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1. Introduction 

Photovoltaics (PV) convert solar energy to electricity and provide renewable and environment 

friendly energy. A variety of solar cells have been developed in the past using different absorbers, 

including silicon, cadmium telluride (CdTe), copper zinc tin sulfide (CZTS), copper-indium-

gallium-selenium (CIGS), organic/polymer, and perovskite solar cells.1-2 Among them, silicon-, 

CdTe- and CIGS-based solar cells are dominating the current commercial PV market. However, 

the current PV technologies still face some issues. For example, crystalline silicon (c-Si) solar cells 

suffer from high cost. The toxicity of Cd and the scarcity of Te are two notable issues of CdTe 

solar cell. The complexity of defect control hinders the further improvement of power conversion 

efficiency (PCE) in CZTS solar cell.3 Perovskites have attracted tremendous attention in the last 

decade, and their PCE is approaching 25%,4-5 making them promising for commercialization. 

Nevertheless, several challenges such as stability and toxicity of Pb-based perovskites need to be 

addressed.6 Alternative stable, cost-effective and scalable PV absorbers are hence highly desired. 

Recently, antimony chalcogenides (Sb2X3, where X=Se, S) have attracted great attention.7 Sb2X3 

possess quasi-one-dimensional (1D) ribbon-like structures, i.e. (Sb4X6)n, which are bonded by 

weak van der Waals (vdW) interaction. Their suitable bandgaps (~1.2 eV for Sb2Se3, ~1.7 eV for 

Sb2S3), high optical absorption coefficient (~105  cm-1), low cost, good stability, and earth abundant 

Sb and Se/S endow antimony chalcogenides with great potential in solar energy applications. 

Owing to the unique 1D vdW structures, antimony chalcogenides have benign grain boundaries 

with highly anisotropic transport property, very different from conventional bulk solar cell 

materials such as CdTe where the untreated grain boundaries often serve as carrier recombination 

centers and significantly limit the device performance. Different growth techniques have been 
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employed to improve samples with less defects and higher conductivity, and devices have been 

fabricated to suppress the interfacial diffusion and boost carrier separation, and improve stability 

and efficiency. Significant progress has been made on improving the device performance8. For 

example, a high PCE of 9.2% was recently achieved by using CSS technique by tuning Sb2X3 

ribbons vertically aligned with the substrate.9 Very recently, a record high PCE of 10% with 

antimony selenosulfide Sb2(S,Se)3 was achieved using an optimized hydrothermal deposition 

technique,10 showing great promise of antimony chalcogenide based solar cells. 

Defect tolerance is a crucial characteristic of excellent photovoltaic absorber. Native defects 

determine the carrier mobility, lifetime, recombination rate, and doping limit. Recently, it was 

theoretically predicted that Sb2Se3 is intrinsically p-type under Se-rich condition due to SeSb and 

even 2Se-on-Sb (2SeSb) antisites, and n-type under Sb-rich condition due to the low formation 

energies of donor defects such as VSe and SbSe antisites.11-12 Moreover, the defect formation energy 

calculations indicated that Se-on-Sb (SeSb) antisites with mid-gap transition levels were most likely 

to form, suggesting they may be the major obstacle to further improve the open-circuit voltage 

(Voc).13 Both calculations were conducted using first-principles density functional theory (DFT)14-

15 with HSE06 hybrid exchange-correlation energy functional16 and D3 Grimme dispersion 

correction,17 while different approaches were employed to correct the finite size effect on the 

charged defect formation energy calculations within the dilute defect limit. Besides the study of 

intrinsic defects, several possible dopants in Sb2Se3 were suggested to either enhance the native p-

typeness or induce n-type doping18. Cai et al. pointed out that the compensation of the intrinsic 

donor and acceptor defects limit the electrical conductivity in Sb2S3 and proposed a two-step 

doping strategy to improve the efficiency.19 These studies revealed that the native defects play 

critical roles in both Sb2Se3 and Sb2S3. Very recently, a deep level transient spectroscopy was 
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carried out to study deep level defects in Sb2Se3 and revealed the presence of traps in the 358-690 

meV range below the conduction band edge, while the grain boundary is relatively benign.20  

Using first-principles theoretical calculations, here we demonstrate that quasi-1D Sb2Se3 and 

Sb2S3 possess unique electronic structures and defect chemistry which eventually determines their 

superior optical and dielectric properties, and reveal their important implications on the 

photovoltaic performance as light absorbers. We further calculate the formation energies of a 

variety of intrinsic defects and defect transition levels in Sb2X3 and subsequently the equilibrium 

Fermi level, free carrier densities, and defect concentrations. Our results provide a theoretical 

interpretation of the observed p-type conductivity in Sb2Se3 and nearly intrinsic semiconductor 

behavior in Sb2S3. These theoretical findings not only offer microscopic understandings of the 

electronic structure and native defects in Sb2X3 photovoltaic absorber, but also may provide 

valuable guidance to further advance antimony chalcogenides based solar cells. 

2. Methods 

First-principles DFT calculations were performed using the Vienna Ab Initio Simulation 

Package (VASP).21 We employed the Perdew-Burke-Ernzerhof (PBE)22 form of exchange-

correlation energy functional within the generalized gradient approximation (GGA)23 and a -

centered Monkhorst-Pack24 k-point sampling for Brillouin zone integration. A plane wave basis 

set with a 400eV energy cutoff and a 4 4 12 k-point grid were used for structure optimization 

and electronic relaxation. As DFT-GGA often underestimates the band gap, we applied the 

modified Becke-Johnson (MBJ) 25-26 exchange potential for electronic structure and optical 

property calculations. Frequency dependent dielectric function was calculated in the independent 

particle approximation with a dense k-point sampling of 10 10 30. The convergence criteria for 
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electronic relaxation was set to 10-6 eV, and the maximal residual force for structure optimization 

was less than 0.01 eV Å-1. 

As the accuracy of formation energies is important for defect calculations, we employed the 

HSE06 hybrid exchange-correlation functional to further relax bulk and defect structures and 

calculate the total energies. This approach was previously shown to provide accurate prediction 

for the atomic and electronic structures in defective systems.27-28 Savory et al. and Huang et al. 

also reported that the DFT calculations with HSE06 functional reproduce the experimental lattice 

constants and electronic bandgap of Sb2Se3.11, 13 Different vdW corrections were tested and 

compared, including optB86-vdW non-local correlation functional29-31 and D3 dispersion 

correction.17 The obtained lattice constants from HSE06-D3 are in good agreement with the 

experiment data, and the difference of the lattice constants calculated from different functionals is 

minimal. Therefore, we used HSE06-D3 for all defect calculations with a supercell of 1 1 3 

containing 60 atoms for both Sb2Se3 and Sb2S3 to mimic the dilute defect limit. Additionally, spin 

polarization was considered in order to deal with unpaired electrons. 

3. Results and discussions 

 3.1. Crystal and electronic structure of quasi-1D antimony chalcogenides. Antimony 

chalcogenides (Space group: Pnma, #62), i.e. Sb2Se3 and Sb2S3, possess a unique structure with 

infinite quais-1D ribbons, where the ribbons are stacked by vdW interaction, as shown in Figure 

1a-1c. Their ground state structures are formed by quasi-1D ribbons which are weakly bonded by 

vdW interaction while within the ribbon Sb-Se/S are bonded by strong valence bonds, forming 

infinite one-dimensional ribbons (i.e. (Sb4X6)n). The unit cell contains 20 atoms, where there are 

three symmetry-inequivalent types of Se/S atoms and two symmetry-inequivalent types of Sb, as 

indicated in Figure 1a and 1b. Table S1 summarizes the lattice parameters calculated by DFT 
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DFT-HSE06 calculations are usually expensive, we compute the band structures along the full k-

paths by using the modified Becke-Johnson (MBJ) exchange potential functional25-26 which is 

known to provide accurate electronic structures comparable to hybrid functional and many-body 

perturbation theory with GW approximation. The electronic bands of Sb2Se3 and Sb2S3 along  

are more dispersed than those along  and , indicating the higher group velocity and more 

facile electron transport along the ribbons (c axis) than across ribbons (a/b axes). Moreover, the 

MBJ and HSE06 calculated bandgaps of Sb2Se3 and Sb2S3 are summarized in Table S2. Both 

Sb2Se3 and Sb2S3 have indirect gaps located along . The calculated band gaps in Sb2Se3 and 

Sb2S3 are 1.35 and 1.79 eV, respectively, making them good photovoltaic absorber candidates. The 

results are in reasonable agreement with GW quasiparticle bandgap (1.3 eV for Sb2Se3, and 1.5 eV 

for Sb2S3).32 We further investigated the spin-orbit coupling (SOC) effect on the band structure. 

The results are shown in Figure S1, where the band structures are very similar to each other in both 

Sb2Se3 and Sb2S3 cases. The change in the bandgap is also minimal (< 0.1 eV for both Sb2S3 and 

Sb2Se3). Moreover, SOC induced splitting is more significant for higher conduction bands, and 

much less on the low energy conduction bands and valence bands. Therefore, unlike perovskite 

materials such as CsPbBr3 etc. where SOC induced band energy change can be as large as 1 eV, 

the spin-orbit coupling effect in Sb2S3 and Sb2Se3 is small, hence the SOC was not included in the 

defect calculations. 

Furthermore, small electron/hole effective mass (e.g. < 0.5 m0, where m0 is the free electron 

mass) is often beneficial for carrier transport.33-34  We calculate anisotropic electron and hole 

effective masses using a parabolic fitting at the CBM and VBM, and the results are presented in 

Table S3 and Table S4. The calculated hole effective masses of Sb2Se3 and Sb2S3 are small, with 
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the value of 0.42 m0 and 0.56 m0 along x, and 0.52 m0 and 0.41 m0 along z, which are desired for 

p-type semiconductors..  

3.2.  Anisotropic dielectric properties of quasi-1D antimony chalcogenides. Besides the 

suitable electronic band gap and small hole effective mass, the dielectric constant of Sb2X3 is 

quite large. A large dielectric constant usually leads to strong screening to charges and defects, 

thereby suppressing carrier scattering and recombination. Typically the macroscopic dielectric 

constant of 10 or higher, including the electronic and ionic contributions, will enhance electron-

hole pair dissociation, or exciton dissociation into free charge carriers in photovoltaics.33, 35 The 

electronic contribution comes from the polarization by redistribution of electronic density, while 

the ionic part is associated with the polarization by ionic motion. The calculated dielectric tensors 

for Sb2Se3 and Sb2S3 are summarized in Table 1, where the electronic part is computed using the 

HSE06 functional since it is sensitive to the band gap. The dielectric tensors of both compounds 

show significant anisotropy where both ionic and electronic contributions in the dielectric 

constants along z (ribbon) and x directions are higher than that along y. The large dielectric 

constants of Sb2X3 indicate that the charge carriers are subject to enhanced screening when 

transporting along the ribbons, thereby reducing carrier scattering and recombination. 

Table 1. Dielectric constants along three principal directions. Ionic and electronic contributions 

are calculated using DFT-PBE and DFT-HSE06 functionals, respectively. 
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To understand the large dielectric constants in Sb2X3, we further investigate the corresponding 

Born effective charge (BEC). The BEC tensors of symmetry-inequivalent Sb and Se/S atoms are 

calculated using DFT-PBE. The results are listed in Table S5. The valence of Sb and Se/S elements  

are +3 and -2. However, in Sb2Se3, the ions present a maximum effective charge of +7.22 e on 

Sb1, +7.49 e on Sb2, -4.19 e on Se1, -4.01 e on Se2, and -4.93 e on Se3, much higher than their 

nominal ionic charges. A similar trend was also observed in Sb2S3, with the BEC of 6.86 e on Sb1, 

6.38 e on Sb2, -3.86 e on S1, -3.75 e on S2, and -4.59 e on S3. The BEC represents the change in 

the electric polarization upon atom displacement. For ideal ionic crystals with complete charge 

transfer, the BEC would be the same as the nominal ionic charge (e.g., +3 for Sb and -2 for Se and 

S). However, the BEC for xx and zz component in Sb2Se3 and Sb2Se3 are much higher than the 

nominal charge, indicating that their bonding nature is more complex than the ideal ionic bond and 

the electrons shared via covalent bonding may significantly redistribute upon atomic displacement 

and contribute to the polarization change.  

 Low exciton binding energy for efficient electron-hole separation. Based on the effective 

mass and dielectric constant, we can estimate the exciton binding energy Eb using hydrogenic 

model: , where RH is the Rydberg constant of hydrogen atom (13.6 eV), and  is the 

average dielectric constant.  is the effective reduced mass of the exciton, obtained by  

. Since antimony chalcogenides exhibit structural anisotropy, we calculate the anisotropic 

binding energy based on their anisotropic effective mass (Table S3 and S4).  The calculated 

effective reduced exciton mass can be as small as 0.23 m0 and 0.39 m0 for Sb2Se3 and Sb2S3, 

respectively. Consequently, the exciton binding energy is as low as 12.9 meV and 39.4 meV, 

comparable with the thermal energy (i.e. kBT, 25 meV at room temperature). The low exciton 
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binding energy suggests efficient dissociation of photoexcited electron and hole pairs into free 

carriers. Finally, we also calculated another important physical property for photovoltaic absorber, 

i.e. optical absorption spectra of Sb2X3 using DFT-MBJ. The frequency-dependent averaged 

optical absorption coefficient is shown in Figure 1f, and the calculated values agree with the 

experimental data of 104~105 cm-1 for Sb2S3 and >105 cm-1 for Sb2Se3 in the visible region36, 

demonstrating antimony chalcogenides are indeed good solar absorbers. 

The above theoretical investigations of electronic, optical, and dielectric properties show that 

Sb2Se3 and Sb2S3 have several nice characteristics, including suitable bandgap, small effective hole 

mass, small exciton binding energy, large dielectric constants, hence strong screening, and high 

optical absorption coefficient, endowing Sb2Se3 and Sb2S3 with great potential as light absorbers 

in thin-film PV devices. 

3.3.  Complex point defect chemistry in quasi-1D antimony chalcogenides. Experiments 

have shown that Sb2X3 solar cells suffer from low open-circuit voltage (Voc), which is often caused 

by high recombination rate due to the mid-gap trap states.37 In order to understand the types of 

defects that may generate mid-gap levels, we conduct a study of intrinsic point defects of Sb2X3. 

Here we consider five types of intrinsic defects, namely vacancy (VSb, VSe/S), interstitial (Si, Sei, 

and Sbi), and Sb and Se/S antisites (SbS and SeSb/SSb) for all symmetry-inequivalent atomic sites 

with different charge states. 

The formation energy of charged defect is defined as,38 

                      =  ,                                (1) 

where are the total energy of the pristine host cell and the supercell with 

defect D in the charge state q, respectively.  refers to the chemical potential of atomic species , 

and is the number of atoms added ( ) or removed ( ).  represents the chemical 
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potential of electron reservoir, where  is the Fermi level.  is conventionally referenced to the 

valence band maximum (VBM) in the perfect cell and varies between the VBM and conduction 

band minimum (CBM). The chemical potential corresponds to the energy of exchanging atoms 

between the defect and the element reservoir.  can be split into two parts as .  

represents the chemical potential of the reference, associated with the elemental phases of each 

species, and  is the allowed chemical potential variation.  is determined by the rule that 

Sb2X3 must be more stable than any other competing phase. In the calculations, we only consider 

two extreme cases, i.e. the X rich (Sb poor) and X poor (Sb rich) condition. We therefore have the 

following set of constraints on  and : , , and 

  is a correction to the formation energy to account for the spurious image charge 

interaction due to the finite supercell formalism for simulating the dilute defect limit. Specifically, 

 addresses two issues: (1) the interaction among the defect and its images under periodic 

boundary condition, and (2) the electrostatic potential alignment between the defect supercell and 

the pristine bulk.39 Freysoldt et al. developed a correction method which treats the long-range and 

short-range interactions between charged defects separately40 where an isotropic dielectric constant 

was used. Kumagai and Oba extended this method to anisotropic systems by using full dielectric 

tensor41. Given the high anisotropic Sb2X3, we adopt the correction method proposed by Kumagai 

et al. To verify if this correction scheme is efficient for correcting the defect formation energy of 

our materials, we further calculate the formation energy with and without the correction using PBE 

functional (Figure S2). The finite size correction indeed plays a critical role in determining the 

formation energy of charged defects in dilute limit, as the relative energy with and without the 

correction can differ significantly, especially for the small supercell of 1 1 3. And this correction 

decreases in a larger supercell. In general, the relative energies with the correction of 1 1 3 
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supercell are close to those of 2 2 6. Therefore, considering the high computational cost of hybrid 

functional for large supercell, we choose the supercell of 1 1 3 and apply the finite size correction 

to the defect formation energy  

 

Figure 2. Defect formation energy diagrams of Sb2Se3 under (a) Se rich and (b) Se poor condition. 

(c) Defect transition levels in Sb2Se3. The formation energies of native point defects in Sb2Se3 is 

plotted as a function of the Fermi level with VBM as reference. The bandgap adopted here is 

calculated by HSE06. The slope of each line indicates the most favorable charge state at the 

corresponding Fermi level. Positive and negative charge state indicate the donor and acceptor, 
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respectively. The red and blue colors in (c) indicate the donor and acceptor transition levels, 

respectively. 

The formation energy of charged defects can be further used to compute defect transition level, 

, It is defined as the Fermi level for which the formation energy of a charge state q is equal 

to the formation energy of a charge state q’, indicating the relative stability of defect in charge state 

q. It is given by . Shallow transition levels located near the band 

edges are associated with n- or p-type doping, while deep transition levels usually act as carrier 

recombination centers, referred as trap states. These are the transition levels in thermodynamic 

equilibrium where atoms and electrons in defect systems are fully relaxed to their equilibrium 

state, different from the transition levels upon optical absorption.42 

We first investigate the intrinsic defects of Sb2Se3. Due to the anisotropic structure, defects 

behave differently at symmetry-inequivalent sites. The formation energy as a function of the Fermi 

level ( ) is plotted in Figure 2a and 2b for Se rich and Se poor conditions, respectively. The 

antisite (SeSb1, SeSb2, SbSe1, SbSe2, and SbSe3) and interstitial (Sei and Sbi) defects are likely to act as 

donors/acceptors depending on the Fermi level. When the Fermi level is near VBM, those defects 

donate electrons and exhibit positive charge states. When the Fermi level is close to CBM, they 

accept electrons and are negatively charged. The formation of defects can be regulated by 

controlling the chemical potentials of the associated elements. In Se rich condition, acceptor-like 

defects VSe2 and VSe3 have negative formation energy when the Fermi level is located at VBM (i.e. 

). In addition, when , Sb interstitials also have low formation energie, and  SeSb1, 

and SeSb2 have formation energy close to zero. Therefore, when the Fermi level is close to VBM, 

the Se vacancies, Sb interstitials, and SeSb antisite defects are the dominant defects in Se rich 
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condition. As shown in Figure 2c, those defects create mid-gap trap states. As  increases, VSb 

becomes more likely to form due to the decrease of its formation energy.  Among all the defects, 

when the Fermi level is close to VBM, the donor defect VSe2 with charge state q=+2 has the lowest 

formation energy, contributing free electrons to the conduction bands and making it n-type. On the 

other hand, when the Fermi level is close to CBM, the acceptor defect SeSb2 with charge state q=-

1 and VSb with charge state q=-3 have the lowest formation energies, donating free holes to the 

valence bands and making the system p-type. VSe2 (q=+2) and SeSb2 (q=-1) have the same formation 

energy at  under Se-rich condition.  Thus, the Fermi level will be pinned at around 0.4 

eV. Under Se-poor condition, SbSe, VSe and Sbi have even lower formation energy while VSb, SeSb 

and Sei have higher formation energy at , compared wth Se rich condition. The easier 

formation of the hole killers will restrain the free carriers in the p-type Sb2Se3. Therefore, Se rich 

condition is recommended during growth. The Fermi level in this case is pinned at around 0.7 eV 

by donor defect VSe2 and acceptor defect SbSe1. Despite the use of different energy correction and 

consequently slightly different defect formation energies, both our study and previous works11, 13 

on defect chemistry of Sb2Se3 reveal the deep level trap states produced by the defects VSe, SeSb 

and Sei in Se rich condition, and the detrimental donor defect VSe has even lower formation energy 

in Se poor condition. In the work by Huang et al., they also demonstrated the pinned Fermi level 

at around 0.4 eV in p-type Sb2Se3.11 Indeed, in a recent experimental study43 the deep-level transient 

spectroscopy (DLTS) measurements indicate the presence of hole trap states located at 0.48 0.07 

eV and 0.49 0.03 eV for vapor transport deposition (VTD) and rapid thermal evaporation (RTE) 

fabricated samples. Based on our calculated defect transition levels, the hole trap state is highly 

likely to be caused by VSe. The DLTS study also implies an electron trap state lying at 0.61 0.03 
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eV and 0.6 0.02 eV for VTD and RTE fabricated samples, which is possibly a consequence of 

the formation of acceptor defect SeSb. 

Sb2S3 exhibits the similar behavior as Sb2Se3, as shown in Figure 3a-c. The antisite (SSb1, SSb2, 

SbS1, SbS2, and SbS3) defects possess positive charge states when the Fermi energy moves towards 

VBM, while they exhibit accept-like defects with negative charges as Fermi energy is close to 

CBM. VS2, VS3, Sbi, SSb2 and SSb1 are dominant defects with negative formation energy at  

under S-rich condition. S-on-Sb antisites possess low formation energy, suggesting antisite defects 

in Sb2S3 are easy to form in the quasi-1D structure. The Sb-on-S antisites can be more easily to 

form under S poor conditions. Comparing the formation energies under two extreme conditions, 

the donor defect concentration is higher under S poor condition, due to the significant decrease of 

the formation energy of Sb-on-S antisites, Sb interstitials and S vacancies. Those defects will be 

detrimental to the free carrier concentration and trap the carriers. Indeed, a recent DLTS study 

demonstrates the deep-level electron trap states ~ 0.6-0.7 eV below the CBM in Sb rich condition, 

which can be well assigned to VS.44 The Fermi levels are pinned at 0.75 eV by SSb2 (q=+1) and VSb2 

(q=-3) in S rich condition, and at 0.85 eV by VS2 (q=+2) and VSb2 (q=-3) in S poor condition. The 

calculated formation energies are consistent with the recent work by Cai et al.,19  and further 

confirm the low device efficiency of Sb2S3 solar cells is caused by the formation of donor defect 

sulfur vacancies, and p-type doping in Sb2S3 is limited due to the Fermi level pinning far away 

from the VBM.  
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Figure 3. Defect formation energy diagrams of Sb2S3 under (a) S rich and (b) S poor condition. 

(c) Defect transition levels in Sb2S3. The formation energies of native point defects in Sb2S3 is 

plotted as a function of the Fermi level with VBM as reference. The bandgap adopted here is 

calculated by HSE06. The red and blue colors in (c) indicate the donor and acceptor transition 

levels, respectively.     

To further increase the carrier density of Sb2X3, extrinsic doping is a feasible approach. We then 

investigate the dopability of Sb2Se3 and Sb2S3. Dopability refers to the domain of the Fermi energy 

accessible through doping 45. When acceptor-like defects are doped into the system, the Fermi 
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energy is shifted towards the valence band, and the acceptor formation energy decreases with  

With increasing hole doping, the Fermi energy will decrease and shift towards VBM. Subsequently 

the formation energy of hole killers will also decrease, and at certain point they will form 

spontaneously. Across this point, further doping is inhibited because the formation of the hole 

killers (e.g. ) will negate the acceptors. As mentioned above, the doping limit of Sb2Se3 occurs 

at 0.4 eV and 0.7 eV for Se-rich and Se-poor growth conditions, respectively, and the doping limit 

of Sb2S3 occurs at 0.75 eV and 0.85 eV for S-rich and S-poor growth conditions, respectively. The 

Se/S-rich condition destabilizes the donor defects (hole killers), hence facilitate p-type doping. 

Hence, Sb2Se3 has better p-type doping capability than Sb2S3, and the doping limit can be further 

overcome by passivating the killer defects. 

 

Figure 4. Atomic structures of  and . The color of the atoms indicates the electron 

depletion (blue) or accumulation (red) with respect to  and , respectively. 

Some of the defects exhibit negative U behavior46-47. For example, VSe and VS with +1 charge 

state are unstable at any value of the Fermi level. Its formation energy is always higher than that 

of 0 and +2 charge states. This character is related to strong electron-lattice interaction, which 

0.6

-1.3
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leads to significant atomic relaxation. Figure 4 illustrates the local lattice relaxations of VSe2 with 

+1 and +2 charge states, i.e.  and , and the color of the atoms represents charge transfer 

with respect to  and , respectively, obtained from Bader charge analysis48. The formation 

of +2 charge state, , is accompanied by a large outward relaxation away from Se vacancy. In 

fact, the nearest-neighbor Sb atoms relax away from the vacancy by -19%, -5% and 21% of the 

equilibrium VSe2-Sb bond length (i.e. the bond between Se vacancy and its nearest Sb atom) for 

the +0, +1, and +2 charge states with respect to the Se-Sb bond length in the pristine bulk. The 

released energy due to large local lattice relaxation overcompensates the electron Coulombic 

interaction energy. Since antimony chalcogenides have soft quasi-1D ribbon-like structures with 

weak interchain interaction, they are able to accommodate larger lattice relaxation than 

conventional 3D bulk crystals, thereby exhibiting negative U behavior in these defect structures.  

3.4.  Defect concentration, carrier density and their implication on p-/n-typeness. Based 

on the defect formation energy calculated above, the equilibrium Fermi level at a given 

temperature, charged defect concentration and carrier density are obtained by solving a set of self-

consistent equations under charge neutrality 49. Assuming the entropy and pressure contributions 

to the Gibbs free energy are negligible, then the defect concentration in charge state q is given by  

,                                     (2) 

where  is the number of sites per volume available for defect D with charge state q, and  is 

the Boltzmann constant. The concentration in this case is determined by the Fermi level  and 

the synthesis temperature T. The charge neutrality condition yields 

                              (3)
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 and  are free electron and hole concentrations.  and  can be calculated by integrating 

the product of electron/hole density of states (DOS) and electron/hole Fermi-Dirac distribution 

function, 

                                 (4)

                                    (5)

 is the Fermi-Dirac distribution.  and  

are the electron and 

hole effective masses and can be obtained from the curvature of band energy at CBM and VBM

 

Figure 5.  (a) and (c) Fermi level of Sb2Se3 at synthesis and equilibrium temperatures as a function 

of synthesis temperature under Se rich and Se poor conditions, respectively. (b) and (e) Electron 

and hole densities at equilibrium temperature as a function of synthesis temperature under Se rich 
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and Se poor conditions, respectively. (c) and (f) The concentration of dominant defects as a 

function of synthesis temperature under Se rich and Se poor conditions, respectively. The dashed 

line indicates the melting temperature of Sb2Se3 at 885 K. 

For a given chemical potential and synthesis temperature, the Fermi level at equilibrium, defect 

concentrations, and carrier densities are determined as the self-consistent solution to the above 

equations (eqs 2-5). Moreover, as the synthesis temperature is often different from operating 

temperature, we also calculate the corresponding values at room temperature (i.e. 300K in the 

present work) by assuming that the defect concentrations remain the same and only the charge 

state of defects will re-equilibrate under the dilute limit. In this case, the densities of different 

charge states of the same defect type redistribute by following Boltzmann statistics.  

Using the method described above, we first calculate the carrier density and defect 

concentrations in Sb2Se3. Figure 5a and 5d show the Fermi level under synthesis temperature 

( ) and equilibrium temperature ( ) as a function of synthesis temperature from 300 to 

1000 K. The melting temperature of Sb2Se3 is 885 K, below 1000K, as indicated by the dashed line 

in Figure 5. The corresponding Fermi level is calculated by assuming the system is quenched from 

synthesis temperature to room temperature, and during annealing the defect concentrations remain 

the same but the charge state of each defect type can change and re-equilibrate. The calculated 

 decreases as temperature increases. Under Se rich condition, the equilibrium Fermi level is 

around 0.3-0.34 eV within the synthesis temperature range, which is close to VBM, showing a p-

type nature. The dominant carrier is hole, as shown in Figure 5c, with the concentration on the 

order of 1013 cm-3, in agreement with the experiment (in the order of ~1014 cm-3),50 which is majorly 

contributed by the dominant defect  (Figure 5b). In Se-poor condition, the equilibrium Fermi 

level is located near the half of the bandgap, suggesting the weak p-typeness and low hole density. 
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It is attributed to the formation of donor defects  and , although there is still high 

concentration of acceptor defects  and , as shown in Figure 5e. Figure 5f shows the 

calculated the hole and electron density. The hole density is only on the order of 107 cm-3 and 

increases with the temperature. The electron density is on the order of 106 cm-3 and decreases with 

the temperature. Our calculations therefore confirm that Sb2Se3 is an intrinsic p-type 

semiconductor, and the Se-rich growth condition is desired.  

 

Figure 6. (a) and (c) Fermi level of Sb2S3 at synthesis and equilibrium temperatures as a function 

of synthesis temperature under S rich and S poor conditions, respectively. (b) and (e) Electron and 

hole densities at equilibrium temperature as a function of synthesis temperature under S rich and 

S poor conditions, respectively. (c) and (f) The concentration of dominant defects as a function of 

synthesis temperature under S rich and S poor conditions, respectively. The dashed line indicates 

the melting temperature of Sb2S3 at 823 K.  
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The same approach was applied to study Sb2S3. The results are presented in Figure 6. The 

melting point of Sb2S3 is also indicated by dashed line at 823K. In S rich condition, the equilibrium 

Fermi energy is around 0.7 eV, at which donor defects  and  have high concentrations. 

However, the acceptor defect   also has high concentration but possesses higher charge state, 

thereby donating holes to valence bands and leading to the p-type in Sb2S3 with hole density on the 

order of 107 cm-3. Under S rich condition, the increased concentration of both acceptor (i.e., VSb) 

and donor (i.e., SSb) defects at high temperature competes with each other in Sb2S3, resulting in a 

minimal change in the hole and electron concentration as the temperature increases. The hole 

concentration slightly decreases and the electron concentration slightly increases as the 

temperature goes up, as shown in Figure 6c. In contrast, Sb2Se3 has a more significant variation 

of the carrier concentration under different synthesis temperature in the Se rich condition, as shown 

in Figure 5c. This is because the concentration of acceptor defects (i.e., SeSb) increases more 

significantly than donor defects (i.e., VSe), though both types of defects have higher concentration 

at high temperature. As a consequence, the concentration of electron carriers contributed by donor 

defects decreases and the concentration of hole carriers devoted by acceptor defects increases with 

increasing synthesis temperature in Sb2Se3 under Se rich condition (Figure 5c). On the other hand, 

Sb2S3 is a weak intrinsic n-type under S poor condition, due to the donor defects  and . 

Such donor defects act as hole killers and reduce the free holes in the material, hence the free hole 

carrier density is almost negligible (close to 0). As temperature increases, the acceptor defects 

including ,  and  further overcompensate the donor defects. As a consequence, the 

free electron has a low density in S poor condition (Figure 6f). The Fermi energy is pinned above 

the mid-gap, as seen in Figure 6d, reflecting the n-type nature. In general, the carrier density in 

Sb2S3 is significantly lower than that in Sb2Se3, which is consistent with experiment findings. 
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Sb2Se3 is intrinsically p-type, while Sb2S3 is almost intrinsic semiconductor. Further strategies, 

such as introducing certain dopants, may be conducted to suppress the donor-like defects in order 

to increase the carrier density. 

5. Conclusions 

In summary, we systematically investigate the electronic structure and native defects in 

antimony chalcogenides using first-principles DFT. On one hand, the unique quasi-1D ribbons in 

Sb2Se3 and Sb2S3 lead to anisotropic transport with higher group velocity along the ribbon. More 

importantly, they possess suitable bandgap and high optical absorption that are desirable for 

photovoltaics. The large Born effective charge and large dielectric constant suggest strong charge 

screening, thereby reducing carrier scattering and recombination. Besides, the dispersed band 

structure near VBM and CBM leads to small hole and electron effective masses. The small 

effective mass and large dielectric constant result in small exciton binding energy, suggesting 

efficient exciton dissociation and formation of free charge carriers in antimony chalcogenides. 

Since antimony chalcogenides have soft quasi-1D ribbon-like structures with weak interchain 

interaction, they are able to accommodate larger lattice relaxation than conventional 3D bulk 

crystals, thereby exhibiting negative U behavior in these defect structures. 

On the other hand, Sb2Se3 and Sb2S3 exhibit complex defect chemistry competing with the above 

superior electronic structure of pristine Sb2Se3 and Sb2S3. The dominating defects include antisite 

defects, anion vacancies, and interstitial defects. Anion vacancies have low formation energy even 

under anion-rich condition. The weak vdW interlayer interaction leads to the low formation energy 

of interstitial defects between Sb2X3 ribbons. These defects can create mid-gap transition levels, 

which may explain the low Voc observed in experiments. In order to improve the Voc, it is necessary 

to suppress the defects, for example, by optimizing growth condition, post-annealing, or 
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introducing extrinsic dopant. Regarding the dopability of Sb2Se3 and Sb2S3, the p-type doping for 

Sb2Se3 under Se-rich condition is quite accessible since the pinned Fermi energy is close to VBM, 

but it will be difficult under Se-poor condition due to the low formation energy of Se vacancies. 

In contrast, Sb2S3 has limited p-type and n-type dopability under both S-rich and S-poor condition. 

From the defect concentration and carrier density calculations, we found that Sb2Se3 under Se rich 

condition is p-type and the dominant defect is SeSb2 with charge state of -1. Compared to Sb2Se3, 

carrier density in Sb2S3 is relatively low, exhibiting intrinsic semiconductor behavior. To suppress 

the formation of the detrimental defects and increase the absorber layer conductivity, extrinsic 

doping is a potential strategy. For instance, the introduction of oxygen in Sb2Se3 based solar cells 

can passivate the interfacial diffusion of Cd from the window layer to the absorber layer and the 

formation of donor defect Cdi, while O tends to substitute Se in Sb2Se3 and form a benign defect 

without deep level trap state.51 In a recent theoretical study on Sb2S3,52 Pb and Cl have been 

proposed as efficient p-type and n-type dopants, providing a clear guidance for experiments to 

design high-efficiency antimony chalcogenides based solar cells. An alternative effective approach 

towards highly defect-tolerant solar absorbers is to form antimony selenosulfide (Sb2(S,Se)3) alloys, 

which has recently shown its great potential with a striking efficiency of 10%.10, 53 

Our present work provided a microscopic understanding of electronic, optical, and dielectric 

properties of antimony chalcogenides, revealing their great potential for photovoltaic applications 

as well as the challenges to be addressed, and in particular effort shall be made in future to mitigate 

the defects and further boost the performance of antimony chalcogenide based solar cells.    
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