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Abstract

One of the reasons chalcogenide-based photovoltaic solar cells (SC) do not yet meet the expected
high-power conversion efficiencies is a lack of understanding of their electronic structure, and
particularly the nature of the point defects in the absorber materials. We show that the density of
states of the characteristic features of the electronic structure, such as band edges and energy
distribution of defects, can be obtained experimentally by energy-resolved electrochemical
impedance spectroscopy (ER-EIS) in a technically simple and quick way. The ER-EIS data correlate
well with theoretical density functional theory calculations. The ER-EIS reveals that Bi,S3 has only
shallow defects near the conduction band minimum (CBM). In Sb,Ss, ER-EIS also shows deep
defect states, which can be the cause of the low electrical conductivity of Sb,S; and lower than
theoretically possible power conversion efficiency of Sb,S;-based SC. A dominant sulphur vacancy
defect was identified in Bi- and Sb-chalcogenides. In the (Sb,Bi(;_y)),Ss ternary alloy series, a
gradual transformation of CBM and defect states in the band gap was observed. Notably, a 1:9 ratio
of Bi:Sb cations already transforms the deep sulphur defects into shallow ones while keeping the
band edges similar to those of the pristine Sb,Ss. It can provide a novel strategy for healing the
deep defect states in Sb,S3, a crucial step for boosting solar cell performance.

1. Introduction

Chalcogenide (Ch) semiconductors, owing to their high absorption coefficient, are particularly attractive for
thin-film (TF) solar cells (SC) as sustainable and low-cost alternatives to traditional silicon-based PV
technologies. Copper indium gallium selenide (CIGS) absorbers and CdTe, which have been on the market
for over two decades, so far have achieved a certified power conversion efficiency (PCE) of 23.6% and 23.1%,
respectively, as shown in the NREL chart [1]. However, national regulations and scarcity of the constituent
elements motivated further research for new types of TF SC. One of the approaches was substituting scarce
In**/Ga*T in CIGS with Zn?T and Sn** [2] to get Cu,ZnSnS, (kesterite or CZTS). Cu,ZnSn(S,Se)4 or
CZTSSe, a derivative of CZTS, remained for a decade at PCE of 12.6% reached in 2014 [3]. Only in 2024, the
PCE jumped to a promising 14.9% [4] due to understanding the nature of the defects in the absorber and
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choosing the correct defect passivation strategies. In addition to defects, the narrow phase stability window
facilitates the secondary crystallographic phase formation during CZTSSe (and CZTS) growth and
post-growth processes [5], contributing to SC performance deterioration.

Therefore, the emerging class of post-transition metals with lone ns? pair in electron configuration
(Pb2T, Sn**, Ge?*, Sb3T, and Bi**) were proposed as defect-tolerant semiconductors [6]. These materials
have ribbon-like crystal structures with covalent bonds inside the ribbon and van der Waals bonds in
between the ribbons (so-called pseudo-1D structure). Due to the flexibility of van der Waals bonds,
pseudo-1D chalcogenides are reported to self-heal the defects at the grain boundaries by forming new intra-
and inter-ribbon bonds [7]. At the same time, special post-treatment processes (such as chloride and alkali
treatments) are required to heal the grain boundary defects in established CdTe and CIGS TFs [8]. Moreover,
pseudo-1D Chs were reported to have a single stable crystallographic phase [8-10].

Compounds of Sb** and Bi** are set apart from the rest of pseudo-1D materials not only by ecological
friendliness and earth abundance but especially by a high absorption coefficient (~10°> cm™!). Another
speciality of Sb** and Bi** chalcogenides is the absorption coefficient near the band edge, which is
significantly higher than in other Ch materials, including CIGS and CZTS. It enables the prospect of
ultrathin (<100 nm) photoabsorbers that have advantages not only in material saving, light weight, and
flexibility of the final device but also in efficient photogenerated carrier extraction due to a higher fraction of
the space charge region compared to thicker absorbers [8].

The Bi,S; bandgap of 1.2-1.45 eV [11, 12] is optimal for the maximum harvesting of the visible light in a
single junction, theoretically providing over 30% of PCE as the Schockley—Quisser limit [6, 13]. Despite such
an optimal bandgap, the PCE reached a record of only 4.87% in the bulk heterojunction of Bi,S;
nanocrystals and PbS quantum dots [14] and 1.33% in Bi,S3/Cul [15], ~1% in Bi,S3/P3HT [16], 0.36% in
Bi,S;/BiOI [17], and 0.1-0.4% in Bi,S;/PbS [18] heterojunctions. In a single junction, PCE of Bi,S;-based
SC has not overcome 1% [10]. Also, Bi,S; was investigated for the role of the counter electrode material and
sensitizer in Pt-free DSSC [19].

The reported experimental bandgap of crystalline Sb,S; typically falls in the range of 1.72-2.24 eV [20],
making it a promising absorber material for single-junction SC and as a top cell in tandem architectures. The
record efficiency of single junction Sb,S;-based SC was reported as 7.5%, employing FTO/mp-TiO,/
Sb,S3/PCPDTBT/Au configuration [21]. Further, it was improved to 8.0% in FTO/CdS/Sb,Ss/Spiro/Au
configuration [22] and 8.32% by adding the perovskite layer for better charge transport and extraction in
Sb,S3-based parallel planar heterojunction SC [23]. A recent study has also explored compositional
engineering approaches to further optimise Sb,S;-based SC performance [24]. The best efforts in this way
were reported in the alloys (solid solutions) of isostructural Sb,S; and Sb,Ses, Sb,(S;—Sey)s, which reached
the record PCE among pseudo-1D chalcogenides, namely 10.67% [25] and 10.75% [26]. In this regard, it is
intriguing to explore other alloys of isostructural pseudo-1D chalcogenides, e.g. (Sb,Bi(1_y))2Ses [27] and
(SbyBi(1_4))2S3 (studied here). Besides absorber role in SCs, Sb,S; was reported as a novel material for the
back surface field layer in MoS,/Sb,S5/Cu,ZnSn; _,Ge,S4/CdS/ZnO/1TO solar cell structure [28], electron
transport layer material for CsPbI,Br perovskite SC [29], an interlayer (in blend with PbS nanoparticles)
between CsPbl,Br and the Carbon electrode for efficient hole extraction [30].

Despite all the advantages of pseudo-1D chalcogenides, the performance of Sb and Bi chalcogenide SC
lags behind CdTe, CIGS and CZTS SC performances. One of the mainly assumed reasons is the point defects
that may be present in the Ch in a wide variety due to their orthorhombic ribbon-like structure. The first
principles study on Sb,S; concluded that the dominant acceptor defects (Vgp, Sbs, and Sg,) and donor defect
(V) in intrinsic Sb,S; have similar formation energies. This results in the Fermi level pinning near the
middle of the band gap [20]. It may be the reason for experimentally observed high resistivity values
(~10® Ohm-cm), low photoluminescence (PL) (thus, the high extent of the non-radiative recombination),
and PCE losses in undoped Sb,S; thin films [31]. Interestingly, a sulphur treatment was noticed to enhance
the PCE of the Sb,S; SC. The detailed electronic structure and defect calculations suggested that the device
performance can be improved by controlling S content or environment during film deposition or
post-deposition sulphurisation. The passivation of the Sb,S; defects and improvement in crystallinity led to
an enhanced PCE (6.31%) in the in situ sulphurised device, outperforming the control device (PCE of
5.46%) [32]. Thioacetamide treatment was found to be instrumental in boosting the V¢ and PCE values
from 0.57 V and 5.5% (in the control device) to 0.65 V and 7.5% (in the champion device), respectively [21].
In another study, PCE was boosted from 5.0% to 5.8% upon post-annealing sulphurisation of Sb,S; solar
cell. At the same time, Vo reached 0.71 V [33], comparable to the highest value Voc 0f 0.726 Vin a
solution-processed Sb,S; solar cell [34].

Regarding Bi,S;, the first-principle calculations showed that all types of defects, namely the vacancies,
antisites, and interstitials, can have high concentrations. Unexpectedly, most of these intrinsic defects,
including even the S interstitial, act as donors, contributing to the observed n-type conductivity in Bi,S; and
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making it difficult to achieve a high p-type conductivity. Interestingly, under the Bi-rich and S-poor
conditions (corresponding to the thermal evaporation methods’ conditions), the neutral sulphur vacancy
(V) has the lowest formation energy [11]. In contrast to Sb,S;, sulphur vacancies contribute to the high
electrical conductivity in Bi,S; (107* Q! cm™!) [35].

However, a direct correlation between experimental and theoretical defect characterisation is still
missing. Also, the data on reported band edges for crystalline Bi- and Sb-chalcogenides do not agree [9, 36].
The standard methods for characterising defects’ microstructure include PL to estimate non-radiative and
radiative losses and identify the transition energy levels. Admittance spectroscopy (AS) and deep-level
transient spectroscopy (DLTS) methods are devoted to the characterisation of the defect states in thin films at
the atomic level. These techniques can provide details about the defects, such as the energy distribution of
corresponding defect states, their concentration, capture cross-section, and localisation in the film. The AS
measurements are mainly used to analyse shallow defect levels, while DLTS measurements can characterise
deeper defect levels (greater than 0.1 eV from the band edges) [37].

Energy-resolved electrochemical impedance spectroscopy (ER-EIS) [38—40] enables the characterisation
of the electronic density of states (DOS) in a wide range of energy from —8.0 eV to —2.0 eV. At the same
time, information can be obtained about the band edges and defect states in the bandgap [41]. In addition to
distinguishing between shallow and deep trap states, their concentration can be determined by integrating
the DOS spectrum inside the bandgap [42]. Moreover, ER-EIS is a technique that does not require a vacuum
and elaborate sample and experiment setup preparation. ER-EIS have been successfully applied to the
analysis of various charge transfer layers [43, 44] and the polymer absorbers in organic photovoltaics
[40, 45]. However, there is a lack of reports on the characterisation of DOS in chalcogenides either by ER-EIS
or other experimental techniques.

In this paper, for the first time, we report the experimental DOS obtained by the ER-EIS method for the
Bi- and Sb-chalcogenides and their alloys. By comparing the experimental DOS to the calculated one by
density functional theory (DFT), we identify the dominant defect present in Bi- and Sb-chalcogenides
fabricated by thermal evaporation techniques. Further, we explore ternary (Sb,Bi(;_y)),Ss alloys of different
Bi:Sb atomic ratios to fine-tune (i) band edge positions and (ii) intrabandgap defect states for Chs’
photovoltaic applications and beyond. Moreover, we explain the discrepancy in the reported values of
ionisation potentials and the bandgaps of Bi- and Sb-chalcogenides.

2. Methods

2.1. Materials and fabrication procedure

The samples of Bi,S3, Sb,S; and (Sb,Bi(;_y))2Ss were prepared in the form of thin films by close-space
sublimation (CSS) method from the Sb,S; and Bi,S; precursors (ThermoElectric, 5 N purity). The
deposition was made on the FTO on glass (Sigma Aldrich, surface resistivity ~ 7 2 sq!) precleaned
substrate. The thickness of the films was determined to be approximately 500 nm using the Veeco Dektak 150
surface profiler. The CSS parameters for pristine Bi,S; and Sb,S; were selected based on the deposition
conditions described previously [10, 46]. The CSS deposition conditions for (SbyBi;_x)),S; thin films were
interpolated from the conditions for the pristine Bi,S; and Sb,S; films.

2.2. Characterisation techniques

2.2.1. Structure and composition characterisation

The composition and structure of the films were determined by x-ray diffraction and XRD (see figure S1(a)
in SI). XRD data were acquired using a Rigaku Ultima IV diffractometer, utilising Cu Ko radiation

(A = 1.54 A, 40 kV, 40 mA), and processed with PDXL2 software.

Both Bi,S; and Sb,S; crystallise in orthorhombic unit cells with the Pnma space group, which leads to
similar characteristic XRD patterns which are close to the corresponding references from the XRD database,
01-074-9437 for Bi,S; and 01-083-7414 for Sb,S; (figure S1(a)). XRD lattice parameters of Bi,S; and Sb,Ss;
correspond to the ones reported before, namely a = 11.24-11.33 A, b = 3.98 &, and ¢ = 11.12-11.15 A for
Bi,Ss;and a = 11.24-11.33 A, b = 3.83 A, and ¢ = 11.12-11.23 A for Sb,S;.

The designed relative atomic proportions of Bi:Sb in (Sb,Bi(j_y))>S3 thin films were verified by energy
dispersive x-ray spectroscopy, EDX, see figure S1(b). EDX was part of a Zeiss HR-SEM MERLIN with a
GEMINI II column.

2.2.2. Optoelectronic properties characterisation
Scanning kelvin probe (SKP) (KP Technology, UK) method was used to measure contact potential difference
(CPD). The CPD data were recalculated to the work function (WF), or Fermi level (—Eg) if the vacuum level
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working electrode

(Ch film on FTO)
voltage generator electrochemical cell

Figure 1. (a) Representative photo of the Ch film on FTO. (b) Microcells on Ch film for ER-EIS measurements. (c) ER-EIS
measurement scheme.

is set to 0, values using the equation:WF,p1. = (CPDsample — CPDref) x 1073 + WEF,.. As the WF reference
(WFyf), an Au reference sample from KP Technology was used. SKP measurements were done in a glove box
under ambient air conditions and a dark environment using a grounded steel probe tip of 2 mm. The WF
was measured for 1 min (50 data points) at two different locations on the samples to obtain representative
information and statistics.

ER-EIS experiments were performed on chalcogenide thin films shown in figure 1(a) with glued plastic
cones (microcells) of about 200 ml volume on top of the films (figure 1(b)) with a potentiostat used in a
conventional three-electrode configuration (figure 1(c)). The Ch film on the FTO substrate acted as the
working electrode. Ag/AgCl and Pt wires were used as reference and auxiliary electrodes. To prevent
electrolyte degradation due to the presence of oxygen and moisture from the air and to achieve a wide
electrochemical window, measurements were performed in a glove box with a protective N, atmosphere
(oxygen and moisture below 20 ppm and 2 ppm, respectively). A solution of tetrabutylammonium
hexafluorophosphate (TBAPF6) in acetonitrile with a concentration of 0.1 M (6 x 1019 ions cm~?) was
employed as the electrolyte. The electrolyte solution can cover a voltage (energy) window of 6 V (6 eV) with
respect to the Ag/AgCl reference electrode (vacuum level) and this range is sufficient to map the whole band
gaps of chalcogenides. Impedance was measured using an impedance/gain-phase analyser (Solartron
Analytical, model 1260) at a frequency (w) of 0.5 Hz with an rms AC voltage of 100 mV and the bias voltage
was swept with the rate of 10 mV s~. The total ER-EIS spectrum is obtained from two separate scans, each
measured in new microcells to eliminate irreversible degradation of both the electrolyte and the layers under
investigation. One scan started from zero to positive potentials (mapping the valence band region) and the
other to negative potentials (mapping the conductance band region).

The accuracy of ER-EIS data depends on the accuracy of the AC and DC voltages applied and the
measured impedance. The energy determination error is given by the setting of the surface potential of the
semiconductor, which is affected by the electrolyte resistance and the amplitude of dU. The three-electrode
cell eliminates electrolyte resistance and thus the energy uncertainty of 50 meV is determined only by dU.
The error in the DOS determination given by the bridge impedance analyser used provides a measurement
accuracy of 5% [38].

The directly measured value in the ER-EIS technique is the complex impedance. Its real part is extracted,
and in the conditions of measurements in the medium frequency zone (0.5 Hz) the Rcr charge transfer
resistance dominates. The Rcr is related to DOS in the following way:

[Rer ()] ™" = €S[A] g (Er) ket

where e—elementary charge, C; S—sample working area, cm?, with chosen microcell configuration 0.12 cm?;

[A] concentration of electrolyte, cm —>; g (Ep)—DOS in cm eV ~!; k. electron transfer constant, cm*s 1.
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Figure 2. Unit cells employed in our DFT calculations. Labels represent atoms with slight charge differences in our Bader analysis.
(a) Bi,S; and (b) Sb,Ss. Purple, brown and yellow represent bismuth, antimonium and sulphur atoms, respectively.

2.3. First-principles calculations

Ab initio calculations based on DFT [47] were performed to analyse the physicochemical properties of bulk
chalcogenide materials. We performed these calculations with the VASP code [48] by following the PBEsol
functional [49], which is the revised version for solids of the generalised gradient approximation to the
exchange-correlation energy. Given the importance of van der Waals interactions in these materials,
long-range interactions are not negligible, thus, geometry optimisations included van der Waals corrections
[50]. Quantum relativistic effects on the electronic bands were taken into consideration (i.e. spin—orbit
coupling corrections) for the optoelectronic calculations along with hybrid functionals, i.e. HSE06 4+ SOC
(51, 52].

The projector augmented-wave method was used to represent the ionic cores [53, 54]. For each element,
the following electrons were considered as valence: Bi s*p?, Sb s?p, S s?p*. Wave functions were represented
in a plane-wave basis, typically truncated at 350 eV. In the geometry relaxations, a tolerance of 0.005 eV A1
was imposed in the atomic forces. For each compound, a primitive cell with 20 atoms was selected in the
Brillouin zone, which was sampled with a 7 x 2 x 2 I" -centred mesh (in reciprocal space). By using these
parameters, the resulting zero temperature energies were converged to within 1 meV per formula unit.

Both calculated structures converge into Pnma symmetry (see figure 2) with lattice parameters for Bi,S3
a=11.0314,b=3.942 A, c = 10.866 A, and for Sb,S3 a = 11.033 A, b = 3.815 A, c = 10.818 A. Calculated
crystal data corresponds to the experimental one obtained by XRD.

To estimate of the electronic DOS under the existence of point defects, we again used the HSE06 + SOC
functional on a2 x 1 x 1 supercell. A sulphur vacancy (Vs3) was generated on that supercell for Sb,S;/Bi,S;
based on the results reported elsewhere [12]. The mean energy of the defect, Ep, was calculated as Ep = f
(PDOS - energy) denergy/ [ PDOS denergy, where PDOS is the projected DOS.

3. Results and discussion

3.1. DOS of Bi,S; and Sb,S; measured by ER-EIS

Firstly, DOS characterisation and interpretation were performed for the pristine Bi,S; and Sb,S;. The band
edge energies (from UPS and iPES), bandgap values (by UV—Vis), and the calculated DOS (by DFT) of these
materials are well-known and can serve as a guide and reference for our characterisation. However, these data
are not consistent. The minimum (prospective bandgap) and maximum intensities of the DOS vary by three
orders of magnitude. Therefore, it is convenient to have an overview of the DOS in the logarithm scale shown
in figures 3(a) and (b). If we consider the most intense and steepest bands in the chalcogenides at ~—7 eV
and —3 eV as the band edges, then the bandgap value obtained is ~4 eV, which is more than twice as much
compared to the data reported for Bi,S; of 1.20-1.45 eV [11] and Sb,S; of 1.72-2.24 eV [20]. Moreover, the
most intense and steepest valence band at around —7 eV for both chalcogenides is too deep to be attributed
to the VBM of the lone-electron pair chalcogenides, with a characteristic VBM feature at ~5 eV to the
vacuum level [55]. To visualise the less intense bands and fit them with mathematical functions, the DOS is
presented on a linear scale in figures 3(c) and (d) with a subsequent magnification of the region adjacent to
the bandgap in figures 3(e) and (f). Two types of DOS features can be distinguished. The bands labelled 1
and 2 in figures 3(a), (b) and (e), (f) are broad, square-root shaped, and not an order of magnitude higher
than the bottom of the bandgap. The fitting of the 1 and 2 bands is presented in figures S2 (a)—(f). The RMS
of the square root fitting is not greater than 0.11 a.u. This fit and its high accuracy support the correct
assignment of features 1 and 2 to the band edges since the band edges of semiconductors exhibit a square
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Figure 3. DOS measured by ER-EIS presented in log scale (a), (b) for the DOS features overview and in the linear scale with
different magnifications (c), (d) and (e), (f) to zoom in on the possible bandgap features of pristine Bi,S3; and Sb,S;. VB—valence

band, CB—conduction band.

Table 1. VBM, CBM, and bandgap (Ej,) values from a square-root fit of the band edges and defect state positions (Ep) from a Gaussian
fit of the defect states.

VBM (eV) VBM (err) CBM (eV) CBM (err) Eg (eV) Eg (err) Ep (eV) Ep (err)
Bi,S3 —5.75 0.09 —4.55 0.11 1.20 0.14 —4.84 0.07
Sb,S; —5.72 0.08 —3.92 0.06 1.80 0.10 —4.61 0.07

root dependence [56]. The feature labelled as 3 in figures 3(a), (b) and (e), (f) has a Gaussian shape (figures
S2 (g), (h) in SI) and might be related to a band of defect states, as suggested in the theoretical papers on
deep defect distribution models [57—-60].

The fitted curves can be seen in figure S2, and the fitting parameters of the band edges and band
positions of the possible defect states are presented in table 1.

The presented values of the VBM for Bi,S3_5.75 eV vs the vacuum level agree well with the previously
reported VBM values of chalcogenide by XPS [10]. For Sb,Ss, the VBM of —5.72 eV vs the vacuum level is
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Figure 4. DOS by DFT of the ideal crystal structure of (a) Bi;S3 and (b) Sb,Ss;. VBM is set to 0 eV.

shifted 0.6 eV deeper from the vacuum level compared to the value measured by XPS [9]. It is worth noting
that the low conductivity of Sb,S; can affect the XPS measurements, and the deeper VBM in Bi,S; compared
to Sb,S; found in our experiment was also theoretically predicted [61].

The CBM of Sb,S; (—3.92 eV) is closer to the vacuum level than the CBM of Bi,S; (—4.55 eV). With
similar VBM positions in the chalcogenides, the bandgap of Sb,S; is wider (1.80 eV) compared to Bi,S;
(1.20 eV). The bandgap values are in perfect agreement with previously reported data.

The Gaussian peaks at —4.84 eV in Bi,S; and —4.61 eV in Sb,S; can be associated with bands of defect
states [57-60]. The areas under the defect peaks correspond to a defect concentration of 1.12 x 10'® cm~2 in
Bi,S; (shallow defect states) and 3.46 x 10'7 cm™ in Sb,S; (deep defect states), which can be correlated with
the free charge concentration in Bi,S; and the trap level concentration in Sb,S;. We performed the DFT

calculations of the DOS of Bi- and Sb-chalcogenides to further confirm the band assignment to the defects
and identify the defect’s nature.

3.2. DOS of Bi,S; and Sb,S; by DFT calculations
3.2.1. Ideal crystal structure

Firstly, the projected (PDOS) and total DOS were calculated for the ideal (defectless) crystal structure of
pristine Bi,S; and Sb,S; to identify the atomic orbital contribution to the electronic DOS (figure 4).

Figure 4 shows that the S 3p orbitals dominate the lower part of the valence band. Bi and Sb ns? orbitals
contribute to the valence band edge. The conduction band is composed principally of the Ch 6p orbitals.
Thus, the CBM position will be significantly different in the Bi,S; and Sb,S; materials, while the VBM
position is expected to be similar, which agrees with the ER-EIS results. Noteworthy, the dominant sulphur
band shape in the valence band region is quite different for the compounds. Bader’s analysis revealed that Bil
atoms in the unit cell likely share fewer electrons with their coordination environment compared to Sbl,
namely Bil shares ~1.5 e~ and Sb1 ~2.8 e~ (while Bi2 and Sb2 share a similar number of electrons
~2.0 7). It might affect the electronic shape of the DOS of S in the valence band region. Noteworthy, there
are no intrabandgap bands in the ideal crystal structure of the materials as expected.

Moreover, the DFT electronic band structure analysis (figure S3) revealed the indirect bandgap for Bi,S3
of 1.33 eV (in the experimental bandgap range [11]) and direct bandgap for Sb,S; of 1.45 eV (it is below the
experimental bandgap range of 1.72-2.24 eV [20] possibly due to DFT limitations [62, 63]). Noteworthy, the

difference between calculated direct (1.45 eV) and indirect (1.48 eV) bandgaps in Sb,S; is insignificant, as
was reported elsewhere [36].

3.2.2. Introduction of the defects in Bi,S3 and Sb,S; crystal structures

To reproduce the experimental DOS spectra with the intrabandgap bands, we introduced the defects in the
ideal crystal structures of Bi,S; and Sb,Ss. As discussed earlier, due to the orthorhombic crystal structure of
Ch, various point defects can be introduced into the Ch cell. There are two non-equivalent Me atomic sites
(Mel and Me2 in figure 2) and three non-equivalent S atomic sites (S1, S2, and S3 in figure 2). Namely, there
are five possible vacancy sites and five possible antisite sites in intrinsic Me;Ss. These include two Me
vacancies (Ve and Vs ), three S vacancies (Vg;, Vs, and Vg3), two S antisites (Ssp; and Sy, ), and three
Me antisites (Meg;, Mes,, and Meg; ). Because Me,S; has two different elements, Me and S, it has two
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Table 2. VBM by ER-EIS, Er by kelvin probe, and the energy distance between VBM onset and E.

Sample VBM (eV) Er (eV) Eg—VBM (eV)
Bi»S3 —5.75 £ 0.09 —4.83 £0.02 0.92 £ 0.09
SbyS;3 —5.72 £ 0.08 —4.77 £ 0.04 0.95 £ 0.09
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Figure 5. DOS by DFT of crystal structure with introduced neutral and charged Vs of Bi»S; (a), (b) and Sb,S3 (¢), (d). VBM is set
to 0 eV. All numerical data on mean defects’ energy (Ep) vs VBM from DFT calculations and ER-EIS experiments are combined
in table S1.

different types of interstitials, Me; and S; [20]. To facilitate and decrease the number of modelled structures
with defects, we performed kelvin probe characterisation of the Fermi level (Er) of the materials to obtain the
energetic distance between VBM (measured by ER-EIS) and Ef (table 2).

This Eg—VBM distance can determine the point defect in Ch with the least formation energy using the
defect formation energy diagrams, which show the dependence of the defect formation energy on the
position of the Eg relative to VBM (i.e. Eg—VBM) calculated and presented in [11] for Bi,S; and [20] for
Sb,S;. Noteworthy, the diagrams of only Me-rich conditions were considered as the closest to the CSS ones.
From the diagrams, it appeared that the defect with the lowest formation energy at the defined Ez—VBM of
Bi,S; and Sb,S; (table 2) is sulphur vacancy (V).

DOS calculations by DFT with neutral and charged Vs are shown in figures 5(a) and (b) for Bi,S; and
figures 5(c) and (d) for Sb,Ss. All three different sulphur vacancies (V's;, Vs,, and Vg3) introduce the same
electronic state distribution in DOS spectra in our calculations. Also, Bader’s analysis showed no remarkable
difference among sulphur atoms. We considered Vs, to be the representative sulphur vacancy for Bi,S; and
V3 to be the representative one for Sb,S; and labelled any sulphur vacancy as Vs further in the text.

Calculated DOS with the neutral Vs reproduce the experimental DOS spectra of Bi,S; in the following
features, namely: (i) Defect band merges with the conduction band—the reason for n-type conductivity of
Bi,Ss; (ii) Energy distance between defect’s mean energy and VBM is 0.92 eV for neutral Vs in DFT DOS and
0.91 eV in ER-EIS DOS.
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Figure 6. The set of DOS measured by ER-EIS to visualise trends in band edge positions and defect band transformation upon Sb
incorporation into Bi,S;. Individual DOS plots of each alloy with appropriate fits can be found in the SI.

In Sb,Ss, defects represent deep defects since their DOS band does not merge with the valence and
conduction bands in both DFT and ER-EIS DOS. The distance between the defect’s mean energy and VBM is
0.66 eV for neutral Vs in DFT DOS and 1.11 eV in ER-EIS DOS. Such a difference most probably originates
from the different onsets of calculated and experimental VBMs since the structural disorder was not
introduced in the calculated structures, while it could affect the determination of VBM onset in the
experimental spectra (figure S2). Despite the difference in calculated and experimental Ep, energies in Sb,S;,
the dominance of Vg in Sb,S3 suggested in this work agrees with [64].

3.3. DOS of (SbyBi(; _y))»S; alloys measured by ER-EIS

DOS spectra of Bi,S3 and Sb,S; are quite distinct, as shown in figure 3. This fact brought us to the following
questions: (i) Is there any trend in DOS transformation (band edges, defects) while subsequently
‘substituting’ Bi by Sb in (Sb,Bi(;_y)),Ss alloys, or does the transformation happen abruptly from one
particular alloy to the other? (ii) What is the minimum quantity of Bi in (Sb,Bi(; _,)),S3 required to eliminate
the midgap defects in Sb,S5?

To answer these questions ER-EIS investigation of the alloys was performed, and the results are presented
in figure 6 (merged DOS spectra) and figure 54 (separated DOS spectra). The most evident change occurs in
the CBM region. Namely, CBM position shifts gradually from —4.55 eV (Bi,S; and x = 0.1 and 0.33
(SbyBi(_x))2S3 alloys) to ~ —4.2 eV (x = 0.5 and 0.67 (Sb,Bi(;_y)),S3 alloys) and —3.92 eV in (Sbg.9Biy.1)2S3
alloy and Sb,S;. The CBM intensity experiences a gradual drop from ~2.0 x 10" a.u. (Bi,S; and x = 0.1 and
0.33 (SbyBi(1_x))2S5 alloys) to ~ 1.0 x 10" (x = 0.5 and 0.67 (Sb,Bi(;_y))»Ss alloys) and 0.5 x 10"
((SbgoBig 1)2S5 alloy and Sb,Ss). In contrast to the CBM intensity trend, the VBM intensity remains as low as
~0.5 x 10" a.u. in Bi,S; and all the alloys, and only in Sb,S; does it surpass ~1.0 x 10'° a.u. The VBM shift
to the vacuum level with the Sb content increase is insignificant (below the error of VBM estimation). DFT
calculations in figures 5(a) and (c) show it is Me orbitals that are responsible for CBM formation. Thus, the
CBM region is expected to experience the largest transformation during the Bi:Sb ratio change in the alloys
from a theoretical perspective that aligns with ER-EIS results.

Importantly, the 1:9 ratio of Bi:Sb in (Sbg¢Biy 1), S5 is already enough to eliminate the midgap defect
states while keeping the band edges unchanged compared to those of Sb,S;. It provides a strategy to control
the defect ratio without changing the Sb,S; crystal structure, which is crucial for optimising electrical
conductivity on the one hand and non-radiative recombination on the other hand.

4, Conclusions

The above analyses show that ER-EIS is a practical, simple method to investigate the electronic structure of
chalcogenides straightforwardly. The careful fitting of ER-EIS spectra makes it possible to distinguish
between band edges and the bands of the defects in the Bi- and Sb-chalcogenides. Specifically, (i) VBM
position was determined to be at —5.75 eV for Bi,S; and —5.72 eV for Sb,Ss; consequently, (ii) CBM
position is at —4.55 eV for Bi,S; and —3.92 eV for Sb,Ss; and (iii) the transport bandgap is 1.20 eV and
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1.80 eV for Bi,S; and Sb,S;, respectively. The Gaussian-like peak in DOS spectra at —4.84 eV in Bi,S; and
—4.61 eV in Sb,S; is associated with the band of the defect states. The area under this peak corresponds to a
defect concentration of 1.12 x 10'® cm™ in Bi,S; (shallow defect) and 3.46 x 107 cm~? in Sb,S; (deep
defect) that can be correlated with the free charge concentration in Bi,S; and the concentration of trap levels
in Sb,S3. By comparing DFT-calculated and ER-EIS-measured DOS spectra, it is possible to reveal the nature
of the point defects in the materials. The sulphur vacancy is the dominant defect in both Bi,S; and Sb,S;
fabricated by thermal evaporation techniques, leading to shallow defect states below the CBM in Bi,S; and
deep defect states in Sb,S3. We also showed that already in (Sbg ¢Big 1),S; alloys with the 1:9 Bi:Sb ratio, the
deep defects in Sb,S; are removed while VBM and CBM are close to the ones in Sb,Ss. This may provide a
novel strategy for healing the deep defects, thus possibly mitigating non-radiative recombination and tuning
electrical conductivity in Sb,S3, which is crucial for boosting PV performance. The impact on Sb,S; SC
performance improvement and the actual mechanism of defect passivation, by Bi incorporation in Sb,S;, is a
matter of further research.
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