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We present a comprehensive study of the electronic, magnetic, and optical properties of
CuGa1� x Fex S2 , as a promising candidate for intermediate-band (IB) solar cells. We use hybrid
exchange-correlation functional within the density funct ional theory framework, and show that Fe
doping induces unoccupied states 1.6-1.9 eV above the valence band. The IBs signi�cantly enhance
the optical absorption in lower energy part of the spectrum. We �nd that at moderate n-type co-
doping concentration, the added charge occupies part of the IB in the gap, but large concentrations
lower the energy of the occupied IB toward the valence band. Moreover, we show that Fe impurities
tend to cluster within the compound and they choose antiferr omagnetic ordering. The �ndings can
have a signi�cant e�ect in understanding this material and h elp to synthesize more e�cient IB solar
cells.

I. INTRODUCTION

The production of clean and renewable energy with
moderate costs is one of the biggest aims of modern
technology. Photovoltaic devices hold great promise for
this task, but higher e�ciencys and lower costs are still
needed. Intermediate-band (IB) solar cells1,2 are one
of the most viable candidates among photovoltaic tech-
nologies. In IB materials, additional bands are formed
between the valence and conduction bands. These in-
duced bands act as stepping stones in the absorption
process and help to utilize a wider range of the solar spec-
trum. In the case of a single half-�lled IB the theoretical
e�ciency limit 3 of 47 % clearly exceeds the Shockley-
Queisser limit4 of 31 % for single-gap solar cell under 1
sun illumination.

One of the ways to manufacture IB solar-cell absorbers
is to dope a suitable host semiconductor material with
metal impurities. CuGaS2 is a promising host mate-
rial having a bandgap close to the optimal value for
a single half-�lled IB 3, and several di�erent dopants
have been studied theoretically5{17 . Moreover, at least
four elements have been experimentally shown to induce
IBs7,8,18,19 . Optical properties of CuGa1� x Fex S2 have
been investigated experimentally in both bulk20{23 , and
more recently, in thin-�lm 19 form. Sub-gap absorption
peaks are observed19,23 around 1.2 eV and 1.9 eV. In
the case of an actual photovoltaic device, low Fe con-
centrations (x=0.003) were found to be more e�cient
than the larger ones due to less pronounced non-radiative
recombination19. Unfortunately, in �rst principles mod-
eling one is often restricted to higher concentrations due
to computational limitations with large supercells. In
the present study the concentration is x=0.125. How-
ever, calculations with large doping concentrations are
useful for obtaining more insight on the materials, and
changes that occur via doping.

Fe-doped CuGaS2 has been studied before using
�rst-principles theoretical modeling 6,10,17 . Tablero and
Fuertes Marr�on 10 studied thermal stability, electronic
structure and magnetization of CuGa1� x Fex S2 using lo-
cal density approximation, and report an unoccupied IB.

Furthermore, they suggested that Fe dopants prefer anti-
ferromagnetic ordering when substituted on gallium site.
However, more advanced computational methods going
beyond standard density functional theory with local
density or generalized gradient approximations are de-
sired to reliably model the electronic properties, such as
band gaps and positions of IBs within the band gap. Han
et al.6 studied CuGa1� x Fex S2 using a hybrid exchange-
correlation (XC) functional, and also found an unoccu-
pied IB. They considered a cell with one Fe impurity in
which case a ferromagnetic ordering is enforced.

In this work, we employ a hybrid XC functional to
study the electronic structure of CuGa1� x Fex S2 consid-
ering both ferro- and antiferromagnetic orderings. We
substitute gallium with Fe impurities, and take into ac-
count structures with varying dopant distances. We show
that the antiferromagnetic ordering and short distances
between the dopants are energetically preferred. We �nd
unoccupied IBs between 1.6 and 1.9 eV above the va-
lence band edge. These IBs can be straightforwardly at-
tributed to the higher energy sub-gap peak in optical
absorption experiments. The lower peak around 1.2 eV
observed in experiments is not as easy to explain, and
it may be related to a defect structure not taken into
account in our calculations. Motivated by the ideal half-
�lled picture of the IB solar cell, we also study the ef-
fect of charge addition to obtain �lled bands in the gap.
We observe that at moderate n-doping concentrations
the added electron �lls a state that remains in the gap.
But, increasing the concentration lowers the energy of
this state toward the top of the valence band, which im-
plies possible constrains in obtaining more e�cient IB
solar cells by high concentrations ofn-type co-doping.

II. COMPUTIONAL METHODOLOGY

A. Model structures and geometry optimizations

We have performed most of the calculations in this
work on rectangular 64-atom supercells including 2 Fe
impurities. This allows to study both the e�ect of dif-
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ferent relative distances and magnetization states. We
consider substitutional doping on gallium sites, since Fe
can easily acquire the +3 charge state that also gallium
has. We do not take substitution on Cu sites into ac-
count since Cu has +1 charge state which is not usual for
Fe. We divide all these doped structures into four classes
based on the distance between the dopants where each
class containsf di�erent sructures with same dopant dis-
tance, as in Ref. 5. We denote these classes as S-CGS:Fe,
M-CGS:Fe, L-CGS:Fe, and XL-CGS:Fe, in the order of
increasing interatomic distance between the dopants (3.8,
5.4, 6.5 and 7.6�A, respectively) as they are summarized
in Table I. In L-CGS:Fe class there are structures with
two slightly di�erent distances (6.49 and 6.54 �A) and only
one of these is considered. In other classes the structures
are completely equivalent.

The supercell dimensions (a=10.72 and c=10.54 �A)
were obtained from the lattice parameters of pristine
CuGaS2 calculated in Ref. 5. To check the e�ect of Fe
doping on the cell parameters, we relaxed a 16-atom cell
with one Fe. The change in the cell volume was only
1.04 %, and thus we used the pristine cell parameters for
the larger supercells. However, we relaxed the atomic
positions in all the supercells. In all the geometry opti-
mizations in this work, we used Perdew-Burke-Ernzerhof
(PBE) functional 24, plane-wave cuto� energy of 400 eV,
and 2x2x1, 2x2x2 and 4x4x2 Monkhorst-Packk-point
samplings for the 128-, 64-, and 16-atom cells, respec-
tively. To extend the conclusions from our 64-atom cal-
culations, we performed calculations for two 128-atom
structures: S-CGS:Fe duplicated in z-direction and one
where the four Fe atoms were moved to a con�guration
with smallest possible mean distance between them.

B. Electronic structure and optical calculations

We performed the electronic structure calculations us-
ing the hybrid XC functional according to Heyd, Scuze-
ria, and Ernzerhof (HSE06)25,26 that mixes 25 % of short-
range exact exchange with the exchange of the PBE func-
tional. HSE06 is widely used in modeling electronic prop-
erties of Cu-based chalcopyrite materials and gives a rea-
sonable description of band gap in pristine CuGaS2 (2.18
eV vs. experimental range27{31 of 2.4-2.53 eV). We em-
ployed projector augmented wave (PAW)32 method and
VASP33 simulation package for all the calculations in
this work. For the 64-atom supercell we used 3� 3� 3
�-centered k-point sampling (the 128-atom calculation
was performed with 3� 3� 1). In the construction of the
Fock operator we downsampled thek-grid with a factor
of 3 in each direction. We used 400 eV as the plane-wave
cuto� energy. We performed the calculations as spin de-
pendent and forced the 5� B Fe magnetic moments to
be either in ferromagnetic or antiferromagnetic con�gu-
rations. We also tested the inuence ofk-point grid up
to 7� 7� 7 (with reduction of 7 for exact exchange) on
the density of states, and the IBs were practically unaf-

fected by that, the main e�ect being on the valence and
conduction bands (see supplementary material).

The optical spectra were calculated within the ran-
dom phase approximation (RPA) using the bands from
hybrid-functional calculations. Due to the highly dis-
persed �rst conduction band, the calculations of optical
spectra require densek-point sampling. For 64-atom cells
the sampling was 7� 7� 7 and for 16-atom pristine cell
14� 14� 7, and for the exact exchange it was reduced by
a factor of 7 in each direction. To evaluate the conver-
gence with respect tok-points, the optical spectra using
di�erent k-point samplings in pristine cell is presented
in supplementary material. Local �elds are taken into
account by consideringG-vectors up to 50 eV in the in-
version of the dielectric function. The Lorentzian broad-
ening applied for the optical spectra was 0.1 eV.

III. RESULTS AND DISCUSSION

A. Total energies

To evaluate the probabilities of di�erent structural and
magnetic con�gurations in the thermal equilibrium, we
report the total energies of the four aforementioned struc-
tures in Table I both in ferro- and antiferromagnetic or-
derings. The statistical weights for the con�gurations
in the room temperature are evaluated using the Boltz-
mann distribution, following Ref. 5. The results show
that antiferromagnetic ordering is in overall preferred for
all considered structures. The energetically most pre-
ferred con�guration is the antiferromagnetic S-CGS:Fe,
i.e. the structure with shortest distance between the
dopants. Not surprisingly, the energy di�erence of ferro-
magnetic and antiferromagnetic ordering is largest with
S-CGS:Fe, which means that the magnetic interaction is
largest at smallest distance. However, this energy di�er-
ence does not decrease monotonously with increasing dis-
tance, since the magnetic interaction can be mediated in
a non-trivial fashion as a function of distance. It should
be noted, that the energy di�erences are qualitatively
similar when calculated using the PBE functional24, ex-
cept that the di�erences are signi�cantly larger (for ex-
ample, the di�erence of antiferromagnetically ordered S-
and XL-CGS:Fe is 100 meV with PBE compared to 46
meV with HSE06). The energetic preference for antifer-
romagnetic ordering corroborates a previous study using
local density approximation10. Furthermore, the com-
pound corresponding to extremal Fe doping, CuFeS2, is
known to be antiferromagnetic.

The remaining of this article focuses mostly on the
electronic structure and optical properties of antiferro-
magnetic S-CGS:Fe, since this has the largest statistical
weight in thermal equilibrium.
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TABLE I. Total energy di�erences � E for di�erent classes of
doped structures along with number of structures f in each
class, distanceR between the dopants, and statistical weight
W of the con�guration in thermal equilibrium.

con�guration f R (�A) � E (meV) W

S-CGS:Fe 4 3.81
"" 182 0.0007
"# 0 0.7454
M-CGS:Fe 2 5.36
"" 81 0.0162
"# 77 0.0191
L-CGS:Fe 8 � 6.5
"" 86 0.0535
"# 63 0.1297
XL-CGS:Fe 1 7.58
"" 98 0.0042
"# 46 0.0314

B. Ground-state electronic structure

We present the density of states (DOS) statistically
averaged over all the considered microstructures in Fig.
1 along with the atom-speci�c DOS of antiferromagnetic
S-CGS:Fe. In S-CGS:Fe the unoccupied IBs are formed
between 1.6 and 1.9 eV above the valence band maximum
(VBM). The relative IB positions within the gap are qual-
itatively di�erent when using the PBE functional. Ac-
cording to the PBE, there are two IBs lower in the gap
and the three upper ones are merged with each other and
partially overlap with the conduction band.

The IBs mainly originate from Fe d orbitals, but also
have clearly visible contributions from other atoms show-
ing the e�ect of hybridization. The valence band has
predominantly Cu d and Sp character, while the conduc-
tion band is mainly derived from the Ga s and S s and
p orbitals. Since the real experimentally produced struc-
tures can be a�ected by di�erent conditions and sample
preparations techniques, we report the total DOS for all
the con�gurations in supplementary material. Compared
to antiferromagnetic ordering, the IBs are systematically
spread wider in energy in ferromagnetic con�gurations.

We computed the band structures of S-CGS:Fe and
pristine CuGaS2 and the result is shown in Fig. 2. To
ease the comparison to the Fe-doped structure, the band
structure of pristine CuGaS2 is also given corresponding
to the 64-atom supercell. The IBs are only weakly dis-
persed, as can be expected for localizedd electrons. Ex-
cept for the appearance of IB states, the band structure
in most parts is quite similar in the doped and pristine
cases. Most notably, the dopant seems to have a neg-
ligible e�ect on the band gap of the host material. In
the present study the gap opens by 0.01 eV, while in the
previous hybrid-functional study6 this e�ect was 0.13 eV
when using twice as large dopant concentration than in

our work. Also, the IBs in our work are signi�cantly less
spread in energy than in the previous work6, where the
IBs were located between 1.05 eV and 1.76 eV.

C. Dopant clustering

Above, we found that shorter Fe-Fe distances are en-
ergetically preferred for the antiferromagnetic state. The
same kind of e�ect has previously been found in total
energy calculations of Cr-doped CuGaS214. To further
elaborate this �nding we calculated total energies for two
di�erent 128-atom structures with antiferromagnetic spin
con�guration and the result shows likewise the tendency
of Fe dopants to cluster. The structure with smaller mean
distance between the four dopants has 46 meV lower to-
tal energy than the duplicated S-CGS:Fe. To what ex-
tent clustering actually occurs depends also on the di�u-
sion of dopants, which is beyond the scope of this work.
CuGa1� x Fex S2 thin �lms have been experimentally ob-
served to segregate into Ga and Fe rich phases at temper-
atures above 400� C. This could hint for the preference
for Fe atoms to be close to each other, although the issue
of phase segregation and stability is generally a complex
one.

D. Optical absorption

We calculated the optical absorption spectra of the an-
tiferromagnetic S-CGS:Fe, as well the spectrum of pris-
tine cell for comparison. The spectra of light polarized
along a- and c-directions are presented in Fig. 3. The
anisotropy between these directions is rather small, and
the result for pristine cell is moreover quite similar to the
GW-RPA result of Ref. 34 after a constant shift of the
spectrum. We can see from the spectra that Fe doping
clearly increases the absorption on low photon energies.

The �rst peak in the absorption spectrum of S-CGS:Fe,
that originates from valence-to-IB transitions, is at no-
tably higher energy than the di�erence of VBM and IB.
This is due to the fact that DOS has a peak around 0.5
eV below VBM. This feature is located at a higher en-
ergy than either of the experimentally observed sub-gap
peaks. However, in our RPA absorption calculation exci-
tonic e�ects due to electron-hole attraction are neglected,
and these e�ects have a tendency to transfer spectral
weight to lower energies. Since CuGaS2 is known to have
a bound exciton30,34 , and in our band-structure calcu-
lation the IBs are 1.6-1.9 eV above the VBM, excitonic
e�ects are expected to result in a major shift of the �rst
absorption peak to lower energy. It is thus natural to
ascribe the IBs in our calculations to the 1.9 eV feature
observed in experiments19,23 .

Explaining the experimental 1.2 eV peak is not as
straightforward. In a previous study23 on the optical ab-
sorption, both sub-gap peaks were attributed to states
stemming from 3d orbitals of substitutional Fe. The
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FIG. 1. (a) Total density of states averaged over microstruc tures, and (b) atom-speci�c densities of states of antiferr omagnetic
S-CGS:Fe. All densities of states in this work are convoluted with a Gaussian of 0.05 eV full width at half maximum.
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FIG. 2. Band structures of (a) pristine CuGaS 2 and (b) S-
CuGaS2 :Fe calculated for 64-atom supercells.

1.2 eV peak was assigned to a crystal �eld resonance
state eCF R , while the 1.9 eV peak was attributed to a
dangling-bond hybrid state tDBH

2 . More advanced treat-
ment of many-body correlation e�ects or detailed struc-
ture around substitutional Fe could result in larger split-
ting of Fe 3d-derived levels than in our work, and conse-
quently to 1.2 and 1.9 eV absorption features. Another
possibility, which would �t better with our results, is that
the lower energy peak is due to an additional defect struc-
ture that is not yet included in this study.
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FIG. 3. Optical spectra with the polarization of the light
parallel to the a- (solid line) and c-axis (dashed line).

E. Electron co-doping

Our calculations suggested that the IBs of Fe-doped
CuGaS2 are empty, as also reported in previous theoret-
ical studies6,10 . However, the e�ciency of the solar cell
improves signi�cantly when the IB is partially occupied,
as the transitions from IB to conduction band become
more probable. Therefore, it would be desirable, if we
can somehow partially �ll the IB, for example by n-type
doping. Both n- and p-type doping of CuGaS2 have been
achieved upon incorporation of Zn impurities35, depend-
ing on the sample preparation process.

To simulate the e�ect of n-doping, we calculated the
electronic structure with additional electronic charges
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