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Off-stoichiometry in Cu(ln,Ga)Se, (CIGSe) is a critical material characteristic that has resisted proper
understanding due to incompatible models and conflicting interpretations. In Part | of this study, we report
the discovery of a topotactic transformation series of stable ordered defect compounds that properly
explains the extension of the single-phase region in the phase diagram for Cu-deficient CIGSe solar
absorbers. In Part Il, herein, we advance this model by computing the electronic properties of all structures
from the series and comparing the results with existing experimental reports. Combining the results
obtained with various exchange-correlation functionals, we show monotonic band gap widening caused by
the reduced p-d repulsion at the valence band edge and small dispersion of the valence band maximum
for the Cu-poor structures. The small band edge dispersion is interpreted as yielding an anisotropic
increase in hole mass with decreasing Cu content. These trends are consistent with prior experimental
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1. Introduction

Cu(In,Ga)Se, (CIGSe) is an established solar absorber material
for thin-film solar cells that through alloying with Ag and/or S
has been proven capable of delivering power conversion effi-
ciencies up to 23.6%.* The nominal chemical formula of CIGSe,
however, does not convey that the absorbers are generally made
Cu-poor, typically with [Cu]/[III]=[Cu]/([In] + [Ga]) = 0.85-
0.95.7 Such large off-stoichiometry is predominantly incorpo-
rated into the CIGSe grains, or more specifically into the grains
of the chalcopyrite a-CIGSe phase, without segregation of
secondary phases. The occasional formation of B-CIGSe (often
described as Cu(In,Ga);Se;), which occurs at greater Cu
deficiencies, is practically benign. As we described in Part I,
this high tolerance to off-stoichiometry originates from a top-
otactic transformation series — or rather, a continuum - of
(near-)stable ordered defect compounds (ODCs).* These struc-
tures are closely related as they have a common zinc-blende
parent lattice, but differ in the exact arrangement of the
cations. After decades of research on unstable B-CIGSe poly-
types, our discovery of this series opens new horizons for more
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findings, giving support to the proposed model of off-stoichiometry in chalcopyrite solar energy materials.

accurate computational analysis of CIGSe in a wide range of
compositions, with the possibility to replicate the actual,
experimentally observed compositions in two-phase (o+f)
mixtures.

Prior experimental works have already produced a deep pool
of knowledge about the electronic properties of a-CIGSe and -
CIGSe phases. The most obvious difference is that undoped a-
CIGSe generally shows p-type conductivity, whereas B-CIGSe is
overwhelmingly identified as an n-type semiconductor,>*™* with
a few exceptions.” One consequence of the different
conductivity types is that a p-n junction can be formed between
a-CIGSe and B-CIGSe layers. In the usual case of B-CIGSe
segregation due to excessive off-stoichiometry, such p-n junc-
tions can develop sporadically throughout the absorber, inevi-
tably impacting the device performance.

Experimentally, both phases are reported to have direct
dipole-allowed band gaps, with the measured values being 0.2 £
0.1 eV higher for the B-phase. This difference has been repro-
duced in first-principles calculations for CISe (i.e. Ga-free
CIGSe) - the computed band gaps for 1:5:8 vs. 1:1:2 are
almost universally 0.18-0.26 eV wider."**° The band gap
difference is not very sensitive to the structural model (see Table
S1, SI) and exchange-correlation functional, which is surprising
considering that all previously proposed structures for B-CIGSe
are unstable to different degrees.® The instability does manifest
itself for B-CGSe (i.e. In-free B-CIGSe) as its computed gaps vary
greatly."***! In extreme cases, the band gaps of a-CGSe and B-
CGSe were even predicted to be identical, in direct contra-
diction to the experimental consensus.
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The wider gap of B-CIGSe is generally explained by a down-
shift of the valence band maximum (VBM), revealed both
computationally******** and experimentally.*'"**** These
changes are associated with a reduction in Se 4p/Cu 3d anti-
bonding at the valence band edge.'*'®**** Typically, the VBM
shift in computational studies is coupled with a slight down-
shift of the conduction band minimum (CBM), except for the
band alignment computed using CdS as a common reference by
Xiao and Goddard,'® where an upshift in both the VBM and
CBM was observed instead.

Another effect of Cu deficiency is on the hole mobility.
Lowering the [Cul/[III] ratio has been claimed to reduce hole
mobility in epitaxial Cu-Ga-Se*® and Se-deficient CIGSe thin
films.® A similar effect has also been hypothesized for the Cu-In-
Se system based on the hitherto available evidence.” This effect
is principally consistent with the low dispersion (i.e. relative
“flatness”) of the band near the VBM predicted for CulnsSeg by
Maeda et al.”” Flat bands near the VBM are also recognized in
computations by other authors,*** albeit not universally.>* The
discrepancies in band curvature seem to stem from an incon-
sistent choice of structural ODC models. In contrast to holes,
effective masses of electrons in the «-CISe and B-CISe phases are
measured to be close,* in agreement with the similar band
dispersions at the CBM observed in computational
studies.'*"**

In Part I, we demonstrated that a topotactic transformation
continuum model of off-stoichiometry is highly successful in
replicating the structural evolution in CIGSe with increasing Cu
deficiency.® In Part II, herein, we validate this model for elec-
tronic properties. We perform a detailed analysis of the band
gaps, densities of states (DOS), band structures, and Fermi
surfaces for thirteen representative compounds with different
[Cu]/[111] ratios in two ternary systems (Cu-In-Se and Cu-Ga-Se)
using four different exchange-correlation functionals. These
structures span the homogeneity ranges of both a-CIGSe and (-
CIGSe phases, as well as the empirical miscibility gap (two-
phase region) between them. Other notable low-energy struc-
tures are also studied, albeit less systematically. We reveal
excellent agreement between our computational results and
prior experimental findings, such as the progressive band gap
widening due to the reduced p-d antibonding and low disper-
sion at the valence band edge in the ODCs. Quantitative
matching to experimental band gaps is impressive when all
necessary correlations are applied. All these results prove the
great utility of the discovered stable structures for further
exploration of chalcopyrite absorbers and showcase the
importance of topotactic continua for understanding materials
chemistry, in general.

2. Methods

2.1 Computational parameters

The first-principles calculations were performed using the
Vienna Ab initio Simulation Package (VASP)*” employing the
projector augmented wave (PAW)*® method within density
functional theory (DFT). Four exchange-correlation functionals
were extensively applied in this study: Perdew-Burke-Ernzerhof
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(PBE),” PBE with Hubbard U correction of 5 eV applied on the
Cu 3d orbitals according to Dudarev et al. (PBE+U),* modified
Becke-Johnson (mB]J),** and hybrid Heyd-Scuseria-Ernzerhof
with 25% fraction of exact exchange (HSE06).%> Occasionally, the
trends were supplemented by the results obtained using the
revised PBE for solids (PBEsol)** and strongly constrained and
appropriately normed meta-GGA (SCAN)* functionals.
Pseudopotentials with the following valence electron configu-
rations were selected: Cu 3d'%4s’, Ga 4s%4p’, In 5s°5p’, Se
4s®4p®. Although the exclusion of the semicore group-III
d electrons has a small effect on band edge positions,* it is
deemed insignificant for the conclusions of this work. All
structures were taken from Part I after geometry optimization,
preserving the labelling.® Standardized primitive cells of eight
selected (near-)stable structures, defined according to ref. 36,
are shown in Fig. 1. In most cases, the electronic properties were
computed for the structures optimized using the PBEsol func-
tional, with several exceptions specified below. All computa-
tions were carried out using the automatically generated
uniform I'-centered k-point grids of different densities (see
below) and Gaussian smearing with a 10 meV distribution
width. In the case of band structure calculations, additional k-
points with zero weights constituting the standard k-paths®®
were added to the automatically generated grids. Most PBE,
PBEsol, and PBE+U calculations were done using a k-point
density of 3000 points per reciprocal atom and a cut-off energy
of 550 eV. In the HSEO06 calculations, the respective parameters
were reduced to 1500 points per reciprocal atom and 350 eV. For
the construction of Fermi surfaces, as well as for all DOS
calculations presented in the main text, the k-point grid density
was drastically increased to 60 000 points per reciprocal atom,
yielding much smoother iso-surfaces. All calculations were
carried out in the non-spin-polarized regime because CIGSe is
intrinsically non-magnetic. Spin-orbit coupling (SOC) was by
default disregarded, albeit being present in chalcopyrite
absorbers.?”~** While SOC is important for accurately describing
the band dispersion near split-off states, we reason that it is not
essential for comparing band structures and Fermi surfaces
over a large portion of the Brillouin zone. Indeed, our test
calculations using the PBE+U functional confirmed this
assumption, as detailed below.

2.2 Data processing

Most data processing was carried out using the pymatgen
(Python Materials Genomics) library.* The structures were
visualized using the Visualization for Electronic and STructural
Analysis (VESTA) software.** The Fermi surfaces were visualized
using the IFermi python library,”” which relies on band inter-
polation by BoltzTraP2.** Unless specified otherwise, the re-
ported band gaps correspond to the HSEO6-computed values
after an upward scissor correction of the magnitude determined
below. The same adjustment was made for all band structures
depicted in the main text, whereas the uncorrected results are
given in the SI. All densities of states were smeared using the
Gaussian function with a standard deviation of 0.02 eV.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Illustration of the primitive cells for eight representatives from the topotactic transformation series. All structures in the series can be

accessed via the following identifier.*4

3. Results

3.1 Band gap energies

We start the analysis by calculating the band gap energies of
low-energy ODC structures. Fig. 2 shows the results obtained
using the HSE06 and PBE+U functionals, alongside experi-
mental values collected from the literature®>'%*>72445-61 and
summarized in Table S2. All HSE06 (PBE+U)-computed values in
this figure are scissor-corrected by +0.17 (+0.93) and +0.27
(+1.20) eV for the Cu-In-Se and Cu-Ga-Se systems, respectively.
The scissor correction, which is just a constant energy shift, is

applied to compensate for the well-known band gap underes-
timation in ab initio calculations.®>* The shift magnitudes were
chosen to match the experimental band gaps reported for
a wide range of compositions in both systems. The uncorrected
band gaps and the effect of lattice optimization are shown in
Fig. S1 and S2, SL

Evidently, the experimental and computed gaps exhibit the
same upward trend with off-stoichiometry. The computed
increase in band gaps amounts to about +0.32 eV for the
ground-state 1:5:8 ODCs compared with 1:1:2 chalcopyrites
in both systems. Other functionals predict the band gap
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Fig.2 Band gap energies of the low-energy structures in the (a) Cu-In-Se and (b) Cu-Ga-Se systems. The band gaps were computed using the
PBE+U and HSEO06 functionals (after geometry optimization with the respective functional) and scissor-corrected with the constant shifts
specified in the legends. The term “ground state” refers to the (near-)stable structures within the topotactic series, while the term “less stable”
refers to the ODC-like structures within 2.5 meV/atom of the convex hull (constructed for zinc-blende-derived structures only, i.e. ignoring all
other polymorphs of Ill;Ses). Note that the band gaps for the less stable CulnSe, structures were excluded because many polytypes were
incorrectly predicted to be metallic by the PBE+U functional. The experimental literature data (see Table S2) is added for comparison. The
uncorrected results obtained with different functionals are given in Fig. S1.
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widening too but to different extents (the gap difference for 1:
5:8vs. 1:1:2 varies between +0.25 and +0.52 eV, see Fig. S1).
The dependence for the ground states is not monotonic though
- the band gap first increases with off-stoichiometry for [Cu]/
[III] = 0.4 and then drops for the 1:3:5 ODCs. The further
increase for the 1:5:8 ODCs partly offsets the drop, but the
initial trend is not recovered. Although these small features are
consistently predicted by different functionals (see Fig. S1), they
could not be verified against experimental data because of the
wide spread (about 0.1 eV) of the literature values. The main
conclusion that can be drawn with such an error bar in mind is
that the general band gap widening trend is successfully
reproduced.

A possible reason behind the wide spread of experimental
band gaps is the formation of different polytypes, originating
from variations in processing conditions. To estimate the
potential electronic impact of the polymorphism, the band gap
energies were also computed for the ODC-like structures within
2.5 meV/atom of the convex hull.? The values obtained with the
PBE+U functional after the scissor correction are presented in
Fig. 2 as “less stable” structures. As one can see, most added
datapoints are below the band gaps (for the ground states in the
0.4 = [Cu]/[III] = 1.0 range) or scattered around them (for the
1:3:5 and 1:5:8 ODCs). Curiously, the highest computed
gaps exhibit a linear dependence on the III,Se; fraction. After
including the “less stable” structures, the spread of the
computed gaps is about +0.1 eV, which is the same as for the
measured values, suggesting that polymorphism can fully
account for the experimental band gap variations.

The effect of polymorphism on the band gap for ODCs is
comparable in magnitude to that observed for the 1:1:2
polytypes formed by intermixing chalcopyrite-like (CH-type) and
CuAu-like (CA-type) layers.>** As illustrated in Fig. S3a, the band
gaps decrease linearly with the CA-type fraction, amounting to
the reductions of 0.12 eV for CulnSe, and 0.40 eV for CuGaSe,.
Since the polytype formation enthalpies also vary linearly with
the CA-type fraction,>* a linear correlation between the band
gaps and formation enthalpies was anticipated. This hypothesis
is validated in Fig. S3b, which further reveals that the rates of
the band gap change with the polytype formation enthalpy for
CulnSe, and CuGaSe, are comparable, in agreement with prior
findings for sulfide chalcopyrites.”> Under the chosen energy
threshold of 2.5 meV/atom for the “less stable” structures, these
linear trends yield similar band gap spreads at [Cu]/[III] = 1 for
both systems in Fig. 2.

The linear correlation between the band gaps and the
formation enthalpies does not hold for the ODC polytypes. As
shown in Fig. S4, which is based on the high-throughput
screening from Part 1,° the band gaps are generally slightly
lower for less stable 1: 5 : 8 polytypes, but the correlation is very
loose. As such, we conclude that structural instability is not the
main factor modulating the electronic properties of the ODCs.

Noting the spread of band gaps for different polytypes,
a question arises about the magnitude of errors in the literature
due to the use of unstable ODC structures. To estimate them, we
calculated band gaps for a collection of structures compiled
from different publications******%77 and databases”®" using
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the PBE+U functional, and summarized in Table S1. Evidently,
most literature structures substantially underestimate the band
gap changes with off-stoichiometry in CIGSe. For the most
frequently used ODC structures (so-called “Type-D” and “Type-
E”), the PBE+U-computed values are augmented with calcula-
tions using the HSE06 functional and two Ag-containing
systems (Ag-In-Se and Ag-Ga-Se), and summarized in Table 1.
As one can see, the “Type-E” structures of CulnsSeg and
CuGasSeg have HSEO6-computed gaps 0.25 and 0.07 eV higher
than the respective 1:1:2 chalcopyrites. These values consti-
tute an underestimation of the band gaps by 0.08 and 0.25 eV
compared with the ground states. The difference is even greater
for AgInsSeg and AgGasSeg. Crucially, these band gap errors
almost completely (for AgGasSeg), drastically (for CuGasSeg), or
partly (for CulnsSegs and AgInsSeg) offset the effect of off-
stoichiometry, thereby undermining all conclusions derived
for the “Type-E” structures in prior studies. The most stable
literature alternative, namely the “Type-D” structure, can only
further exacerbate the problem, to the extent that the computed
band gap decreases for 1:5:8 ODC compared with the 1:1:2
chalcopyrite in the Cu-Ga-Se and Ag-Ga-Se systems. For refer-
ence, our prior spectrophotometric measurements for co-
evaporated Ag-Ga-Se films with various compositions have
shown about 0.33 eV wider band gap for AgGa;Seg (E; = 2.11 €V)
than AgGaSe, (E, = 1.78 €V),* in good agreement with our
calculations for the ground state structures (see Table 1). Hence,
it is of paramount importance to critically rethink the ODCs for
the entire I-III-VI material family by scrutinizing true ground
states and other low-energy polytypes studied herein.

3.2 Densities of states

The band gap widening effect of off-stoichiometry in CIGSe is
usually explained by reduced antibonding in the valence band.
Fig. 3a illustrates the orbital hybridization scheme for
chalcopyrites.®*®** Here, the renowned antibonding nature of
the valence band top - highly consequential for the defect
tolerance of CIGSe (see Zakutayev et al.*®) - is shown to originate
from the hybridization of Se 4p and Cu 3d orbitals. Note that the
antibonding and bonding parts of the valence band are sepa-
rated by a repulsion gap.'®*°

To assess how orbital hybridization evolves across the top-
otactic continuum in CIGSe, element-projected densities of
states (DOS) were computed for the (near-)stable structures with
the geometries optimized using the PBEsol functional. Fig. 3b
and c illustrate the results of mBJ calculations augmented by
the scissor correction of band gaps to match the corrected
HSEO06-computed values (as in Fig. 2). The uncorrected DOS
obtained with different functionals for a slightly wider ODC
series are presented in Fig. S5 and S6.

As evident from Fig. 3, the p-d antibonding is confirmed to
generate a repulsion gap for the 1:1:2 stoichiometry. This gap
in the valence band is not directly linked to the macroscopic
material properties, but the way it evolves with off-stoichiometry
is emblematic of the varying electronic structure. The states
above the repulsion gap are dominated by Cu 3d orbitals, with
minor contributions from the other elements, as expected in the

This journal is © The Royal Society of Chemistry 2026
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Table 1 The computed difference in band gaps of the 1:5:8 ODC and 1:1: 2 chalcopyrite structures in different I-111-VI systems. The results
were obtained using the PBE+U (without parentheses) and HSEQ6 (within parentheses) functionals. The pseudopotential of Ag with the 4d'°5s?
valence electron configuration was adopted and Hubbard U correction of 5 eV was applied on Ag 4d orbitals in the PBE+U calculations. All

geometries were fully reoptimized

Compound Ground state (ref. 3) “Type-E” (ref. 14, 17, 19, 67, 70, 72 and 77) “Type-D” (ref. 15, 16, 18, 66, 67, 70 and 73-76)
Culn;Se +0.32 (+0.33) +0.25 (+0.25) +0.24 (+0.24)
CuGasSeg +0.31 (+0.32) +0.12 (+0.07) +0.02 (—0.07)
AgInsSeg +0.29 (+0.38) +0.21 (+0.29) +0.09 (+0.14)
AgGa;Sey +0.30 (+0.37) —0.01 (+0.02) —0.18 (—0.21)

case of antibonding. The states right below the repulsion gap
have sizable contributions from all elements, which is typical of
chemical bonding. The repulsion gaps here extend from —3.98
to —2.82 eV for CulnSe, and between —4.84 and —3.59 eV for
CuGaSe, (all energies are given relative to the CBM), meaning
that their magnitudes (1.16 and 1.25 eV, respectively) are
significantly overestimated compared to the literature values of
0.2-0.3 eV for CulnSe, computed within the local density
approximation (LDA)" and hybrid HSE* functionals. As shown
in Fig. S5 and S6, this discrepancy is consistent across the board
and is fully explained by the mB]J functional yielding overly

(a)

(b) Cu-In-Se

localized (less hybridized) states. For reference, the repulsion
gap widths computed with the PBE (HSE06) functional are 0.63
(0.20) eV for CulnSe, and 0.73 (0.35) eV for CuGaSe,, whereas
the PBE+U functional predicts nearly zero repulsion gaps of 0.02
and 0.10 eV, respectively. Computationally, this result demon-
strates that the band gap enhancement delivered by the mBJ
functional comes at the cost of the less accurate description of
hybridization within the bands. However, this artifact is handy
in our case because it highlights the key differences between the
ODCs within the topotactic series.

(c) Cu-Ga-Se
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band
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(a) Schematic of the orbital hybridization at the band edges in chalcopyrites. Element-projected densities of states computed using the

mBJ functional for different (near-)stable structures in the (b) Cu-In-Se and (c) Cu-Ga-Se systems. (d) Charge density distribution for the states
emerging in the repulsion gap for the ODCs as computed for Cujgln;»Sezs using the mBJ functional (the isosurface is at 0.01 elag®, where aq is
the Bohr radius). The states in question are outlined by the red rectangles in (b) and (c). The band gaps here are adjusted to the scissor-corrected
HSEO6 values shown in Fig. 2. The uncorrected densities of states for a slightly extended ODC series computed using other functionals are
presented in Fig. S5 and S6.
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The most notable difference in the electronic structures
within the topotactic series occurs in the valence band, whereas
the conduction band undergoes only subtle changes. This is
expected because the decrease in the fraction of Cu ions means
fewer Cu 3d orbitals in the valence band. Consequently, the
density of states and the width of the antibonding band
decrease.®” The Se 4p orbitals, which contribute to Cu-Se bonds
in 1:1:2 chalcopyrites, hybridize with In 5p (or Ga 4p) orbitals
in the ODCs instead, forming In-Se (or Ga-Se) bonds with the
state densities in the repulsion gap. These states have energies
higher than the other In-Se (or Ga-Se) bonds because they
localize on the undercoordinated Se atoms adjacent to vacan-
cies, as evident from the state-projected charge density in
Fig. 3d. Upon lowering the [Cul/[III] ratio, ever more states
emerge in the repulsion gap at the expense of reduced anti-
bonding. This evolution is gradual and it culminates in
a complete removal of the antibonding band for the most stable
zinc-blende-derived 0:2 : 3 structures in both systems.

The fact that the antibonding states in the valence band
gradually fade away as the Cu deficiency increases implies that
the band gap widening in the ODCs is primarily caused by
a downshift of the valence band edge. In this case, the electronic
contributions of [Cul/[III] changes must be decoupled from
those of Ga alloying, as suggested by Stokes et al.,*® because the
addition of Ga mostly affects the conduction band edge.*>*°
Work is ongoing to validate this conclusion with new interface
models based on the stable ODC structures and more rigorous
computational procedures.

3.3 Band structures

To further explore the nature of electronic structure changes
across the topotactic ODC series, we computed the element-
projected band structures for the entire series using different
functionals. Fig. 4 shows the results obtained with the mBJ
functional for selected compositions in the Cu-In-Se system.
Here too the PBEsol-optimized geometries were used and the
band gaps were adjusted to the corrected HSEO6-computed
values (as in Fig. 2). The uncorrected band structures ob-
tained with other functionals for a wider ODC series are pre-
sented in Fig. S7-S14. Clearly, among all studied functionals,
mB]J consistently yields the smallest band dispersion (i.e. the
flattest bands) due to the excessive orbital localization, in line
with prior observations.” > The excessive localization is evident
for Cu 3d orbitals, which give the deep blue color to the
element-projected valence bands in our mBJ calculations, in
contrast to the more mixed orbital contributions to the valence
band predicted by all other functionals. The difference in band
dispersion is best illustrated in Fig. S15 and S16, where band
structures obtained with different functionals are compared
after scissor-correcting the computed band gaps. The effect of
SOC is shown using the PBE+U functional in Fig. S17 and S18.
Clearly, SOC slightly modifies the valence band edge at the I
point, but all key features of the band structures are preserved.
This result justifies our decision to neglect SOC in most calcu-
lations presented herein.
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Akin to the 1:1:2 chalcopyrites, all ODCs are seen to have
direct (or near-direct) band gaps at the I' point, in agreement
with optical absorption measurements.”****%-% This result is
also consistent with prior computational studies of unstable 1 :
3:5 and 1:5:8 ODC structures, which always report direct
band gaps at the I' point in both the Cu-In-Se and Cu-Ga-Se
systems.***”** The conduction bands for the ODC structures
do not exhibit stark differences, whereas the valence band
evolves such that the bands near the VBM become relatively flat
along one of the segments (Z-I', X-I', or M-I'). In real space, these
segments align with different crystallographic axes of the parent
chalcopyrite lattice, notably [041]cy for structures with 0.5 <
[Cu]/[In] < 1.0, and [110]cy for the 1:3:5and 1:5: 8 ODCs (see
Fig. S19). The flatness is greater in the Cu-In-Se system than in
the Cu-Ga-Se system, regardless of the functional. It should be
reiterated, however, that the mB]J functional used to produce
Fig. 4 exaggerates band flatness, rendering the magnitude of the
effect unreliable, but the qualitative shift towards heavier holes
is robust.

Flat bands near the VBM have already been noted by Maeda
et al.” and can also be recognized in other studies of the “Type-
A” and “Type-E” 1: 5: 8 ODCs."** However, no flat bands can be
seen for the 1:3:5 ODC and 1:5: 8 ODC with the space group
C222 reported by Liu et al.>* To investigate the propensity for the
flat band edge character among the ODC polytypes, we
computed (using the PBE+U functional) the band structures of
nine literature 1: 5 : 8 structures listed in Table S1. To facilitate
comparison, the calculations were performed for unit cells with
identical geometries (aside from minor structural relaxations),
allowing the use of a consistent k-path irrespective of formal
symmetry. The results in Fig. S20 and S21 reveal that the valence
band edge dispersion varies substantially among the 1:5:8
polytypes, yet most valence band edge curvatures are smaller
compared with the chalcopyrite reference along the X-I' and/or
Y-I' segments (corresponding to the [110]cy and/or [110]cy axes
in real space). This finding highlights the high sensitivity of the
B-CIGSe electronic properties to cationic arrangements, with
a general tendency toward band flattening. This conclusion is
reinforced by the band structures computed for the slightly less
stable 1:5:8 ODC structure in Fig. S7-S14. Despite only 0.02
and 0.6 meV/atom higher enthalpy than the ground state in the
Cu-In-Se and Cu-Ga-Se systems, respectively (according to the
PBE results),® the difference in band dispersion is apparent.
Hence, further calculations of electronic properties should be
performed on ensembles of low-energy structures to replicate
the partial cationic disorder in real ODC materials.

For the structures in the 0.5 < [Cul/[III] < 1.0 range, where
multiple low-energy structural polytypes can be formed by
varying the separation between the Cu-poor regions,® the
valence band dispersion can be analyzed as a function of the
separation pattern. To probe the dependence, we computed the
band structures for two 4:6: 11 ODC polytypes and performed
band unfolding (using the easyunfold package)®® with the most
stable polytype serving as the primitive cell. The results in
Fig. S22 illustrate that the band flattening effect is enhanced for
the irregular separation between the Cu-poor regions, presum-
ably due to broken symmetry in the perpendicular direction.

This journal is © The Royal Society of Chemistry 2026
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Fig.4 Element-projected band structures of selected structures within the topotactic transformation series computed using the mBJ functional
for the Cu-In-Se system. The band gaps here are adjusted to the scissor-corrected HSEO6-computed values shown in Fig. 2. The flat bands near
the VBM are outlined by the red rectangles. The insets illustrate the Brillouin zones. The color triangle encodes the orbital contributions. The
uncorrected band structures for the entire series in both the Cu-In-Se and Cu-Ga-Se systems computed with the mBJ, PBE, PBE+U, and HSEO6

functionals are presented in Fig. S7-S14.

This result implies that dispersion of the valence band in a-
CIGSe is likely to decrease with cationic disorder, which is ex-
pected to manifest as random separation between the Cu-poor
regions already at room temperature.’

3.4 Fermi surfaces

The curvature of a band E(k) is often described by the effective
1 d’E
W dk®
quantity is characteristic of a specific k-point and does not
account for non-parabolicity or anisotropy of the band over
a large k-space region. This constitutes a problem for the ODCs,
which exhibit very complex dispersions of the uppermost
valence band, with a relatively flat segment near the band edge
(see Fig. 4). As a result, holes in the ODCs must occupy regions
of the band characterized by different effective masses. To avoid

-1
mass along a given k-vector as m* = ( ) . However, this

This journal is © The Royal Society of Chemistry 2026

the undue complexity, we herein discuss the changes in the
carrier masses qualitatively based on the band curvatures and
Fermi surfaces (i.e. constant energy surfaces) plotted for bands
at 26 meV (=1 kpT) below the VBM and 0.13 eV (=5 kzT) above
the CBM. The Fermi surfaces from the mB]J calculations for four
stable structures in the series are given in Fig. 5. The results
computed with the mBJ and PBE+U functionals are shown in
Fig. 523-526.

For all structures in the series, the Fermi surfaces at the CBM
appear as ellipsoidal pockets with low eccentricity (see Fig. 5),
meaning that the electron mass is marginally anisotropic (as
noted computationally for stoichiometric a-CIGSe in ref. 37-39
and confirmed experimentally in ref. 97 and 98). As the shape is
unaffected by the changing [Cu]/[IlI], the electron mass is
roughly constant, in agreement with earlier measurements of
similar electron effective masses in «-CISe and B-CISe.*®
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series are illustrated in Fig. S23-S26.

In contrast, the hole mass increases for Cu-poor CIGSe as the
Fermi surfaces elongate along the k-direction of the flat band
near the VBM. In real space, this situation describes impeded
hole transport across the Cu-poor regions (see Fig. $19), which
is intuitively understood: reduced antibonding lowers the VBM
level near the vacancies, creating local potential barriers for
holes. A similar mechanism is often applied to describe
contributions from Cu-poor grain boundaries,” and it is in line
with the drop in carrier mobility measured for Cu-poor a-CGSe*
and Se-deficient a-CIGSe® absorbers. The predicted transport
anisotropy is especially strong for the 1:3:5 and “less-stable”
1:5:8 ODCs, which exhibit Fermi surfaces of nearly cylindrical
shape, closely resembling those of isotropic 2D materials.'*
Anisotropic Fermi surfaces at the valence band edge are also
observed in most literature 1:5: 8 polytypes (see Fig. S20 and
S21), with the hole mass being the largest along the [110]¢cy and/
or [110]cy directions, in line with the results for the ground-
state and the slightly less stable 1:5:8 structures. Notably,

J. Mater. Chem. A

the Fermi surface shapes vary considerably among the poly-
types, suggesting that hole mobility in B-CIGSe is sensitive to
the cationic arrangement.

4. Discussion

The computed band gap widening with off-stoichiometry across
the topotactic series has several experimental manifestations.
In homogeneous Cu-poor CIGSe powders, variations in the [I]/
[III] ratio have been reported to gradually blueshift the
absorption edge.'” As confirmed here, the band gap widening
originates from reduced Cu 3d/Se 4p antibonding and is thus
likely dominated by a downshift of the valence band edge,
consistent with experimental observations.*** The resulting
band alignment between the distinct CIGSe phases can there-
fore introduce a hole transport barrier. Such a barrier may
enhance photocarrier collection when B-CIGSe occurs as a thin
Cu-deficient layer at the absorber/buffer interface,'*'**"'* but it

This journal is © The Royal Society of Chemistry 2026
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can also block photocurrent when B-CIGSe segregates at the
back contact, as observed in Ag-alloyed CIGSe.'**"* Moreover,
because B-CIGSe exhibits n-type conductivity,>*** a charge-
depletion region can develop at its interface with p-type o-
CIGSe.* On the one hand, this depletion contributes to the
beneficial “buried homojunction” formation,'****” but on the
other hand it may be detrimental if B-CIGSe grains (and hence
local charge depletion) occur sporadically throughout the
absorber. In practice, however, mixed phase morphology is not
always an issue, considering that even a substantial B-CIGSe
presence exerts surprisingly little influence on solar cell
performance,**®™** indicating that the a-CIGSe/B-CIGSe junc-
tion remains insufficiently understood. Furthermore, it has
been demonstrated that f-CIGSe can yield functioning solar
cells with power conversion efficiencies above 14% in the
standard CIGSe solar cell architecture.”* A possible explanation
for the realization of a working device from a stack that should
lack a p—n junction is that certain impurities (e.g. Na and/or Cd)
converted the B-CIGSe film into a p-type semiconductor. It
remains unclear whether such conductivity type inversion is
operative in these systems, but it would help reconcile the
observations from the material- and device-oriented studies.

Interfacial band offsets in CIGSe solar cells have already
been studied computationally,'*'***** but all prior works relied
on unstable 1:5: 8 ODC polytypes. While they did confirm that
a large contribution comes from the VBM downshift, the
quantitative errors of at least 0.1-0.3 eV due to the band gap
underestimation owing to the use of unstable structures cast
doubt on the numerical results. These computational errors,
compounded by the variability of experimental data, underscore
the need for a systematic revision of interfacial band alignment
in two-phase CIGSe absorbers. Such a revision should employ
more representative interface models grounded in the struc-
tural motif of the topotactic series. The prospect of improve-
ment is especially bright for heavily Ag-alloyed CIGSe absorbers,
which, on the one hand, are particularly prone to segregation of
the B-phase,'**'*>'** while on the other hand, have the band
gaps most severely impacted by the instability of literature
structures, as evident from our calculations for the Ag-Ga-Se
system.

The minimal variation in the electron effective mass across
the topotactic series, as inferred from the computed band
structures and Fermi surfaces, is reminiscent of the predictions
put forward in ref. 115. In that work, off-stoichiometry in CIGSe
was hypothesised to be mediated by superclusters formed
through the aggregation of charged point defects. Such super-
clusters were proposed to be overall neutral and dipole-free;
however, the constituent negatively charged vacancies were
suggested to repel free electrons, thereby minimizing electron-
defect interactions. In contrast, within the topotactic
continuum model, the Cu-poor regions that accommodate off-
stoichiometry in a-CIGSe do not arise from defect clustering,?
yet their impact on free electrons is likewise minimal, as evi-
denced by the invariance of the electron effective mass with
respect to the [Cu]/[III] ratio. From this perspective, the top-
otactic continuum may be regarded as a more physically
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grounded analogue of the supercluster model proposed over
a quarter of a century ago.

The predicted increase in hole mass in the Cu-poor struc-
tures must also have practical ramifications. Heavier holes
mean reduced mobility, which translates into a shorter hole
diffusion length and, consequently, an increased photocarrier
recombination rate. This is especially critical for n-type B-CIGSe,
where holes are minority carriers. Since Shockley-Read-Hall
recombination is typically limited by minority carrier diffusion,
the increased hole mass - leading to reduced hole mobility -
may constitute a fundamental obstacle to the application of B-
CIGSe as an absorber in solar cells. In Cu-poor a-CIGSe, where
holes are the majority carriers, reduced mobility may negatively
affect conductivity, increasing series resistance and thereby
lowering the fill factor of solar cells. How strong these adverse
effects are and whether they can be offset by other factors in Cu-
poor a-CIGSe is unclear. However, it is interesting to note that
both the transport and recombination properties of stoichio-
metric o-CIGSe have been reported to exceed those of the Cu-
poor absorber, whereas the latter is superior due to better
interface quality (which reduces interfacial recombination) and
lower doping density (which reduces tunnelling-assisted
recombination).”

From a more fundamental standpoint, the increased and
anisotropic hole mass exemplifies a carryover of structural
anisotropy into the electronic property domain. This phenom-
enon is not uncommon, even in the field of thin-film photo-
voltaics, with two other cases being (i) low carrier masses along
(Sb,Se),, ribbons in Sb,S;'***” and (ii) anisotropic transport in
low-dimensional perovskite-inspired materials.’*®* In this
context, Cu-poor CIGSe stands out only because it exhibits
emergent anisotropy - not strictly dictated by the crystallo-
graphic axes - that can be tuned by the orientation of the
extended defect arrangements.

To our knowledge, off-stoichiometry-induced anisotropy in
CIGSe has not yet been observed experimentally, presumably
because it requires perfectly ordered crystals to manifest at the
macroscale. In a partially disordered material, the effect is
instead expected to reduce the overall carrier mobility for [Cu]/
[III] < 1, as the contributions from different local environments
average out. The isotropic change in mobility with off-
stoichiometry has indeed been observed in epitaxial Cu-Ga-Se
films*® and Se-deficient CIGSe absorbers.® However, the avail-
able evidence is indirect and has alternative interpretations,
such as increased scattering by defects®® or changing the
conductivity type.®*"* The authors call for targeted experimental
verification of the predicted evolution of hole mass in Cu-
deficient CIGSe.

5. Summary

The computed evolution of electronic properties in the pre-
dicted topotactic ODC series for Cu-deficient CIGSe agrees well
with prior experimental observations. The band gap widening
upon Cu depletion seen in our calculations aligns perfectly with
experimental literature values, within an error margin of
+0.1 eV. This result constitutes a huge improvement over earlier
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computational works, especially for the Cu-Ga-Se system, and
highlights the representativeness of the stable ODC structures
analyzed herein. Our analysis confirms that the band gap
change with off-stoichiometry originates from the reduced p-
d antibonding in the valence band. Additionally, we demon-
strate that Cu deficiency diminishes band dispersion at the
valence band edge, impeding hole transport across thin Cu-
poor regions in CIGSe. This change leads to anisotropic trans-
port properties, although they may not manifest at the macro-
scopic scale due to partial cationic disorder. Instead, we
propose that in the typical polycrystalline, partly disordered
absorber films, the transport anisotropy is reflected in a reduc-
tion of the isotropic hole mobility, in agreement with prior
measurements. While the full implications of our computa-
tional results for devices remain to be established, our pre-
sented findings firmly place the ODC continuum model as the
most accurate representation of off-stoichiometry in CIGSe to
date.
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