  

B2u 56.6 141.1 183.0  

B3u 
79.4 88.4 106.4 147.5 

185.7 208.2 220.1  

Inactive Au 26.4 70.8 139.6 183.7 
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Supplementary Note 3 | Chemical and Structural Stability of CuSbSe2  

Chemical Stability: To examine the chemical stability of the CuSbSe2 thin films, we 

performed X-ray photoelectron spectroscopy (XPS) measurements on as-prepared and 

aged CuSbSe2 samples. All samples were prepared at the same time with the optimized 

procedures described in Methods. Some samples were immediately measured by XPS 

(i.e., as prepared), while other samples were kept in ambient air (room temperature and 

approximately 80% relative humidity) for 3 weeks before XPS measurements (i.e., 

aged). 

 

We obtained the survey spectra, Cu 2p core levels and Cu LMM Auger spectra, as well 

as the Sb 3d core levels (Supplementary Fig. 3–5). Supplementary Fig. 3 compares the 

XPS survey spectra of as-prepared and aged CuSbSe2 thin films. After ageing, some 

peaks showed different intensities, but the peak positions and overall survey spectra 

had no significant changes. 

 

Supplementary Fig. 3 | XPS survey spectra of CuSbSe2 thin films. Measurements 

for a, as-prepared and b, aged CuSbSe2 samples. 
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To examine the oxidation states and bonding environments of the cations in CuSbSe2 

thin films more closely, we firstly analyzed the Cu 2p core levels and Cu LMM Auger 

spectra. As shown in Supplementary Fig. 4a and b, after three weeks of air exposure, 

the Cu 2p core levels and Cu LMM Auger spectra of the aged CuSbSe2 thin films had 

no obvious changes compared to those of the as-prepared samples. To confirm the 

valence of the Cu species, the satellite found in the Cu 2p spectra is usually used, as 

indicated in Supplementary Fig. 4a31-34. The Cu 2p spectrum exhibits weak satellite 

signals, indicating that Cu remains in the +1 oxidation state after ageing. Also, the Cu 

LMM Auger spectra (Supplementary Fig. 4b) were similar to the spectra of other Cu(I) 

species in different compounds35. The kinetic energy of the peak was fitted to be 

917.7±0.2 eV, close to the reported kinetic energy of Cu LMM peaks in Cu2Se (917.5 

eV) and CuAgSe (917.6 eV)36. These results show that the Cu(I) species in this material 

are indeed stable, and remain in the same tetrahedral bonding environment in air over 

time. 
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Supplementary Fig. 4 | XPS spectra of CuSbSe2 thin films (as-prepared and aged). 

a, Cu 2p core levels and b, Cu LMM Auger spectra of as-prepared (black line) and aged 

CuSbSe2 samples (red line). 

 

The Sb 3d core level spectra are shown in Supplementary Fig. 5. Each spectrum is 

comprised of a doublet with binding energies 538.2 eV (3d3/2, red line) and 528.8 eV 

(3d5/2, red line). These binding energies, as well as the separation of 9.4 eV between 

them, are consistent with Sb(III)37. Similar Sb 3d doublets were also reported for 

CuSbSe2 grown by close-space sublimation and hot injection38,39. 

 

We also found that the Sb 3d spectra for both the fresh and aged samples could be fit 

with Sb bonded to Se (main peak, red line) and O (purple line). After 3 weeks of storage 

in ambient air, the Sb–O peak increased in size and slightly shifted in binding energy, 

while the peak due to Sb bonded to Se remained at the same energy. An O 1s peak also 

appeared in the Sb 3d spectra for the aged samples, consistent with the formation of 

Sb–O species at the surface of the CuSbSe2 film. The position of the Sb-O species in 

the Sb 3d3/2 peak has a binding energy of 539.5 eV, which is closer to the Sb 3d3/2 peak 
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reported for Sb2O3 (539.8 eV) than for Sb2O5 (540.4 eV)40. This confirms that the Sb in 

our films remained in the +3 oxidation state, and likely formed Sb2O3 on the film 

surface.  

 

 

Supplementary Fig. 5 | XPS spectra of CuSbSe2 thin films, focussing on the Sb 3d 

peaks. Measurements and fitting for a, as-prepared and b, aged CuSbSe2 samples. 

 

XPS Methods These XPS data were acquired using a Kratos Axis SUPRA using 

monochromated Al Kα (1486.69 eV) X-rays at 15 mA emission and 12 kV HT (180 W), 

and a spot size/analysis area of 700  300 µm2. The instrument was calibrated to the Au 

4f core level of a metal foil (83.95 eV), and dispersion adjusted give a binding energy 

of 932.6 eV for the Cu 2p3/2 line of metallic copper. The Ag 3d5/2 line FWHM at 10 eV 

pass energy was 0.544 eV. The source resolution for monochromatic Al Kα X-rays is 

~0.3 eV.  The instrument resolution was determined to be 0.29 eV at 10 eV pass energy 

using the Fermi edge of the valence band for metallic silver. The energy resolution with 

the charge compensation system on was <1.33 eV FWHM on PTFE. High resolution 



S15 

 

core line spectra were obtained using a pass energy of 40 eV, step size of 0.1 eV and 

sweep time of 60 s, and for Auger spectra with a pass energy of 40 eV, step size of 0.25 

eV and sweep time of 60s, resulting in a line width of 0.696 eV for Au 4f7/2. Survey 

spectra were obtained using a pass energy of 160 eV. The samples were electrically 

grounded to the instrument using copper clips. All data were recorded at a base pressure 

below 9  10-9 Torr and temperature of 294 K. The data were analyzed using CasaXPS 

v2.3.19PR1.0. Peaks were fit with a Shirley background.  

 

Structural Stability: We also examined the phase stability of the CuSbSe2 thin films in 

diverse environments. For the stability test in an ambient environment, as-prepared and 

aged samples were prepared as described above for XPS measurements, and their XRD 

patterns were obtained. As shown in Supplementary Fig. 6a, after 3 weeks of storage in 

an ambient environment (room temperature and approximately 80% relative humidity), 

the XRD pattern of the CuSbSe2 thin film was unchanged, showing the material to be 

phase-stable without encapsulation. 

 

Another stability test was conducted at 85 °C and 85% relative humidity, and under 1-

sun illumination. The details of the experimental methods can be found in our previous 

publication41. CuSbSe2 thin films were kept under such conditions for 3, 8 and 24 hours, 
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respectively. The macroscopic appearance and XRD pattern of the CuSbSe2 thin films 

were not changed after 24-hour exposure to this condition (Supplementary Fig. 6b). 

CuSbSe2 therefore shows better stability under these conditions than triple-cation 

perovskite thin films, which began showing degradation products after only 8 h41. 
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Supplementary Fig. 6 | Phase stability of CuSbSe2 thin films in diverse 

environments. a, Comparison of the XRD patterns of as-prepared (red) and aged 

CuSbSe2 films (stored at room temperature with approximately 80% relative humidity 

for 3 weeks, purple) with the CuSbSe2 reference pattern (black, ICSD database, coll. 

code 418754). Main peaks are indicated by dashed lines along with the corresponding 

Miller indices. b, Appearance and XRD patterns of CuSbSe2 thin films under 1-sun 

illumination, at 85 °C and 85% relative humidity over 24 h. Main peaks are indicated 

by dashed lines along with the corresponding Miller indices. The XRD peak from the 

Si substrate is indicated. 
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Supplementary Note 4 | Optical absorption spectrum analysis  

Supplementary Fig. 7a,b show the experimentally-determined optical absorption 

coefficient spectra of CuSbSe2. The data in Supplementary Fig. 7a was obtained only 

by UV-visible (UV-vis) spectrophotometry measurements over a wide range of photon 

energies, while Supplementary Fig. 7b was obtained by combining photothermal 

deflection spectroscopy (PDS) measurements for photon energies below 1.3 eV, and 

UV-vis measurements for photon energies above 1.3 eV. UV-vis allows us to determine 

the absolute absorption coefficients, while the relative absorbance measured by PDS 

was scaled to match the absorption coefficient values determined by UV-vis at 1.3 eV. 

Supplementary Fig. 7c shows the calculated optical absorption coefficient spectrum. As 

discussed in the main text, both spectra exhibit a similar shoulder near the absorption 

onset, which is consistent with the shoulder originating from the electronic structure of 

CuSbSe2. 

 

 

Supplementary Fig. 7 | Optical absorption properties of CuSbSe2. a, Absorbance of 

three CuSbSe2 thin film samples over a broad photon energy range. The three samples 

were prepared with identical parameters, and heat treated at 400 °C following our 

optimized procedure, as described in the main text. The peak at 1.37 eV (900 nm 

wavelength) was caused by a change in the detector in the instrument. b, 
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Experimentally-determined optical absorption coefficient spectrum. c, Calculated 

optical absorption coefficient spectrum. 

 

Finally, we note that it is important that free charge-carriers rather than excitons form 

in CuSbSe2 in order to use OPTP measurements to determine whether carrier 

localization occurs or not. This is because exciton formation would have also resulted 

in a rapid decay in the OPTP signal42. But in the case of CuSbSe2, the exciton binding 

energy was low (Eb <10 meV; refer to discussion around Fig. 1 in the main text). 

Furthermore, the fluence-independence of the OPTP signal decays (Fig. 3a) rules out 

significant contributions from exciton formation processes to the photoconductivity 

decay. Thus, if a rapid decrease in photoconductivity occurred, this could be 

unambiguously assigned to carrier localization. 

 

Optical Absorption Measurement Methods Ultraviolet-visible spectrophotometry (UV-

vis) absorption spectra were measured in air at room temperature using a Shimadzu UV 

3600 spectrometer equipped with an integrating sphere (Supplementary Fig. 7a). Before 

the UV-vis measurements, the spectrometer was calibrated by setting the transmittance 

of the blank as 100% and the reflectance of the equipped BaSO4 plate as 100%. The 

CuSbSe2 film was deposited onto 1.2 × 1.2 cm2 glass substrates. PDS measurements 

were taken at room temperature on a home-made setup detailed elsewhere43. CuSbSe2 
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films were spin coated on 2 mm thick circular quartz substrates with 1 cm diameter 

(Spectrosil® 2000). The parameters of spin coating and heat treatment are described in 

the Supplementary Note 1. The samples were vacuum sealed in a N2-filled glovebox 

before shipment between laboratories. When received, the sealed bag was opened in a 

N2-filled glovebox and the samples were loaded into the sample holder chamber, then 

immersed in an inert liquid FC-72 Fluorinert™ (3M Company), which has a high 

thermo-optical coefficient. A monochromatic beam from a 250 W quartz tungsten 

halogen lamp (Newport-Oriel) integrated with a 250 mm focal length monochromator 

(CVI DK240) was illuminated perpendicularly to the sample surface, modulated with 

a mechanical chopper at a frequency of 13 Hz. Non-radiative recombination processes 

at the film surface led to an alternating temperature gradient, and thus a refractive index 

gradient in the liquid surrounding the sample in close proximity to the surface. A 670 

nm CW diode laser beam passing through the immersive medium, parallel to the sample 

surface (the transverse configuration), changes its optical path synchronously with the 

modulating pump excitation. The probe beam deflection is detected by a quadrant 

photodiode, with the signal amplitude demodulated with a lock-in amplifier (Stanford 

Research Systems SR830). The relative absorbance spectrum measured by PDS was 

normalised to its highest signal value. We then mapped this maximum value of the 

absorbance, at 1.4 eV photon energy, onto the absolute absorption coefficient value 
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obtained from UV-vis at the same photon energy. The whole absolute absorption 

coefficient spectrum could then be acquired (Supplementary Fig. 7b). The details about 

determining the optical absorption coefficient by UV-vis are described in the Methods 

section of the main text. 
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Supplementary Note 5 | Mobility Analysis 

 

Extraction of charge-carrier mobility from OPTP measurements 

We extracted effective charge-carrier mobility following the procedure developed by 

Wright et al. and Buizza et al.44,45. The method is based on the approach developed by 

Wehrenfennig et al.46 to estimate charge-carrier mobilities in semiconductor thin films. 

Briefly, for materials with thicknesses smaller than the wavelength of the incident THz 

radiation, we can retrieve the sheet photoconductivity from the fractional change in the 

transmitted THz electric field Δ𝑇 𝑇⁄ , and we can express it as 

∆𝑆 =  −𝜖0𝑐(𝑛1 + 𝑛3) (
∆𝑇

𝑇
) (S2) 

where 𝑛3  = 2.13 and 𝑛1  = 1 are the refractive indexes of quartz and vacuum, 

respectively47.  

Here, in order to derive the effective charge-carrier mobility from the sheet 

photoconductivity, we define the number of initially photogenerated charge-carriers as  

𝑁 =  𝜙
𝐸𝜆

h𝑐
(1 − 𝑅pump − 𝑇pump) (S3) 

where 𝜙 is the photon-to-charge branching ratio (i.e., the fraction of generated charges per 

absorbed photon absorbed), E is the pump pulse energy, 𝜆 is the excitation wavelength, 

and Rpump and Tpump are the reflectance and transmittance of the sample at the excitation 

wavelength (400 nm, 3.1 eV). Here, Eq. S2 and Eq. S3 can be used to extract the charge-

carrier mobility  through the relation 
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𝜇 =
Δ𝑆𝐴eff 

𝑁𝑒
, (S4) 

where 𝐴eff is the effective overlap area between the THz and pump beam, and e is the 

elementary charge. By substituting Eq. S2 and Eq. S3 into Eq. S4, we can obtain the 

effective (i.e., multiplied by the photon-to-charge branching ratio) charge-carrier 

mobility as: 

𝜙𝜇 =  −𝜖0c(𝑛q + 𝑛v)
𝐴𝑒ffhc

𝑒𝐸𝜆(1−𝑅pump−𝑇pump) 
(

∆𝑇

𝑇
). (S5) 

We note that the sheet photoconductivity signal measured by OPTP arises from the 

contributions of both photogenerated free electrons and holes. Therefore, the extracted 

charge-carrier mobility is the effective electron-hole sum mobility. 

 

Temperature-dependent resistivity 

 

Supplementary Fig. 8 | Temperature-dependent resistivity of CuSbSe2 thin films 

determined using Hall effect measurements. The error bars represent the standard 

deviation between two samples, which were prepared and measured with identical 

parameters. 
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Supplementary Note 6 | Long-time TA measurements 

Long-time TA measurements are shown in Supplementary Fig. 9a-c. For pump-probe 

delays longer than 1 ns, the GSB signal could not be observed due to the strong PIA 

signal, which made it difficult to investigate the charge-carrier kinetics based on TA 

results. 

 

Supplementary Fig. 9 | Long-time TA measurement results. a, Long-time TA signal 

colour map of CuSbSe2 films excited by 355 nm pump (800 ps pulse width, 21 J cm-

2 pulse-1 fluence, 500 Hz repetition rate), along with b, TA spectra for different pump-

probe delays from 1 to 1000 ns, and c, its normalized PIA signal kinetics. Please note 

that the signal in part c is normalized and is therefore not shown as negative values, as 

would conventionally be the case. The PIA kinetics were acquired by averaging the 

signals from 1.28 to 1.32 eV (pink shaded area in b) and normalized to the maximum 

∆𝑇/𝑇 value. 
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Supplementary Note 7 | Computational analysis of relaxed deformation 

potentials in CuSbSe2 

 

Supplementary Fig. 10 | Computations to directly determine whether small 

polarons form in CuSbSe2. a, Addition of an unpaired hole followed by distortion 

around the Cu, Se1 and Se2 sites and/or rattling of the lattice results in a relatively small 

change in DFT total energy of about ~12 meV compared to the unperturbed state. Cu 
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and the two Se sites were selected, since the valence band is dominated by these states 

(refer to Fig. 2b in the main text) and may be oxidized. The partial electron density 

function of the unpaired hole for the b, unperturbed and the c, perturbed structures show 

a quasi-2D valence band as the electron density is confined to a single layer. d, Addition 

of an unpaired electron followed by distortion around the Sb site results in the formation 

of a metastable state 0.12 eV above the unperturbed structure. Analysis was performed 

on distortions around Sb because Sb 5p orbitals dominate the lower conduction band 

(refer to Fig. 2b in the main text) and Sb may be reduced. The partial electron density 

of the unpaired electron in the e, unperturbed structure shows a delocalized 3D solution, 

while the higher energy f, perturbed structure shows quasi-1D character because the 

electron density is confined to ribbons running through the interlayer space. In this 

analysis, we considered a supercell that was four times the volume of a unit cell, and 

we did not observe any localization of either the electron or hole charge density (0D 

character) to within one unit cell. That is, these computations support the conclusion 

that small polarons do not form in CuSbSe2 

 

The details of how these calculations were performed are included in the Methods 

section of the main text. 

 

 

Supplementary Fig. 11 | Illustrating the effects of acoustic waves in materials. A 

long wavelength acoustic phonon propagating through a material can be approximated 

locally as a homogenous strain to the unit cell. This is one of the key assumptions made 

in deformation potential theory48. 
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Supplementary Fig. 12 | Schematic illustrating how the acoustic deformation 

potential of band n at point k was calculated using a modified method of Wei and 

Zunger49. a, Plot of band energy 𝜖𝑛,𝐤 against homogenous strain S𝛼𝛽. The acoustic 

deformation potential is defined as the change in 𝜖𝑛,𝐤 with respect to S𝛼𝛽 b, Change 

in band edge energy of a simple parabolic band under axial compression (red) and 

expansion (blue). c, Uniaxial compression (red) and expansion (blue) of a BCC unit 

cell. Note, it is implicitly assumed in this schematic that the change in energy of core 

levels is negligible, and that the band edges are in equivalent electrostatic reference 

frames 

 

Deformation potentials can be measured but are more readily calculated via ab-initio 

methods. The method of Wei and Zunger is explained in Supplementary Fig. 12. In this 

method, a fixed internal structure is maintained, which means in practice that the change 

in relative atomic coordinates of each species is not allowed in response to the 

deformation of the unit cell. That is, an unequilibrated structure is compared to the 

ground-state undeformed structure. Here we define an unequilibrated structure as one 

to which a homogenous strain has been applied, but the internal atomic coordinates 

have not subsequently been allowed to relax to a local minimum. 
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The use of unequilibrated structures was reasonable in the types of materials originally 

investigated by Wei and Zunger, which were high-symmetry zinc blende 

semiconductors with no internal structural degrees of freedom. However, this 

assumption may not be valid in the case of CuSbSe2. We therefore performed additional 

deformation potential calculations at the r2SCAN level. In the case of CuSbSe2, we 

found that allowing atomic relaxations following the deformation of the unit cell results 

in a mean reduction in the predicted deformation potentials by –25 % and –12.4% for 

CBM and VBM, respectively, as compared to the unequilibrated case (Supplementary 

Table 4). To probe the cause of this reduction, we compared cation-anion bond lengths 

before and after atomic relaxation. We found that when the unit cell was strained along 

the c-axis and allowed to relax, there were comparatively little changes in the intralayer 

bond lengths because these distortions were mostly taken up by an increase in interlayer 

spacing (Fig. 4b). Referring to Figs. 2b and 4c in the main text, we see that the band 

edges are dominated by intralayer bonding, and so relaxing these bonds towards their 

ground state configurations should minimize changes in the electronic structure, thus 

minimizing the deformation potentials. 
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Supplementary Table 4 | Complete list of deformation potential calculations. Two 

groups of deformation potential calculations were carried out, those using the r2SCAN 

functional, and those using the HSE06 functional. i and j refer to components of the 

symmetric 3 × 3  deformation potential tensor. Those carried out at r2SCAN level 

were done so with both unequilibrated (𝐸d
,unequil

), and equilibrated (𝐸d
equil

) structure 

sets. This allowed calculation of relative change in deformation potentials after 

equilibration (Δ𝐸d = 100%.
𝐸d

,equil
−𝐸d

,unequil

𝐸
d
,unequil ) . From these results, we conclude that 

equilibration results in a mean reduction of deformation potentials for CuSbSe2. For 

calculations at HSE06 level, deformation potentials are only calculated in the 

unequilibrated case as the expected mean reduction in would not affect our conclusions, 

but would add significant computational cost. The mean of each tensor 

( 𝐸d
,unequil

, 𝐸d
,unequil

, Δ𝐸d ) is calculated as an average of its eigenvalues (refer to 

Supplementary Note 8).  

 r2SCAN HSE06 

ij 𝐸d,ij
VBM,unequil

 

(eV) 

𝐸d,ij
VBM,equil

 

(eV) 

Δ𝐸d,ij
VBM 

(%) 

𝐸d,ij
CBM,unequi

 

(eV) 

𝐸d,ij
CBM,equil

 

(eV) 

Δ𝐸d,ij
CBM 

(%) 

𝐸d,ij
VBM,unequil

 

(eV) 

𝐸d,ij
CBM,unequi

 

(eV) 

11 0.46 0.35 –23.9 0.2 0.21 5.0 1.16 6.60 

22 0.75 0.58 –22.7 6.5 7.6 16.9 1.93 6.32 

33 1.87 1.34 –28.3 2.05 0.84 –59.0 2.11 6.62 

12 0.65 0.09 –86.2 0.21 0.13 –38.1 1.77 6.45 

13 3.17 3.6 13.6 1.21 0.98 –19.0 4.66 4.58 

23 0.02 0 -100.0 0.8 0.14 –82.5 1.22 6.3 

mea

n 

1.03 0.76 –25.0 2.92 2.88 –12.4 1.73 6.51 
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Supplementary Fig. 13 | Comparison of equilibrated and unequilibrated 

deformation potentials workflow. Computational workflow for the analysis of 

deformation potentials at r2SCAN level. Deformation potentials were carried out with 

fixed internal structures (i.e., where the relative coordinate of each ion is not allowed 

to change upon distortion of the unit cell), and again where the ions were allowed to 

relax to their equilibrium positions. Calculations were semi-automated using AMSET, 

and the ‘deformation-potential.sh' script available is among the raw data in the folder 

for Supplementary Table 4. 
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Supplementary Table 5 | Born effective charge (BEC) of pnictogen atoms in Sb- 

and Bi-based compounds, along with the BEC value of Pb atom in CH3NH3PbI3. 

The label a, b and c refer to principal crystallographic axes, while xx, yy and zz refer to 

diagonal components of the Born effective charge tensors. 

Material Born effective charge 

CuSbSe2 (this work) Sb: 1.03 (a), 5.65 (b), 1.44 (c) 

Cs2AgBiBr6
50 Bi: 4.79 (average) 

BiOI51 Bi: 5.87 (a); 5.87 (b); 3.08 (c) 

Sb2S3
52 Sb1: 2.89 (xx); 5.62 (yy); 7.36 (zz); 

Sb2: 3.33 (xx); 7.25 (yy); 4.50 (zz) 

Cs3Bi2I9
53 Bi: 3.9 (xx), 3.9 (zz) 

BiSI54 Bi: 6.42 (a); 3.04 (b); 4.01 (c) 

BiI3
29 Bi: 5.2 (a); 5.2 (b), 2.8 (c) 

CH3NH3PbI3
55 Pb: 5.22 (a), 3.54 (b), 4.86 (c) 

 

 

 

Supplementary Note 8 | Tensor averaging 

Finding the average value for some quantities in Table 1 requires combining tensors of 

different ranks into a single value, e.g., deformation potentials ( 𝐸𝑛𝐤 ) and elastic 

constants (𝑐ijkl) are rank 2 and rank 3 tensors respectively. To arrive at the average 

shown in Table 1, a tensor averaging scheme was employed for each tensor, and these 

values were used in the relevant formula. For rank 2 tensors, the tensor was 

diagonalized and the average of their eigenvalues taken. There are a number of common 

schemes used to average the tensor of elastic constants (e.g., Reuss, Hill, and Voigt 

averages). For this work, all schemes produced similar values. We used the Reuss 

average, calculated via the Elate web app56. Simple means were used for rank 1 tensors, 

except for the effective masses, for which the harmonic mean was taken. Once a tensor 
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average for each quantity in each formula was found, these were used in the relevant 

equations to find the average values quoted in Table 1. A Jupyter notebook is available 

in the raw data file (in the Table 1 folder) which explicitly shows all data processing 

steps. 
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