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Abstract

To accelerate environmentally friendly thin film photovoltaic (PV) technologies, copper-based
chalcogenides are attractive as absorber materials. Chalcopyrite copper indium gallium selenide
(CIGS ≡ CuIn1–xGaxSe2) is today a commercially important PV material, and it is also in many
aspects a very interesting material from a scientific point of view. Copper zinc tin sulfide se-
lenide (CZTSSe ≡ Cu2ZnSn(S1–xSex)4) is considered as an emerging alternative thin film ab-
sorber material. Ternary Cu2SnS3 (CTS) is a potential absorber material, thus its related alloys
Cu2Sn1–xGexS3 (CTGS) and Cu2Sn1–xSixS3 (CTSS) are attractive due to the tunable band gap
energies. CuSb(Se1–xTex)2 and CuBi(S1–xSex)2 can be potential as ultra-thin (≤ 100 nm) film ab-
sorber materials in the future. In the thesis, analyses of these Cu-based chalcogenides are based
on first-principles calculations performed by means of the projector augmented wave method
and the full-potential linearized augmented plane wave formalisms within the density functional
theory as implemented in the VASP and WIEN2k program packages, respectively.

The electronic and optical properties of CIGS (x = 0, 0.5, and 1) are studied, where the lowest
conduction band (CB) and the three uppermost valence bands (VBs) are parameterized and an-
alyzed in detail. The parameterization demonstrates that the corresponding energy dispersions
of the topmost VBs are strongly anisotropic and non-parabolic even very close to the Γ-point.
Moreover, the density-of-states and constant energy surfaces are calculated utilizing the parame-
terization, and the Fermi energy level and the carrier concentration are modeled for p-type CIGS.
We conclude that the parameterization is more accurate than the commonly used parabolic ap-
proximation. The calculated dielectric function of CuIn0.5Ga0.5Se2 is also compared with mea-
sured dielectric function of CuIn0.7Ga0.3Se2 collaborating with experimentalists. We found that
the overall shapes of the calculated and measured dielectric function spectra are in good agree-
ment. The transitions in the Brillouin zone edge from the topmost and the second topmost VBs
to the lowest CB are responsible for the main absorption peaks. However, also the energetically
lower VBs contribute significantly to the high absorption coefficient.

CTS and its related alloys are explored and investigated. For a perfectly crystalline CTS, reported
experimental double absorption onset in dielectric function is for the first time confirmed by our
calculations. We also found that the band gap energies of CTGS and CTSS vary almost linearly
with composition over the entire range of x. Moreover, those alloys have comparable absorption
coefficients with CZTSSe. Cu2XSnS4 (X = Be, Mg, Ca, Mn, Fe, Ni, and Zn) are also studied, re-
vealing rather similar crystalline, electronic, and optical properties. Despite difficulties to avoid
high concentration of anti-site pairs disordering in all compounds, the concentration is reduced
in Cu2BeSnS4 partly due to larger relaxation effects. CuSb(Se1–xTex)2 and CuBi(S1–xSex)2 are
suggested as alternative ultra-thin film absorber materials. Their maximum efficiencies consid-
ering the Auger effect are ∼25% even when the thicknesses of the materials are between 50 and
300 nm.

Keywords: density functional theory; electronic structure; dielectric function; absorption coef-
ficient; copper-based chalcogenides; ultra-thin film
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Sammanfattning

För att påskynda utvecklingen av miljövänliga solceller inom tunnfilmsteknologin, kopparbaserad
kalkogenider är attraktiva som ljusabsorberande material. Koppar-indium-gallium-selenid (CIGS
≡ CuIn1–xGaxSe2) är idag ett kommersiellt viktigt material, och det är också i många avseen-
den ett mycket intressant material ur en vetenskaplig synpunkt. Koppar-zink-tenn-sulfid-selenid
(CZTSSe ≡ Cu2ZnSn(S1–xSex)4) betraktas som ett framtida alternativ till CIGS. Ternära Cu2SnS3

(CTS) är ett potentiellt utvecklingsbart ljusabsorberande solcellsmaterial, och dess relaterade
legeringar Cu2Sn1–xGexS3 (CTGS) och Cu2Sn1–xSixS3 (CTSS) är också attraktiva på grund av
möjligheterna att optimera bandgapsenergin. Även CuSb(Se1–xTex)2 och CuBi(S1–xSex)2 har
en stor potential i framtiden som ett material för ultratunna (≤ 100 nm) solcellskomponenter.
I denna doktorsavhandlingen analyseras teoretiskt materialegenskaper hos dessa Cu-baserade
kalkogenider med hjälp av förstaprincipsberäkningar inom formalismen för täthetsfunktionalte-
orin, och genom att använda beräkningsprogrampaketen VASP och WIEN2k.

De elektroniska och optiska egenskaperna hos CIGS (x = 0, 0.5 och 1) studeras, och det lägsta
ledningsbandet, och de tre översta valensbanden är parametriserade och analyserade i detailj.
Parametriseringen visar att energidispersioner för valensbanden är starkt anisotropa och icke-
paraboliska även i närheten av Γ-punkten. Tillståndstätheten och konstanta energiytor beräk-
nas från parameteriseringen, och Fermi energin samt laddningsbärarkoncentrationen modelleras
för p-typ CIGS. Vi drar slutsatsen att parametriseringen är mer exakt än den vanligt utnyttjade
paraboliska approximationen. Den beräknade dielektriska funktionen för CuIn0.5Ga0.5Se2 jäm-
förs också med uppmätt dielektriska funktion för CuIn0.7Ga0.3Se2 i ett samarbete med experi-
mentella forskare. Vi finner att den övergripande formen på den beräknade och uppmätta dielek-
triska funktionerna är i god överensstämmelse. Det är huvudsakligen övergångar i Brillouin-
zonkanten från det översta och det näst översta valensbandet till det lägsta ledningsbandet gener-
erar absorptionstoppar. Emellertid bidrar även de lägre valensbanden väsentligt till den höga
absorptionskoefficienten.

CTS och dess relaterade legeringar utforskas och analyseras. För en perfekt kristallin CTS,
den rapporterade experimentella dubbla absorptionskanten i dielektriska funktionen bekräftas
för första gången teoretiskt av våra beräkningar. Vi finner också att bandgapenergierna i CTGS
och CTSS varierar nästan linjärt med legeringssammansättning. Dessa legeringar har dessutom
jämförbara absorptionskoefficienter med CZTSSe. Cu2XSnS4 (X = Be, Mg, Ca, Mn, Fe, Ni
och Zn) analyseras, och dessa material uppvisar likartade kristallina, elektroniska och optiska
egenskaper. Trots att det är svårt att undvika höga koncentrationer av parvisa punktdefekter i
Cu2XSnS4 så är koncentrationen mycket mindre i Cu2BeSnS4, delvis på grund av större relax-
ationseffekter. CuSb(Se1–xTex)2 och CuBi(S1–xSex)2 föreslås som alternativa ljusabsorberande
material för ultratunna solceller. Även när man tar hänsyn till Auger-effekten är deras maximala
effektiviteter ∼25% även för filmtjocklekar mellan 50 och 300 nm.

Nyckelord: täthetsfunktionalteorin; elektronstruktur; dielektrisk funktion; absorptionskoeffi-
cient; kopparbaserade kalkogenider; ultratunna filmer
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Abbreviations

AM air mass coefficient which represents a direct
optical path length through the Earth’s atmosphere

AM0 air mass at a solar zenith angle of 0 degrees
AM1.5 air mass at a solar zenith angle of 48.19 degrees
BOA Born-Oppenheimer approximation
BZ Brillouin zone
CB conduction band
CBM conduction band minimum
CIGS CuIn1–xGaxSe2

CIS CuInSe2

CGS CuGaSe2

CTGS Cu2Sn1–xGexS3

CTS Cu2SnS3

CTSS Cu2Sn1–xSixS3

CZTS Cu2ZnSnS4

CZTSe Cu2ZnSnSe4

CZTSSe Cu2ZnSn(S1–xSex)4

DFT density functional theory
DOS density-of-states
EHPs electron-hole pairs
FP-LAPW full-potential linearized augmented plane wave
GGA generalized gradient approximation
HF Hartree-Fock
HSE06 Heyd-Scuseria-Ernzerhof exchange-correlation functional with standard values
IBZ irreducible Brillouin zone
KS Kohn-Sham
LDA local density approximation
PAW projector augmented wave
PBE a simplified GGA
PES potential energy surface
PV photovoltaic
SCR space charge region (depletion region)
SQ Shockley-Queisser
SRH Shockley–Read–Hall
VB valence band
VBM valence band maximum
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Symbols

En,F Fermi level of the n-type material
Ep,F Fermi level of the p-type material
E∗n,F quasi-Fermi level of the n-type material
E∗p,F quasi-Fermi level of the p-type material
V0 contact potential
µ chemical potential
Voc open-circuit voltage
Isc short-circuit current
Vmp voltage which yields the maximum power
Imp current which yields the maximum power
Pmax maximum power generated by a solar cell
Pout output power generated by a solar cell
Pin incident photon power
Eg band gap energy
δA–B bond length between element A and element B
e elementary charge
m0 electron rest mass
h Planck’s constant
~ reduced Planck’s constant
c speed of light
k wave number
k wave vector
ω angular frequency
ε(ω) complex dielectric function: ε1(ω) + iε2(ω)
ε∞ high-frequency dielectric constant
ε0 static dielectric constant
N (ω) complex refractive index: n(ω) + ik(ω)
α(ω) absorption coefficient
H Hamiltonian
Ψ many-body wavefunction
ψ single-electron wavefunction
φ basis function of single-electron wavefunction
ρ electron density
E[ρ] total energy as a functional of the electron density
λ wavelength
kB Boltzmann constant
Tc temperature of solar cell under operation
d j thickness of the j:th layer
r j−1, j reflection coefficient of the j:th interface
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t j−1, j transmission coefficient of the j:th interface
R reflected photon flux
T transmitted photon flux
A total absorption
I intensity of the incident light
Ud Coulomb interaction on d state
Y`m spherical harmonics
u` radial function
j` Bessel function
A(E) absorptivity
fam solar spectrum AM1.5
η conversion efficiency
ηmodel 1

max ultimate efficiency
ηmodel 2

max SQ limit
ηmodel 3

max extended SQ limit
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Chapter 1 Physics of solar cells and absorber ma-
terials

1.1 Solar energy

With increasing energy consumption, more and more energy or power is needed. According
to the BP statistical review of world energy 2016 [1] (see Fig. 1.1), the required energy is
mainly satisfied by fossil fuels (mainly coal, petroleum, and natural gas), with a market share of
∼85%. The total energy consumption in 2015 was ∼13000 million tonnes oil equivalent, which is
equivalent to ∼15 terawatts (TW) [2]. Normally, one light bulb at our homes consumes between
50 and 100 W, and 1 TW implies 10 billion of 100 W light bulbs are lighted at the same time.
Unfortunately, fossil fuels are a very limited source of energy and non-renewable resources. One
day, they will be dissipated due to the energy consumption growth.

Primary energy world consumption 
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Figure 1.1. BP statistical review of world energy 2016. The chart is from BP [1].

By the year of 2050, the total world energy consumption is estimated to be ∼27 TW [3]. There-
fore, it is urgent to explore more sustainable and environmentally friendly energy resources. In
Fig. 1.1, renewable energy (mainly solar energy, wind power, and geothermal energy) accounts
for ∼2.8% of the energy consumption in 2015 globally. In addition, hydropower is also regarded
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as a renewable resource and accounts for ∼7.7%. It is important to focus on renewable energy
research from a long term point of view. Solar energy technologies are one of the hot topics
among renewable energy research considering the point of CO2 free, reliable energy supply, and
silent operation.

Solar energy technologies are a way to generate energy from sunlight. Sunlight is a portion of
radiation by the Sun, such as infrared, visible, and ultraviolet light. The spectrum of the sunlight
is given in Fig. 1.2. The solar spectrum is established by air mass (AM), which defines a direct
optical path length through the Earth’s atmosphere [4]. AM1.5 and AM0 are two important
references of spectra: AM1.5 is the air mass at a solar zenith angle of 48.19 degrees, and AM0 is
the solar spectrum outside of the atmosphere at a solar zenith angle of 0 degrees. Absorption in
the atmosphere by gases, dust, and aerosols is quite strong, and light is scattered by air molecules
[5] as well (see Fig. 1.2).
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Figure 1.2. Spectral irradiance AM1.5 and AM0. The source of data is from the National
Renewable Energy Laboratory, Golden, Colorado [6].

There are mainly three types of solar energy technologies [7, 8]. The first one is solar thermal
technologies, which utilize the radiation from the Sun to harvest solar energy and generate either
thermal energy or electrical energy, such as, heating water and producing steam to generate
electricity by steam engines. The second one is solar chemical technologies, which exploit solar
energy by absorbing sunlight in a chemical reaction, such as hydrogen production. However, the
conversion efficiency of the technologies is quite low so far. The last one is photovoltaic (PV)
cells (solar cells), which are a way to utilize solar panels to convert sunlight into electricity. The
conversion efficiency of solar cells is higher than that of solar chemical technologies. However,
all the three solar energy technologies are environmentally friendly and all types are needed for
the future of our society.
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1.2 Solar cells

Conversion efficiencies in different types of solar cells are improved continuously year by year
[9]. There are primarily five families of semiconductors: multijunction cells, single-junction gal-
lium arsenide (GaAs) cells, crystalline silicon (c-Si) cells, thin film technologies, and new emerg-
ing technologies (see Fig. 1.3). The efficiency of multijunction cells is typically ∼40% (46.0%
for the highest [10]); the efficiency of single-junction gallium arsenide cells is ∼27%−29% in
laboratory (29.3% for the highest [9]); the efficiency of c-Si cells is ∼25%−30% (27.6% for the
highest [11]); the conversion efficiency for thin film technologies is ∼20%−25% (23.3% for the
highest [12]); the efficiency for new emerging technologies is ∼5%−15% (the highest efficiency
of perovskite rapidly becomes 22.1% [13], but it has a poor stability). These solar cell effi-
ciency records are from December 2016. With the constantly improved efficiencies, solar cells
are already today a very important way to produce renewable energy and expected to grow in the
future.

Multijunction cells are the cells which contain several p-n junctions (or subcells), and each p-
n junction has a unique band gap absorber material. Thus, the different p-n junctions absorb
different parts (wavelengths) of sunlight spectrum. In this configuration, the conversion effi-
ciency is higher than that of a single p-n junction, for example, the record efficiency is 46.0%
by Soitec and CEA-Leti in France together with the Fraunhofer Institute for Solar Energy Sys-
tems in Germany [10] using a four-junction cell with concentrator. However, the complexity
in growth and manufacturing cost are increased. Single-junction GaAs without concentrator
has a record efficiency 28.8% by Alta Devices [13], and the record efficiency using concen-
trator is 29.3% [9] by LG Electronics. Solar cells based on c-Si are the most widely utilized
(∼90%) in the PV industries so far. There are mainly two types of c-Si in solar cells: monocrys-
talline silicon and multicrystalline silicon. Solar cells based on c-Si have high efficiency, for
example, the record efficiency is 27.6% with concentrator by Amonix [11] and 26.6% without
concentrator by Kaneka [14]. However, Si has an indirect gap and a low absorption coeffi-
cient. Hence, the typical thickness of Si solar cell is between 100 and 500 µm. Thin film solar
cells, which have the thickness of ∼1–2 µm, are the cells which are made by depositing one or
several thin layers. This allows cells to be rather thin, which will result in less weight, cost,
and flexible devices. Within the thin film technologies, the record efficiency of thin film so-
lar cells is lower than that of c-Si today, which is 23.3% using copper indium gallium selenide
(CIGS ≡ CuIn1–xGaxSe2) with concentrator by National Renewable Energy Laboratory (NREL)
in Golden, Colorado [12] and 22.6% without concentrator by the Centre for Solar Energy and
Hydrogen Research Baden-Württemberg (ZSW) [15]. The emerging PV represents novel mate-
rials and/or new technology concepts which can be utilized to create electricity from sunlight and
potentially can be less expensive and/or higher efficiency, such as copper zinc tin sulfide selenide
(CZTSSe ≡ Cu2ZnSn(S1–xSex)4), perovskite cells, quantum dot cells, dye-sensitized cells and so
on. The record efficiency of CZTSSe cells already reached 12.6% in IBM [16]. CZTSSe does
not contain any toxic element (though Se can be toxic in large amounts). The record efficiency
of perovskite cells is 22.1% in Korea Research Institute of Chemical Technology (KRICT) [13].
Perovskite cells emerged into the world of solar cells only since 2009 [17–19], and the con-
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version efficiency is improved remarkably within 7 years from 3.8% to 22.1%. In the case of
emerging solar cells, dye-sensitized cells, organic cells, and quantum dot cells have the record
efficiencies of 11.9% [20], 11.5% [21], and 11.3% [22], respectively. Thus, development of ex-
isting technologies and even search for new concepts are still going on for all the five families
today.

1.3 Single p-n junction

The p-n junction, which occurs in the interface between an n-type semiconductor and a p-type
semiconductor, is a fundamental building block of inorganic solar cells. If the two semiconduc-
tors are same host materials, the p-n junction is called homojunction. Otherwise, the junction is
called heterojunction. Both homojunction and heterojunction are in principle very similar. To
simplify, only homojunction will be described in this section. More detailed information about
this topic can be found in for instance Refs. [23–25].

We start from the spatially separated n- and p-type materials at room temperature (assume that all
donor (acceptor) atoms are positively (negatively) ionized at room temperature). In Fig. 1.4 (a),
the separated n- and p-type materials are shown. Free electrons, which are negatively charged,
move freely inside the n-type material, and the positively charged immobile donor ions are in
fixed positions. Similarly, a p-type material has free positively charged holes moving freely in
the material, and the negatively charged immobile acceptor ions are in fixed positions. However,
both the n- and p-type materials are still neutral. The corresponding Fermi levels are shown in
the Fig. 1.4 (b). The Fermi level (En,F) is close to the conduction band minimum (CBM) for
the n-type material due to the free negatively charged electrons. Conversely, the Fermi level of
the p-type material (Ep,F) is close to the valence band maximum (VBM) due to the many free
positively charged holes.

Negatively charged electrons 

Positively charged immobile ions 

n−type 

Positively charged holes 

Negatively charged immobile ions 

p−type 

n−type p−type 

CBM 

VBM 

CBM 

VBM 

Energy 

CBM: Conduction band minimum 

VBM: Valence band maximum 

T = Room temperature 

 

 

(a) (b) 

Figure 1.4. (a) Doped (n-type and p-type) materials in dark at room temperature. (b) En-
ergy band diagram of n- and p-type materials in dark at room temperature. Here
it is assumed that all the donor (acceptor) atoms are positively (negatively) ion-
ized at room temperature.
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Now, when the n-type and p-type materials are joined together, the free electrons (holes) in the n-
type (p-type) material will diffuse into the other side due to the lower concentrations of electrons
(holes) in the p-type (n-type) material as well as due to the difference between the Fermi levels
(see Fig. 1.4 and Fig. 1.5). This will result in the diffusion current, and the direction is from the
p-type side to the n-type side across the junction (conventional current). In a region, which is
near the interface between the n- and p-type materials, electrons and holes are diffused away and
the immobile ionized donor and acceptor ions create a built-in electric field which points from
the n-type material to the p-type material. The built-in electric field forces the electrons (holes)
back into the n-type (p-type) material. This causes the drift of carriers in the opposite direction,
and drift current is generated by this. However, the direction of the drift current is opposite to
that of the diffusion current. At a certain point, the whole material reaches a stable equilibrium
due to the achieved balance between diffusion and drift. The formation of the built-in electric
field is essential for solar cells, even though there is no net current in the junction so far. The
region which forms the built-in electric field is also called space charge region (SCR) or depletion
region. The different Fermi levels for the n-type and p-type materials become equal at the stable
equilibrium. Therefore, the band edges bend over across the p-n junction and create a potential
barrier near the junction from n-type to p-type for electrons (see Fig. 1.5 (b)). There is then a
contact potential V0 in the junction, which blocks further diffusion in dark conditions.

n−type p−type

CBM 

SCR 

eV0 

VBM 

diffuse 

diffuse 

drift 

Energy + - 
drift 

T = Room temperature 

 

n−type p−type 

E 

SCR 

diffuse 

diffuse 

drift 

drift 

(a) (b) 
Diffusion current 

Drift current 

diffuse diffuse 

Figure 1.5. (a): The p-n homojunction in dark at room temperature. (b): Energy band dia-
gram of the p-n homojunction at the equilibrium in dark at room temperature,
where e is elementary charge.

Before exploring the p-n junction cell under illumination, forward bias and reverse bias need to
be introduced. Forward bias is the case when the positive (negative) voltage is connected to the
p-type (n-type) material (see Fig. 1.6 (a)). Reverse bias refers to the opposite case (see Fig. 1.6
(b)). For the case of forward bias, the direction of the built-in electric field in the junction is
opposite to that of the applied electric field. The magnitude of resultant field then is decreased
in comparison with the previous built-in electric field, which makes the depletion region thinner.
Thus, the electrons in n-type and holes in p-type are easier to diffuse across the depletion region.
In the case of reverse bias, the depletion region increases and the charge carriers are removed.
However, the drift current is less affected for either of the forward or the reverse bias.
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n−type p−type 

E 

diffuse 

diffuse 

drift 

drift 

− + 

SCR n−type p−type 

E 

SCR 

diffuse 

diffuse 

drift 

drift 

− + 

(a) (b) 
Drift current 

Diffusion current 

Drift current 

Diffusion current 

diffuse diffuse diffuse diffuse 

Figure 1.6. (a) The p-n homojunction in forward bias. (b) The p-n homojunction in reverse
bias.

Now, the circuit of p-n junction with a certain resistance under illumination is discussed in Fig.
1.7. Electron-hole pairs (EHPs) are generated inside the semiconductors under illumination, and
depth profile of EHPs depends on the wavelength of illumination and the absorptivity of the ma-
terial. The light generated current is generated by the EHPs. Obviously, there are three different
types of regions in the junction where EHPs can be generated: the n-type region, the SCR, and
the p-type region. In either n- or p-type region (especially, far away from the SCR), the oc-
currence of recombination of the electron–hole pairs depends on the diffusion length. However,
almost all the EHPs in the SCR are separated due to the electric field.

Under illumination, the stabilized Fermi level at the equilibrium is now described as so called
quasi-Fermi energies E∗p,F and E∗n,F (see Fig. 1.7 (b)). The chemical potential (µ) is created, which
is the elementary charge (e) times the voltage (V) across the junction. On the other hand, there is a
voltage, which has the opposite direction of the built-in electric field, across the load. The contact
potential is decreased to V0 − V due to the forward bias. Thereby, majority carriers (electrons
in n-type material or holes in p-type) can easy to diffuse across the SCR to the other side of the
junction and become minority carriers in the corresponding region, which will reduce the drift
current. Thus, the advantageous voltage over the junction goes together with disadvantageously
reduced total current.

Lastly, open-circuit voltage and short-circuit current are introduced. If the load resistance ap-
proaches infinity (see Fig. 1.7), a voltage on the junction is induced by the excess electrons
(holes) in n-type (p-type). The junction is forward biased. At a certain point, the net current
will become zero due to the balance between the forward bias current and light generated cur-
rent. The voltage is called open-circuit voltage (Voc) when this happens, which is the maximum
voltage across the junction. On the other hand, if the load resistance approaches to zero, the
current in the circuit is called short-circuit current (Isc), which is the maximum current across the
junction.
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n−type p−type 
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EF 
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e(V0−V)

VBM 

diffuse 

diffuse 
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Generation 
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Energy + − 

Sunlight 
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Diffusion current 

Light generated current 

diffuse 

diffuse 

Figure 1.7. (a) The p-n homojunction under illumination with a load and operation at room
temperature. (b) Energy band diagram of the device in (a).

The current-voltage characteristic (i.e., the I-V curve) is defined in Fig. 1.8 with some important
parameters for a solar cell. Vmp and Imp are the optimal voltage and current, respectively, which
yield the maximum power: Pmax = Vmp × Imp. That is marked by dashed lines in Fig. 1.8, and the
area of the rectangle is the power Pmax. In general, Pout is the output power: Pout = V × I.

Voltage V 

C
u

rr
e

n
t 

I 

Isc 

Voc 

Imp 

Vmp 

Maximum power point (Vmp, Imp) 

Pmax 
= Vmp 

× Imp 

Figure 1.8. Current-voltage characteristic of a solar cell under illumination.

Performance of a solar cell is often represented by the fill factor (FF) and the power conversion
efficiency (η)

FF =
Pout

Voc × Isc
=

V × I
Voc × Isc

(1.1)

η =
Pout

Pin
=

FF × Voc × Isc

Pin
. (1.2)
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Here, Pin is the incident photon power, which is constant and ∼1000 W/m−2 under AM1.5. The
conversion efficiency of a solar cell is proportional to the FF, Voc, and Isc. There are several
aspects affecting the conversion efficiency. FF = 1 is an ideal case (corresponding to have both
maximum current Isc and maximum voltage Voc), but it is always less than 1 in reality. The Voc

is directly proportional to the band gap of a material, and the Isc is proportional to the number of
absorbed photons. When the band gap is decreased, more solar spectrum can be absorbed and
then the current increases. However, the Voc is reduced in this case. Again the maximum power
of the device is a balance between current and voltage. Moreover, smaller gap implies also that
the excess of photons is lost due to thermalization in solar cells. When band gap is increased, on
the other hand, there is more transparency loss from photons with energies lower than the band
gap (see Fig. 1.2).

1.4 Absorber materials for solar cells

In 1839, the French physicist Becquerel [26] revealed the photovoltaic effect for the first time
using platinum in an electrochemical cell. Fritts built the first solid state PV cell using the semi-
conductor selenium in 1883 [27, 28]. It was not until 1941 that the first silicon-based solar cell
was demonstrated [29, 30]. The most important material for solar cells is the absorber material.
Today, there are many different types of absorbers. The reason why the best material has not
been found yet is that device based on the material is expected to be not only highly efficient but
also environmentally friendly and of low cost. It requires not only that the growth, manufactur-
ing process, and recycling cost of the solar device shall be cheaper, but also that the device shall
have a longer operating lifetime. Moreover, the raw materials shall be abundant and non-toxic. In
this section, six main absorber materials are discussed: crystalline silicon (c-Si), amorphous sili-
con (a-Si), cadmium telluride (CdTe), gallium arsenide (GaAs), copper indium gallium selenide
(CIGS), and copper zinc tin sulfide selenide (CZTSSe).

Potential absorber materials need to fulfill some properties, such as a large absorption coeffi-
cient, band gap energy between 0.7 and 2.0 eV, crystalline stability even under illumination, not
containing devastating native impurities, and many other aspects. Under these conditions, many
materials still can be found. However, other properties also need to be considered as mentioned
before. Thereby, only some of them are suitable to be utilized in practice.

Forming different traditional semiconductors with tetragonal structure can be made through
cation mutation. In Fig. 1.9 (a), group number IV element Si (level 0) is with 4+ or 4− ionic
charge as a sole atom. 8 Si atoms have 32 valence electrons. If 4 of 8 Si (each with 4 valence
electrons) are substituted with 4 Cd (each with 2 valence electrons) and remaining 4 Si atoms
are substituted with 4 Te (each with 6 valence electrons), resulting in CdTe (×4) with also 32
electrons (level 1). GaAs (×4) can be derived in a similar way. Te in CdTe can be replaced by
S or Se (i.e., Cd(S/Se)) since Te and S or Se are isovalent elements. Further, if 2 of 4 Cd atoms
in Cd(S/Se) (×4) are substituted with 2 Cu (each with 1 valence electron) and remaining 2 Cd
are substituted with 2 In or Ga (each with 3 valence electrons), then Cu(In/Ga)(S/Se)2 (×2) is
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IV8 

III4 V4 II4 VI4 

I2 III2 VI4 

I2 
II1 IV1 VI4 

Si (x8) 

GaAs (x4) CdTe (x4) 

Cu(In/Ga)(S/Se)2 (x2) 

Cu2ZnSn(S/Se)4 (x1) 
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3+ 3− 2+ 2− 

1+ 3+ 2− 

2− 1+ 4+ 2+ 
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Figure 1.9. (a) Tree of main absorber materials, the Roman numerals mean group numbers
in the chemical element periodic table. The subscript and superscript show
the number of elements and ionic charge, respectively. (b) Tetrahedral bond
geometry. Each anion atom bonds with four cations, and Lewis’ octet rule with
eight electrons is satisfied.

formed also with 32 electrons (level 2). Lastly, if 1 of 2 In or Ga in Cu(In/Ga)(S/Se)2 (×2) is
substituted with Zn (each with 2 electrons) and another In/Ga is substituted with Sn (each with
4 valence electrons), then Cu2ZnSn(S/Se)4 is formed also with 32 electrons (level 3). Absorber
materials are derived from considering a series of cation mutations, total number of valence elec-
trons is the same and it keeps the charge neutral in the compounds. This method was suggested
by Goodman and Pamplin [31, 32]. What makes Cu-based chalcogenides special is that energet-
ically high-lying Cu-d states hybridize with anion-p states forming additional antibonding p-d
states at the top of the VBs.

1.4.1 Crystalline silicon

Solar cells based on c-Si dominate the solar power world today, which account for ∼90% of the
total PV market [33]. The record efficiency of c-Si cells is today 27.6% and the average efficiency
is over 15% for commercial wafer-based silicon modules. Two main forms of c-Si are used in
this type of solar cells, namely, monocrystalline Si and polycrystalline Si. The success of c-Si is
due to a number of reasons. For example, over 90% in the crust of Earth is composed of silicate
minerals, which yields huge available quantities of c-Si. Moreover, it is proven that solar cells
based on c-Si have an excellent stability under outdoor conditions, and the devices conversion
efficiencies are sufficiently high. However, c-Si has some drawbacks. It has an indirect band
gap (∼1.2 eV, while ∼3.4 eV for the direct gap), and has a lower optical absorption coefficient.
Thickness of silicon film in solar cells is therefore typically between 100 and 500 µm. As a
consequence, c-Si has to be high quality and defect free in order to avoid losing carriers before
collection. Last but not least, purification of high quality c-Si from silicate minerals is expensive,
which limits the cost reduction of wafer-based Si technology.
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However, c-Si based solar cells technologies are still leading the market of solar cells, and re-
searchers are trying to lower the cost in the whole production line.

1.4.2 Thin film materials

Thin film solar cells are solar cells fabricated by thin layers, with thickness of a few micrometers,
on a substrate. The cost of this type of solar cells can be potentially reduced since fewer materials
are needed to fabricate the solar cells. The development of thin film solar cells started in the
1970s. Currently, the record efficiency of thin film solar cells is 28.8% based on GaAs [34].
There are mainly five different absorber materials utilized in thin film solar cell technologies:
a-Si, CdTe, GaAs, CIGS, and CZTSSe.

The first thin film solar cell reaching the large-scale production was based on hydrogenated a-
Si (a-Si:H) [35–37]. This material has a direct gap (1.7−1.8 eV) in contrast to c-Si which has
an indirect gap. Moreover, it has a higher absorption coefficient than that of c-Si. The record
efficiency is 13.6% for a triple junction thin film silicon solar cell in the laboratory [38], but
the actual conversion efficiency for commercial single-junction solar cell is between 4% and
8% [39]. The main disadvantage of a-Si:H solar cells is degradation under sunlight. This limits
the development of a-Si:H thin film solar cells. Solar cells based on a-Si:H are suitable for the
applications where low cost is required over high efficiency.

Solar cell based on CdTe was first reported in the 1960s [40]. However, it was not developed
rapidly until in the early 1990s. CdTe has a number of advantages as an absorber material. The
band gap energy is ∼1.45 eV, and the optimum band gap energy for a single-junction solar cells
is expected to be ∼1.1−1.3 eV. Absorber materials with such gap energy have record efficiency of
∼30% as determined by the theoretical calculations from Shockley-Queisser (SQ) limit, proposed
by Shockley and Queisser in 1961 [41] and modified by Henry in 1980 [42]. CdTe has a high
absorption coefficient, and the sunlight with larger energy than its gap is almost fully absorbed
using only ∼2 µm thickness [43]. Moreover, the record efficiency is as high as 22.1% [44], and
the conversion efficiency of commercial modules already reached 17% [45]. The manufacturing
process is rather easy to control, which results in the lower cost of manufacture [46]. However,
two important questions that need to be considered before large-scale CdTe manufacture: the
toxicity of cadmium and the availability of tellurium.

GaAs has a direct band gap energy ∼1.5 eV [47,48]. Some electronic properties of GaAs are su-
perior to Si, such as higher electron mobility and absorbing sunlight more efficiently due to direct
band gap. Therefore, one of the applications of GaAs is solar cell. GaAs has been extensively
studied since the 1950s, and the first effective GaAs solar cell was established in 1970 [49, 50].
However, the price of solar cells based on GaAs is higher than the price of solar cells based on
c-Si. Much focus today is to reduce the manufacturing costs. Today, the record efficiency for
single-junction solar cells based on GaAs is 28.8% without concentrator [34]. Due to the high
efficiency but high manufacture cost, GaAs is utilized primarily in the space application. The
conversion efficiency of 46.0%, for four-junction GaInP/GaAs/GaInAsP/GaInAs concentrator
solar cells, was achieved in 2014 [10]. However, the toxicity of arsenic shall be considered as
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the main disadvantage of this type of solar cells.

CIGS is a direct band gap semiconductor with large optical absorption coefficient. It is already
a commercialized solar cell thin film absorber material today. It is always utilized in a hetero-
junction structure, mainly it is with an n-type ZnO window layer and a thin n-type CdS buffer
layer ∼50 nm [51, 52]. The 23.3% CIGS world record conversion efficiency was achieved with
lab cell in NREL [12]. The important aspect is that CIGS can be easily alloyed by the ratio of
[Ga]/([Ga]+[In]), and the band gap energy can be tuned along with that. The band gap energy is
between 1.0 and 1.7 eV for the alloy [53–57]. CIGS does not contain any toxic element (though
Se can be toxic in large amounts), however, In is expensive and risk for supply shortage.

CZTSSe is a direct band gap semiconductor, and it is developed as an In-free alternative to CIGS.
The band gap energy can be tuned from ∼1.5 eV to ∼1.0 eV by alloying S with Se. CZTSSe
has many similarities with CIGS, such as high optical absorption coefficient, tunable band gap,
and possible similar device structure. Moreover, the highest conversion efficiency 12.6% was
achieved in IBM [16]. CZTSSe does not contain any toxic element as CIGS (though Se can be
toxic in large amounts). However, the record efficiency is much lower than that of CIGS solar
cell today.

CIGS and CZTSSe are two examples of copper-based chalcogenides, which is the topic of this
thesis. Therefore, CIGS, CZTSSe and related emerging materials are presented in detail in the
next chapter.



Chapter 2 Copper-based chalcogenides for thin film
solar cells

CIGS, CZTSSe, and other potential copper-based chalcogenide absorber materials (see Table
2.1) are discussed in this chapter. All of them have high absorption coefficients and by alloying
the gap energies can be tailored to be suitable for PV applications.

Abbreviation Description
CIS CuInSe2

CGS CuGaSe2

CIGS CuIn1–xGaxSe2

CZTS Cu2ZnSnS4

CZTSe Cu2ZnSnSe4

CZTSSe Cu2ZnSn(S1–xSex)4

Cu2ZnSn(S/Se)4 CZTS and CZTSe
CTGS Cu2Sn1–xGexS3

CTSS Cu2Sn1–xSixS3

Cu(Sb/Bi)(S/Se)2 CuSbS2, CuSbSe2, CuBiS2, and CuBiSe2

Table 2.1. Abbreviation of main copper-based absorber materials, where the alloy compo-
sition x can vary from 0 to 1.

CIS was first synthesized by Hahn in 1953 [58]. It was first exploited as an absorber material in
a single crystal solar cell in 1974, and the conversion efficiency was ∼5% [59]. The first thin film
solar cell based on p−CIS and n−CdS heterojunction was invented by Kazmerski [60] in 1976.
During the 1980s, Boeing Corporation did fundamental research on the solar cells utilizing thin
film polycrystalline CIGS. To date (January 2017), the highest conversion efficiency in laboratory
is 23.3% [12]. CuIn0.7Ga0.3Se2 is already a well-developed compound in commercialized solar
cells.

The possibility to form quaternary-like Cu2ZnSn(S/Se)4-type compounds with similar bonds as
CdTe and CIGS was discussed by Goodman [31] and later by Pamplin [32] over a half century
ago. Ito and Nakazawa showed the photovoltaic effect of it in 1988 [61], and the theoretical
studies on Cu2ZnSn(S/Se)4 began in 2005 when Raulot et al. [62] explored alternative solar cell
absorbers with Cu-(S/Se) bonds in order to substitute the scarce and expensive In in CIGS. The

15
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discussion of Cu2ZnSn(S/Se)4 in this chapter partially comes from our book chapter [63]; not
presented as paper in this thesis.

CTGS and CTSS have direct band gap energies. The absorption coefficients are similar to those
of CIGS and CZTSSe. All the elements in the compounds are abundant, relatively inexpensive,
and relatively non-toxic. The efficiencies of the best solar cells based on CTGS are between
∼4% and ∼6% [64–66]. To our knowledge, PV cells based on CTSS (x > 0) materials are not
fabricated. The current efficiencies are rather low compared with those of CIGS and CZTSSe.
Therefore, more experimental and theoretical studies are expected.

Cu(Sb/Bi)(S/Se)2 have larger absorption coefficients than those of CIGS and CZTSSe in a broad
range of energy. It can be explained by multi-valley band structure with flat energy dispersions,
mainly due to the localized character of the Sb/Bi p-like conduction band states. From our cal-
culations, indirect band gap energies in the range of 1.0–1.6 eV are found for Cu(Sb/Bi)(S/Se)2.
However, since the lowest CB is very flat, the difference between direct and indirect band gap
energies is only 0.2–0.3 eV.

2.1 Copper indium gallium selenide

2.1.1 Crystal structure

Crystal structure of chalcopyrite CuIn1–xGaxSe2 (CIGS) can be derived from zinc blende crystal
structure of zinc selenide (ZnSe); see Fig. 2.1 (CuAu-like phase is not discussed in this thesis).
That is, half Zn atoms are replaced by Cu and remaining are substituted with In or Ga. It requires
to double the unit cell of ZnSe in the z-direction. In ZnSe, the lattice parameter c′ equals a′, but
the lattice parameter c for CIGS is not exactly 2a normally, because bond strengths and lengths
of Cu-Se and In-Se or Ga-Se are different [67].

The space group of CIS or CGS is D12
2d (I42d; space group no. 122). The conventional unit cell

has four copper (Cu) atoms on Wyckoff position 4a (S 4 point-group symmetry), four indium
(In) or gallium (Ga) atoms are on position 4b (S 4 point-group symmetry), and eight selenium
(Se) atoms are on position 8d (C2 symmetry). The unit cell is defined by the Wyckoff position
8d of the Se atoms, and each anion Se atom has two inequivalent bonds δCu–Se and δIn–Se or
δGa–Se [68–70]. The x-components of the coordinate of the anion atom are 0.250, 0.228, and
0.235 [71] for ideal, theoretical, and experimental structures, respectively.

2.1.2 Optical properties and defects

CIS has a direct band gap energy ∼1.0 eV, and due to the direct band gap the absorption coeffi-
cient is relatively higher than that of c-Si . Quaternary CIGS alloy is possible by alloying In with
Ga element, the band gap energy thereby can be tuned from ∼1.0 to ∼1.7 eV [72] and it can be
estimated by
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Figure 2.1. Conventional cells of (a) zinc blende ZnSe and (b) chalcopyrite CuInSe2.

Eg(x) = 1.010 + 0.626x − 0.167x(1 − x). (2.1)

Here, x is Ga content. Increasing the Ga element, the conduction band edge of CIGS shifts
upward significantly. However, the valence band edge almost remains the same positions ener-
getically [73,74]. This also explains the reason why the band gap energy increases with more Ga
element. An overview of the fundamental properties of CIS and CGS is presented in Table 2.2.

CuIn1–xGaxSe2 (CIGS) is a non-stoichiometric compound, and the high quality thin film solar
cells are based mainly on Cu-poor (Cu: 22.5−24.5%) high off-stoichiometric CIGS absorber.
Cu vacancy (VCu) is the most important native defect in CIGS due to its low formation energy.
VCu is a single acceptor, and therefore, CIGS can be grown p-type easily under the Cu-poor
condition. In highly Cu-poor materials, a major part of the VCu is compensated by the double
donor InCu. There are also some extrinsic single donors, such as ZnCu and CdCu. The formation
energies of the donors are relatively low for CIS and CGS. CIS (x = 0) is possible to be n-type
as well. However, CGS (x = 1) is not possible to be n-type at least under equilibrium conditions.
The reason is that the low formation energy of VCu limits the possibility of achieving electronic
n-type character in Ga-rich CIGS [80, 81]. This may also explain why the best solar cell is with
Ga content of 30% (x = 0.3), although the band gap of the CIGS suggests that the optimum solar
cell conversion efficiency should be obtained with x between 0.5 and 0.7.

Some advancements are proposed recently in order to increase performance of PV devices based
on CIGS, such as post deposition treatment (PDT) of CIGS layer, In and Ga grading of the
band gap [82–84], alternative buffer layers [85, 86], tandem solar cells [87, 88]. In brief, the cell
efficiency can be improved by the alkali (Na [89,90], K [89,91], Rb [92], Cs [92]) PDT after the
synthesis of absorber layer; the In and Ga grading in CIGS enhances the absorption; Zn(S,O,OH)
can be a replacement of buffer layer CdS to increase photocurrent; the tandem solar cells of CIGS
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Properties Chalcopyrite CuInSe2 Chalcopyrite CuGaSe2

Space group D12
2d (I42d), no. 122 [48] D12

2d (I42d), no. 122 [48]
Lattice constant (Å) a = b = 5.78, c = 11.55 [48] a = b = 5.61, c = 11.00 [48]
Wyckoff position Cu: 4a, In: 4b, Se: 8d [68–70] Cu: 4a, Ga: 4b, Se: 8d [68–70]
Band gap energy (eV) Eg = 1.01 [48] Eg = 1.68 [48]
Effective mass at Γ (m0) Electrons: 0.08 [74] Electrons: 0.14 [74]

Holes (heavy): 0.71 [74] Holes (heavy): 1.2 [74]
Main intrinsic defect n-type: VSe, InCu [75–78] n-type: VSe, GaCu [75–78]

p-type: VCu, CuIn [75–78] p-type: VCu, CuGa [75–78]
Crystal field splitting (eV) 0.006 [48] −0.09 [48]
Spin-orbit splitting (eV) 0.23 [48] 0.231 [48]
Dielectric constant ε0 15.7 [48] 11.0 [74]
Melting temperature (K) 1260 [48] 1310−1340 [48]
Thermal expansion a axis: 11.23×10−6 [48] a axis: 13.1×10−6 [48]
coefficient (1/K) c axis: 7.90×10−6 [48] c axis: 5.2×10−6 [48]
Thermal conductivity 0.086 [79] 0.129 [48]
W/(cm · K)

Table 2.2. Fundamental properties of CuInSe2 and CuGaSe2.

are developing, such as perovskite on top of CIGS [87]. These advanced technologies are under
development today. However, it may take more time to apply the knowledge into the industrial
large-scale production. A detailed discussion can be found in Ref. [93].

2.2 Copper zinc tin sulfide and selenide

2.2.1 Crystal structure

Copper zinc tin sulfide and selenide (Cu2ZnSn(S/Se)4) have a rather similar tetragonal structure
as CIS (see previous section), however, quaternary has low crystal symmetry with either kesterite
or stannite crystalline phase.

In Fig. 2.2, the kesterite and stannite crystalline structures are presented for CZTS. Kesterite
CZTS with space group S 2

4 (I4; space group no. 82) has in its conventional unit cell four copper
atoms on the Wyckoff positions 2a and 2c, two zinc atoms on position 2d, two tin atoms on
position 2b, and eight sulphur atoms on 8g position. The cation positions have S 4 point-group
symmetry and the anion positions have C1 symmetry. The anion 8g position is fully defined
with the position (x, y, z), and each anion S-atom has thereby four inequivalent bonds δX–S to
the cations X = Cu(1), Cu(2), Zn, and Sn. The stannite structure with space group D11

2d (I42m;
no. 121) has four equivalent Cu atoms on Wyckoff 4d position (point group S 4), two Zn atoms
on 2a, two Sn atoms on 2b (both Zn and Sn with D2d symmetry) and eight S atoms on the 8i
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position (point group Cs). In this structure, the anion 8i position is defined by the position (x, y
= x, z), and each S atom has thereby three inequivalent bonds δX–S to the cations X = Cu, Zn,
and Sn. The kesterite and stannite phases differ thus only by the positions of the Zn atoms and
half of the Cu atoms, but the bond characters are the same where each S is surrounded by two
Cu atoms, one Zn atom, and one Sn atom. The ideal structures of both kesterite and stannite
(i.e., when all bond lengths are equal as in binary analogue) are obtained for a ratio c/a = 2 of
the lattice constants, and with an anion atom positioned at (x, y, z) = (0.750, 0.750, 0.875). The
discussion above holds also for the crystalline structure of CZTSe. The theoretical/experimental
anion positions are (0.758, 0.745, 0.877)/(0.756, 0.757, 0.872) for kesterite CZTS, and (0.755,
0.755, 0.869)/(0.755, 0.755, 0.870) for stannite CZTS [63, 94], respectively. The difference in
the total energy per primitive cell, which is theoretically calculated, indicates that kesterite is the
most stable ground-state structure. However, the difference is small (∼3−4 meV/atom), which
indicates that kesterite and stannite phases maybe can coexist in experimental samples.

(a) Kesterite Cu2ZnSnS4  (b) Stannite Cu2ZnSnS4  

Sn 2b 

Zn 2a 

Cu 4d 

S 8i  

c 

a 
x 

y 

z 

Sn 2b 

Zn 2d 

S 8g  

Cu 2c 

Cu 2a 

(x,y,z) (x,y,z) 

Figure 2.2. Conventional cells for (a) kesterite and (b) stannite structures of CZTS [63].

2.2.2 Optical properties and defects

The band gap energies of CZTSe and CZTS are ∼1.0 and ∼1.5 eV [61, 95, 96], respectively.
Moreover, the gap energies of Cu2ZnSn(S1–xSex)4 (CZTSSe) are theoretically predicted to de-
crease almost linearly with x [97]. The gaps are 1.5, ∼1.2, and 0.96 eV for x = 0, 0.5, and 1.
Therefore, the gap can be tailored by alloying the ratio of [Se]/([Se]+[S]) for CZTSSe. From
theoretical calculation [97], the CBM downshift is more pronounced than VBM upshift as the Se
content increases in CZTSSe. The theoretically calculated absorption coefficients of CZTSe and
CZTS are slightly higher than those of CuInSe2 and CuGaSe2 (see Fig. 3.5).

An overview of the fundamental properties of CZTSe and CZTS is summarized in Table 2.3.
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Properties Kesterite Cu2ZnSnSe4 Kesterite Cu2ZnSnS4

Space group S 2
4 (I4), no. 82 [98] S 2

4 (I4), no. 82 [98]
Lattice constant a = 5.428 Å, c/a = 2.002 [99] a = 5.68 Å, c/a = 2.00 [100]
Wyckoff position Cu(1): 2a, Cu(2): 2c Cu(1): 2a, Cu(2): 2c

Zn: 2d, Sn: 2b, Se: 8g [63] Zn: 2d, Sn: 2b, S: 8g [63]
Band gap energy (eV) Eg = ∼1.0 [61, 95, 96] Eg = ∼1.5 [61, 95, 96]
Effective mass at Γ (m0) Electrons: ∼0.08 [101] Electrons: ∼0.19 [101]

Holes (heavy): ∼0.21 [101] Holes (heavy): ∼0.48 [101]
Main intrinsic defect n-type: VSe, ZnCu [63, 75, 102] n-type: VS, ZnCu [63, 75, 102]

p-type: VCu, CuZn [63, 75, 102] p-type: VCu, CuZn [63, 75, 102]
Crystal field splitting (eV) −0.01 [63] −0.04 [63]
Spin-orbit splitting (eV) ∼0.2 [63] ∼0.02 [63]
Dielectric constant ε0 13.2 [63] 11.6 [63]
Melting temperature (K) 1074 [103] 1259 [103]
Thermal expansion a axis: no data a axis: 8.7×10−6 [104, 105]
coefficient (1/K) c axis: no data c axis: 7.4×10−6 [104, 105]
Thermal conductivity 4.26 [106] 4.72 [106]
W/(cm · K)

Table 2.3. Fundamental properties of kesterite Cu2ZnSnSe4 and Cu2ZnSnS4.

CZTSSe thin film solar cell with 12.6% efficiency was achieved considering Cu-poor and Zn-
rich ([Cu]/([Zn]+[Sn])=0.8 and [Zn]/[Sn]=1.1) in the starting solution [16]. This deviation from
stoichiometry may indicate that either intrinsic defects or secondary phases exist. In order to
improve the current efficiency, analysis of defects in CZTSSe is essential. From the studies
based on density functional theory, CuZn and VCu, which lead to be p-type character, are easier
to be formed in CZTSSe. However, CuZn anti-site defect has the lowest formation energy in
the stable crystal [75], which is different compared with CIGS (VCu has the lowest formation
energy). Most probably donor defects are VS, VSe, and ZnCu in CZTSSe [75]. The formation
energies of donor defects are higher in general. Moreover, due to the low formation energy
of CuZn, it constrains the free electrons and it therefore pins the Fermi level not to be n-type
character [75]. This can be understood from the same mechanics as VCu in CIGS. The existence
of acceptor CuZn and donor ZnCu in CZTSSe is experimentally found by Schorr et al. [98, 99].
Apparently, more experimental studies are expected in order to further investigate the defects
mechanics combined with theoretical calculations.

Some advancements, learned from the development of CIGS thin film solar cells, are suggested
for CZTSSe cells. In the absorber layer, alkali, such as Na and K, can improve the device
performance [107–109]. The alternative back contacts, such as W, Ta, and Au, are explored
in order to solve the instability of the Mo back contact during thermal processing [110–113].
Moreover, an intermediate layer of TiN [113, 114] or ultra-thin carbon layers [115] between
CZTSSe and Mo is also introduced to overcome this instability problem. The incorporation of Ge
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reduces the formation of Sn-reduced species which are often considered as deep defects [116],
and also tailors the band gap hence the Voc is improved [117–119]. Alternative buffer layers
(Zn,Mg)(S,O) and In2S3 are investigated in [120–123]. More detailed discussion, in terms of
different advancements, can be found in [102, 124–126].

2.3 Potential copper-based chalcogenides

CIGS is already a commercialized absorber material and CZTSSe is under development. How-
ever, finding alternative absorber materials is an ongoing research. Cu2Sn1–xGexS3 (CTGS) and
Cu2Sn1–xSixS3 (CTSS) are potential solar cell materials. Despite a few studies of Cu2SnS3,
Cu2GeS3, and Cu2SiS3 [127–132], only few groups reported the investigations of the corre-
sponding alloys [66, 132]. The conversion efficiencies of 4.63% and 4.29%, using Cu2SnS3,
were achieved by Nakashima et al. [64] and Kanai et al. [65], respectively. Cell efficiency of
6.0% was obtained for Cu2Sn0.83Ge0.17S3 by Umehara et al. [66]. Another type of potential can-
didate materials are Cu(Sb/Bi)(S/Se)2 due to higher absorption coefficients. Solar cells based on
CuSbS2 and CuSbSe2 have been fabricated by Septina et al. [133] and Welch et al. [134] with
conversion efficiency of ∼3%.

2.3.1 Copper tin sulfide and related compounds

Theoretically, the band gap energy of monoclinic (Cc=C4
s ; space group no. 9) Cu2SnS3 is pre-

dicted to be between 0.8 and 0.9 eV (Paper IV and Refs. [129,130]), which is in good agreement
with experimental measurements (0.85−0.94 eV) [132, 135]. The gap energy of Cu2SnS3 can be
tailored by alloying Sn with Ge or Si. The gap energies of CTGS (CTSS) are calculated where
x = 0.00, 0.25, 0.50, 0.75, and 1.00, employing the HSE06 hybrid functional, which are 0.83
(0.83), 0.96 (1.13), 1.14 (1.50), 1.27 (1.85), and 1.43 (2.60) eV, respectively. The gap values are
almost linearly-dependent on Ge or Si content (except for very Si-rich CTSS, thus x ≈ 1), which
indicates that band gap energies of the compounds can be tailored. The computed gap values
of Cu2Sn1–xSixS3 agree well with the corresponding experimental data with error bar ±0.1−0.2
eV [132]. The conventional cell of monoclinic Cu2XS3 (X = Si, Ge, or Sn) is presented in Fig.
2.3 (a). The absorption coefficients of these three compounds are shown in Fig.3.5, and they are
slightly larger than those of CIGS and CZTS.

An overview of the fundamental properties of Cu2SnS3 and Cu2GeS3 is given in Table 2.4. Here,
Cu2SiS3 is excluded since there are limited data for this material.

To date, there are only few studies on solar devices utilizing CTGS and CTSS. However, there
still exist some investigations on Cu2SnS3 based on the knowledge on CIGS and CZTSSe. Na
addition is also utilized in Cu2SnS3, which leads to the linear increment of the Voc until a certain
limit in the device [64]. Alternative buffer layer, such as In3S2 buffer, is investigated [141]. How-
ever, much effort is needed in order to improve the current device efficiency for these materials.
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Figure 2.3. Conventional cells of (a) monoclinic Cu2XS3 (X = Si, Ge, or Sn) and (b) or-
thorhombic CuMCh2 (M = Sb or Bi; Ch = S or Se).

Properties Monoclinic Cu2SnS3 Monoclinic Cu2GeS3
Space group C4

s (Cc), no. 9 [132] C4
s (Cc), no. 9 [136]

Lattice parameter a = 6.65 Å, b = 11.53 Å a = 6.44 Å, b = 11.32 Å
c = 6.66 Å, β = 109.38° [132] c = 6.43 Å, β = 108.37° [137]

Wyckoff position Cu(1): 4a, Cu(2): 4a, Sn: 4a Cu(1): 4a, Cu(2): 4a, Sn: 4a
S(1): 4a, S(2): 4a, S(3): 4a [129] S(1): 4a, S(2): 4a, S(3): 4a [136]

Band gap energy (eV) Eg = 0.85 [132], 0.93 [138] Eg = 1.5−1.6 [136]
Effective mass at Γ (m0) no data no data
Main intrinsic defect n-type: SnCu [139] n-type: no data

p-type: VCu [139] p-type: no data
Crystal field splitting (eV) no data no data
Spin-orbit splitting (eV) no data no data
High frequency ∼8.9 ∼8.1
dielectric constant ε∞
Melting temperature (K) 970 [140] 1220 [140]
Linear thermal 7.8×10−6 [140] 7.2×10−6 [140]
expansion coefficient (1/K)
Thermal conductivity 0.035 [140] 0.0077−0.012 [140]
W/(cm · K)

Table 2.4. Fundamental properties of Cu2SnS3 and Cu2GeS3.

2.3.2 Copper antimony and bismuth chalcogenides

Orthorhombic Cu(Sb/Bi)(S/Se)2 with space group D16
2h (Pnma; space group no. 62; see Fig. 2.3

(b)) can be promising solar cell materials. Here, the compounds are indirect band gap semicon-
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ductors with calculated band gap energies varying from 1.0 to 1.6 eV. However, the difference
between direct and indirect band gap energies is only 0.2–0.3 eV. Cu(Sb/Bi)(S/Se)2 have higher
absorption coefficients than those of CIGS and CZTS, which means that solar cells fabricated
using such absorber materials can be thinner and thereby cheaper. These observations are con-
sistent with those reported by other groups [142–146].

An overview of the fundamental properties of CuBiS2 and CuSbSe2 is presented in Table 2.5.
Here, only one of the similar alloys is presented from S- and Se-based compounds, respectively.
Eg, Ed

g, and EΓ
g are indirect fundamental, direct, and Γ-point gap energies, respectively. Our

calculated values for CuBiSe2 (CuSbS2) are 1.07 (1.58), 1.26 (1.83), and 1.58 (1.93) eV.

Properties Orthorhombic CuBiS2 Orthorhombic CuSbSe2
Space group D16

2h (Pnma), no. 62 [147] D16
2h (Pnma), no. 62 [48]

Lattice constant (Å) a = 6.16 (6.14), b = 3.88 (3.92) a = 6.31 (6.40) , b = 3.97 (3.95)
c = 14.20 (14.52) [148] c = 14.65 (15.33) [48]

Wyckoff position Cu: 4c, Bi: 4c Cu: 4c, Bi: 4c
S(1): 4c, S(2): 4c [149] Se(1): 4c, Se(2): 4c [149]

Band gap energy (eV) Eg = 1.30, 1.65 [150] Eg = 1.21, 1.05 [151]
Ed

g = 1.57, EΓ
g = 2.03 Ed

g = 1.43, EΓ
g = 1.55

Effective mass at Γ (m0) no data Holes (heavy): 0.9 [152]
Main intrinsic defect no data n-type: Cui [153]

p-type: VCu [153]
Crystal field splitting (eV) no data no data
Spin-orbit splitting (eV) no data no data
Dielectric constant ε0 no data 13 [134]
Melting temperature (K) 793 [154] 753 [48]
Thermal expansion no data no data
Thermal conductivity 0.0005 [155] 0.002 [156]
W/(cm · K)

Table 2.5. Fundamental properties of CuBiS2 and CuSbSe2. Here, Eg, Ed
g, and EΓ

g are
indirect fundamental, direct, and Γ-point gap energies, respectively. Lattice con-
stants in round brackets are experimental results.

There are to date only few studies on solar cells based on Cu(Sb/Bi)(S/Se)2 in the literature. De-
spite the compounds are indirect gap materials, they are interesting novel PV absorber materials,
especially for the ultra-thin film solar cells due to the higher absorption coefficients. Currently,
solar devices are only based on CuSbSe2 and CuSbS2, and the devices are relatively easy to
grow [134]. However, device engineering is required to improve the efficiency. For example, the
band gap energy can be optimized by alloying the anion by Te (CuSb(Se1–xTex)2). Moreover, our
calculations suggest that CuSb(Se1–xTex)2 can have even slightly higher absorption coefficients
than those of Cu(Sb/Bi)(S/Se)2.
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2.4 Solar cell structure

The solar cell based on CIGS is a heterojunction device, which normally has 6 layers with differ-
ent functional properties [157–159]. A schematic of the most common device structure is shown
in Fig. 2.4. For solar cells based on other Cu-based materials such as CZTSSe, CTGS, CuSbS2,
and CuSbSe2, a similar device structure, but different absorber layer material, is utilized since it
is easier to apply the knowledge from CIGS cells into the relatively new solar cells.

Front contact: ZnO:Al 

 Buffer layer: CdS 

Absorber: CIGS 

Back contact: Mo 

Substrate: Soda-lime glass  

Sunlight 

i−ZnO 

500 nm 

1000 nm 

50 nm 

50 nm 

500 nm 

Figure 2.4. Schematic structure of ZnO:Al/ZnO/CdS/CIGS/Mo solar cell.

The substrate is on the bottom, and there are mainly three types of substrates: soda-lime glass
(SLG), metal, and polyimide. The most common substrate is the soda-lime glass containing
sodium (Na) with thickness between 1 and 3 mm. The Na can improve the efficiency and reli-
ability of solar cells as well as process tolerance [160, 161]. The molybdenum (Mo), which has
thickness ∼500 nm, works as a back contact due to its low resistivity and stability. An interme-
diate layer MoSe2, serving as an ohmic contact, is formed during CIGS growth. Most important
part of the device is the p-type absorber layer (CIGS), which has intrinsic defects and its thick-
ness is 1000−2000 nm. A thin n-type buffer layer CdS is on the top of the CIGS, and its thickness
is ∼50 nm. Intrinsic zinc oxide (i-ZnO), n-type ZnO layers, and transparent conducting oxides
(TCO), are followed, and they work as a front contact. The i-ZnO is used to avoid the damage of
the CIGS and CdS from sputtering when depositing ZnO:Al window layer and current leakage
due to inhomogeneities [93, 162, 163]. The n-type ZnO is doped by aluminum (Al) in order to
get higher conductivity [164, 165]. An anti-reflecting coating is normally covered on the top of
the cell in order to achieve a better performance. This ZnO/CdS/CIGS/Mo structure is optimized
to improve solar cell performance. The detailed information about the structure of CIGS solar
cell can be found in Refs. [93, 166–168].

Although similar device structure is considered for the highest efficiencies of different solar cells,
alternative materials in all layers are under development as mentioned before. Apart from the



CHAPTER 2. COPPER-BASED CHALCOGENIDES FOR THIN FILM SOLAR CELLS 25

single-junction cells, some advanced technologies are under development as well, such as mul-
tijunction cells [10, 169], nanostructured solar cells [170, 171], and hybrid photovoltaic-thermal
technology [172, 173]. Higher efficiencies can be achieved for those technologies, however, the
complexity of the manufacturing of the solar cells is increased due to the change of the device
structure.





Chapter 3 Computational methods

3.1 Quantum many-body equation

A solid material contains a huge number of atoms (∼1023 cm−3), and each atom consists of a
nucleus surrounded by one or more electrons. According to the principles of quantum mechanics,
all properties of a system are known if one can figure out a way to solve the quantum many-body
Schrödinger equation. In this thesis, the time-independent many-body Schrödinger equation is
only considered, which is given as

HenΨen({ri,RI}) = EenΨen({ri,RI}). (3.1)

Here, superscript "en" describes electrons (e) and nuclei (n). Ψen({ri,RI}) is defined as many-
particle wavefunction, ri and RI stand for coordinators of i:th electron and I:th nucleus, respec-
tively. Een is defined as the total energy of the system. Hen is the Hamiltonian [174], which is
defined in atomic units as

Hen = −
N∑
i

∇2
i

2
−

N′∑
I

∇2
I

2MI
−

N∑
i

N′∑
I

ZI

|ri − RI |

+
1
2

N∑
i

N∑
j,i

1
|ri − r j| +

1
2

N′∑
I

N′∑
J,I

ZIZJ

|RI − RJ | .
(3.2)

Here, indices i and j are used to describe the electrons, and I and J are used for the atomic nuclei.
N and N′ are the number of electrons and nuclei, respectively. ZI and MI are the charge and mass
of the I:th nucleus in atomic units. The first and second terms are kinetic energy operators of
the electrons and nuclei. Other terms are Coulomb interactions between electrons and nuclei,
electrons and electrons, and nuclei and nuclei, respectively.

In most computational codes, a fully relativistic Dirac equation calculation is performed for the
core electrons and a scalar relativistic approximation (containing Schrödinger, mass enhance-
ment, and Darwin terms) is utilized for the valence electrons [175]. Moreover, spin-orbit cou-
pling is often included by the second variation method using the eigenfunctions solved from the

27
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scalar relativistic approximation for the valence electrons [176]. For simplicity however in this
chapter the computational methods by using the Schrödinger equation is described.

Eq. 3.1 cannot be solved exactly because the exact form of the wavefunction in terms of single-
particle wavefunction is unknown. The process of finding the approximate solution can be di-
vided into three different levels generally [174, 177]: the first level is the Born-Oppenheimer
approximation (BOA) [178]; the second level is the Hartree approximation [179], Hartree-Fock
(HF) approximation [180], density functional theory (DFT) [181], and Kohn-Sham (KS) equa-
tion [182]; the last level is how to solve the KS equation [174, 177].

3.2 Born-Oppenheimer approximation

The BOA can be applied to simplify Eq. 3.1. Positions of nuclei can be treated as fixed in their
instantaneously coordinate because the mass of nucleus is much larger than that of the electron.
This indicates that the electrons are seen as interacting under both the external potential caused
by nuclei that are in fixed positions and potential due to other electrons. The variable separation
of motion between electrons and nuclei is called the BOA [178]. Since the positions of nuclei
are fixed, wavefunction in Eq. 3.1 thereby can be written as

Ψen({ri,RI}) ≈ Θ({RI})Ψ({ri}; {RI}). (3.3)

Here, Θ({RI}) and Ψ({ri}; {RI}) are wavefunctions only describing nuclei and electrons, respec-
tively. Since the electrons are under the potential of nuclei, the wavefunction of electrons is
indirectly related with the nucleus positions.

Eq. 3.2 can be rewritten as

Hen = H + Hn

H = Ue + Uext + Uint

Hn = −
N′∑
I

∇2
I

2MI
+ Unn.

(3.4)

Here, all the unknown terms in Eq. 3.4 are defined as

Ue = −
N∑
i

∇2
i

2
, Uext = −

N∑
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N′∑
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|ri − RI |
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2
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N′∑
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ZIZJ

|RI − RJ | .
(3.5)
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In Eq. 3.4, H represents the Hamiltonian for the many-electron system within the BOA. The
subscript "ext" implies "external" in Eq. 3.4, thus Uext describes the external potential interaction
Vext(r).

The Schrödinger equation combined with Eq. 3.3 and Eq. 3.4 is given as

(
H + Hn

)(
Θ({RI})Ψ({ri}; {RI})

)
= Een

(
Θ({RI})Ψ({ri}; {RI})

)
. (3.6)

The following equations are derived considering Eq. 3.5 and Eq. 3.6

HΨ({ri}; {RI}) = E({RI})Ψ({ri}; {RI}). (3.7)

(
Unn1 + Unn2 + Unn3 + Unn + E({RI})

)
Θ({RI}) = EenΘ({RI}). (3.8)

Here, E({RI}) is the total energy of many-electron system, which is RI-dependent because elec-
tron wavefunction indirectly depends on nuclei positions. The Unn1, Unn2, and Unn3 in Eq. 3.8
are derived as

Unn1 = −
N′∑
I

∇2
I

2MI

Unn2 = −
N′∑
I

1
MI

∫
Ψ({ri}; {RI})∗∇IΨ({ri}; {RI})dr∇I

Unn3 = −
N′∑
I

1
2MI

∫
Ψ({ri}; {RI})∗∇2

I Ψ({ri}; {RI})dr.

(3.9)

Here, dr stands for dr1dr2dr3 · · · drN .

The lattice dynamical properties of certain system within the BOA can be obtained by Eq. 3.8. To
solve this equation, the ground-state energy E({RI}) of many-electron system is needed. Here,
{RI} represents a set of atom positions. Hence, the Schrödinger equations for electrons and
nuclei are derived separately within the BOA. When one calculates ground-state properties, the
Schrödinger equation for electrons is applied (Eq. 3.7). The Schrödinger equation for nuclei
is utilized to calculate lattice dynamics (Unn2 and Unn3 are normally expected to be small, and
therefore ignored [183] in Eq. 3.8).

The potential energy surface (PES) is defined as Ep(RI) = Unn({RI}) + E({RI}). The force on the
atoms can be determined by FI = − 5I Ep(RI). With Hellmann-Feynman theorem [184, 185],
−FI = 5IEp(RI) = 〈Ψ({ri}; {RI})|5IH|Ψ({ri}; {RI})〉 =

∫
n(r) 5I Vext(r) − 5IUnndr where n(r) =

|Ψ({ri}; {RI})|2. Here, Unn is considered as a term in Hamiltonian for many-electron system. If
the coordinate RI is the configuration of ground-state, the force thereby can be determined from
ground-state wavefunction.
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Eq. 3.7 is much simpler than Eq. 3.1. However, it is still not solvable. Further approximations
are needed to solve this many-electron equation.

3.3 Solving the many-electron equation

There are two major problems to solve the many-electron problem of Eq. 3.7: the first problem
is that the number of electrons is around in the order of 1024 cm−3 in most cases, which requires
much computational time and memories; the second one is that the Hamiltonian includes oper-
ators acting on the single electron in the wavefunction Ψ({ri}; {RI}). However, the exact relation
between the total many-electron wavefunction and the single-electron wavefunction is unknown.
The latter problem can be approximated by one of the following three methods. The first method
is to figure out a way to approximate the wavefunction using the single-electron function, such as
the Hartree and Hartree-Fock (HF) methods [179, 180]. The second method is to find an explicit
relation between total energy and electron density, such as density functional theory (DFT) [181].
Within DFT, the system total energy is a functional of electron density. Both these methods have
"pros and cons". Hartree and HF methods do not fully describe the many-electron wavefunction.
Therefore, exchange-correlation potential is not included in Hartree method and correlation is
excluded in HF method. DFT in principle is exact for ground-state, but the explicit formula to
describe how E[ρ] depends on density ρ is not given. The third one is called Kohn-Sham equa-
tion [182], which is a combination of the first two methods. It starts from the DFT while utilizing
single-electron wavefunctions.

3.3.1 Hartree approximation

The simplest approximation of the wavefunction for the many-electron Schrödinger equation is
to assume that electrons act like independent electrons. The wavefunction with N independent
electrons is then

ΨH({ri}) = ψ1(r1)ψ2(r2) · · ·ψN(rN). (3.10)

Here, ψi(ri) is the wavefunction of the i:th electron, where different wavefunctions of electrons
are orthonormalized. Henceforth, the {RI} are suppressed in the wavefunction since atoms are
treated as fixed in positions. The set of variables {ri} includes the coordinates of space and spin.

The energy of the many-electron system within Hartree approximation can be written as

EH = 〈ΨH({ri})|H|ΨH({ri})〉. (3.11)

In order to calculate the stationary state with the lowest energy of the system, the method of
Lagrange multipliers are utilized. Furthermore, the constraint is that the different wavefunctions
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of electrons are orthonormalized. Therefore, the variation with respect to any wavefunction ψ∗k(r)
and Lagrange multiplier EH

i, j is satisfied [183, 186]

δ

δψ∗k(r)

(
EH −

N∑
i

N∑
j

EH
i, j

(
〈ψi(ri)|ψ j(r j)〉 − δi j

))
= 0. (3.12)

The single-particle Hartree equation is derived from Eq. 3.12 as

(
− ∇

2

2
+

N′∑
I

ZI

|r − RI | +
N∑
j,i

〈ψ j(r′) | 1
|r − r′ | |ψ j(r′)〉

)
ψi(r) = εH

i ψi(r). (3.13)

Here, Eq. 3.13 is a group of dependent single-particle equations. εH
i is identified as the eigenvalue

for this single-electron Hartree equation. If j = i in the above equation, it means that electrons
are allowed to interact with themselves, which results in the self-interaction error.

In summary, from the Hartree approximation, the ground states can be achieved and the many-
electron equation becomes N single-electron equations. These two features are important to
understand the Hartree-Fock approximation and the Kohn-Sham equation.

3.3.2 Hartree-Fock approximation

Hartree approximation is a simple approximation. Hartree-Fock (HF) approximation is a method
which considers antisymmetry of the wavefunction. Slater introduced a way to construct such
wavefunction [187]. The wavefunction of the many-electron Schrödinger equation is described
in a matrix determinant for the N electrons, which is defined as

ΨHF(r1, r2, . . . , rN) =
1√
N!

∣∣∣∣∣∣∣∣∣∣∣∣
ψ1(r1) ψ2(r1) · · · ψN(r1)
ψ1(r2) ψ2(r2) · · · ψN(r2)
...

...
...

ψ1(rN) ψ2(rN) · · · ψN(rN)

∣∣∣∣∣∣∣∣∣∣∣∣ . (3.14)

Here, the factor in front ensures normalization, and ψi(ri) implies wavefunction of the i:th elec-
tron. Eq. 3.14 has the antisymmetry property of wavefunction.

The system energy of HF approximation, which can be similarly determined as in the previous
section of Hartree approximation. The single-particle HF equation is derived as
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(
− ∇

2

2
+

N′∑
I

ZI

|r − RI | +
N∑
j

〈ψ j(r′) | 1
|r − r′ | |ψ j(r′)〉

)
ψi(r)

−
N∑
j

(
〈ψ j(r′)| 1

|r − r′ | |ψi(r′)〉
)
ψ j(r) = εHF

i ψi(r).

(3.15)

In comparison with the Hartree equation in Eq. 3.13, there is an extra term in Eq. 3.15, which
is the so called exchange term. In the HF approximation, the self-interaction error is explicitly
canceled out.

3.3.3 Density functional theory

The Hartree and HF methods are traditional methods for solving the many-electron Schrödinger
equation. Disadvantageously, the HF method only includes the exchange term but not the elec-
tron correlation term. Therefore, it is not suitable for solid materials. In addition to the Hartree
and HF methods, there is a modern method solving the more complicated calculations of many-
electron system, namely density functional theory (DFT). It was introduced by Hohenberg and
Kohn in 1964 [181] and it became useful in the mid 1980s. In 1998, Kohn and Pople were
awarded Nobel Prize in Chemistry for the developments of DFT and computational methods in
quantum chemistry, respectively. The idea of the DFT is to treat the electron density in solid
materials instead of using the many-electron wavefunction. In this case, the degree of freedom
reduces from 3N (N is the number of electrons) to 3. It thereby simplifies the calculations.

The density as basic variable

There are two questions coming out if considering the electron density as a role of wavefunc-
tion. The first one is the relation between electron density and wavefunction in many-electron
system. The second one is how to solve the problem if considering the electron density instead
of the wavefunction. In order to explain above two questions, there are two very basic theorems
introduced by Hohenberg and Kohn [177].

Theorem 1 The external potential Vext(r) is determined uniquely for any many-electron system
by the ground-state electron density ρ.

The above theorem indicates that all ground-state properties are determined by the true ground-
state density ρ as well, such as, the total energy E = E[ρ]. The above theorem implies that
the external potential can be obtained if the ground-state electron density is known, thus the
Hamiltonian is known from the external potential. Thereby the corresponding wavefunction,
from which electron density can be calculated, is determined. Moreover, the external potential
is uniquely decided by the electron density. Therefore all ground-state properties are determined
from the electron density.
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The proof is as follows: assume that there exist two external potentials named Vext(r) and V ′ext(r)
leading to the same ground-state electron density ρ. Obviously, this will lead to two different
Hamiltonians, that is, H and H′, as well as two different corresponding wavefunctions named
Ψ and Ψ′. Since Ψ is not the ground-state wavefunction of H′, the same rule to Ψ′ and H, two
following inequality equations are satisfied

E = 〈Ψ |H| Ψ〉 < 〈Ψ′ |H| Ψ′〉, and E′ = 〈Ψ′ |H′| Ψ′〉 < 〈Ψ |H′| Ψ〉. (3.16)

Taking the Hamiltonian from Eq. 3.4, the following equation is derived

〈Ψ′ |H|Ψ′〉 = 〈Ψ′ |H′+H−H′|Ψ′〉 = 〈Ψ′ |H′|Ψ′〉+〈Ψ′|H−H′|Ψ′〉 = E′+
∫ (

Vext(r)−V ′ext(r)
)
ρ(r)dr.
(3.17)

Using Eq. 3.16 and Eq. 3.17, the following relation is given

E < E′ +
∫ (

Vext(r) − V ′ext(r)
)
ρ(r)dr. (3.18)

Another similar inequality equation can be obtained if one changes the equation 〈Ψ |H′| Ψ〉 like
Eq. 3.17

E′ < E +

∫ (
V ′ext(r) − Vext(r)

)
ρ(r)dr. (3.19)

From Eq. 3.18 and Eq. 3.19, the contradictory result

E + E′ < E′ + E (3.20)

implies that the external potential Vext(r) has to be unique.

Theorem 2 There is a universal functional F[ρ] for the total energy in the terms of the electron
density ρ with any external potential Vext(r), and the exact ground-state density is obtained when
the ground-state total energy functional reaches its minimal value, that is, E[ρ′]>E[ρ]. Here, ρ
is the exact ground-state density.

The proof is based on the first theorem, implying that the kinetic and interaction energies are
functionals of electron density. The total energy can be expressed in the following way (ignoring
the interaction between nuclei)

E[ρ] = 〈Ψ| Ue + Uint + Uext |Ψ〉
= 〈Ψ| Vext(r) |Ψ〉 + 〈Ψ| Ue + Uint |Ψ〉︸                  ︷︷                  ︸
=

∫
ρ(r)Vext(r)dr + F[ρ].

(3.21)
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In Eq. 3.21, F[ρ] must be universal functional for all the many-electron system. The functional
of total energy E[ρ′] reaches the minimum at the exact ground-state electron density ρ

E[ρ′] =

∫
ρ′(r)Vext(r)dr + F[ρ′] > E[ρ]. (3.22)

Here, the total energy for the case of exact ground-state electron density is smaller than any other
case. Therefore, the exact ground-state electron density, by minimizing the total energy, can be
achieved.

The proofs of two theorems are from Ref. [177]. From the theorems, the many-electron Schrödinger
equation can be theoretically solved in an alternative way not explicitly using Ψ({ri}). However,
E[ρ] is unknown. Therefore, another method is needed to solve this problem, which is so called
the Kohn-Sham (KS) equation.

3.3.4 Kohn-Sham equation

The KS equation is a method to solve the many-electron Schrödinger equation exactly while
using an incorrectly simplified wavefunction which normally is chosen to be Hartree-like wave-
function. Assume that the exact ground-state density is obtained by the Hartree-like wavefunc-
tion ΨKS({ri}) = ψKS

1 (r1)ψKS
2 (r2) · · ·ψKS

N (rN). Here, N is the number of electrons, and ψKS
i (ri) is

an auxiliary independent single-electron wavefunction. The electron density is defined as

ρ(r) =

N∑
i

ψKS∗
i (r)ψKS

i (r). (3.23)

If the electron density is exact, thus the total energy is exact. It is given as

E[ρ] = T [ρ] + Vint[ρ] + Vext[ρ]
= T0[ρ] + VH[ρ] + Vext[ρ] + (T [ρ] − T0[ρ]) + (Vint[ρ] − VH[ρ])︸                                             ︷︷                                             ︸
= T0[ρ] + VH[ρ] + Vext[ρ] + Exc[ρ].

(3.24)

Here, E[ρ] is the total energy, and ρ is the ground-state density. T [ρ], Vint[ρ], and Vext[ρ] represent
energies from the exact kinetic, the exact electron-electron interaction, and external potential,
respectively. Exc[ρ] is called the exchange-correlation energy.

The T0[ρ] and VH[ρ] represent the kinetic energy in the Hartree approximation and the electron
interaction energy in the Hartree approximation, respectively.
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T0[ρ] =

N∑
i

〈ψKS
i (r) | − ∇

2
i

2
| ψKS

i (r)〉

VH[ρ] =
1
2

∫ ∫
ρ(r)ρ(r′)
|r − r′| drdr′

Vext[ρ] =

∫
ρ(r)Vext(r)dr.

(3.25)

In the expression of VH[ρ], the self-interaction error is included, and electrons thereby allow to
interact with themselves. It is very common to write in this way for many-electron problems
[183].

In order to derive the ground-state properties of the many-electron system, one can view this
problem as the process of minimizing the total energy by varying the wavefunction ψKS∗

k (r)

δ

δψKS∗
k (r)

(
E[ρ] −

N∑
i

N∑
j

EKS
i, j

(
〈ψKS

i (ri)|ψKS
j (r j)〉 − δi j

))
= 0

⇓
δT0[ρ]
δψKS∗

k (r)
+
δ(VH[ρ] + Vext[ρ] + Exc[ρ])

δρ(r)
δρ(r)

δψKS∗
k (r)

=

N∑
i

EKS
k,i ψ

KS
i (r).

(3.26)

The derivation is similar as in the section of Hartree approximation employing variational prin-
ciple. The KS equation is derived as

HKSψKS
i (r) =

(
− ∇

2

2
+ VKS(r)

)
ψKS

i (r) = εKS
i ψKS

i (r). (3.27)

Here, HKS is the Hamiltonian and εKS
i is identified as eigenvalue for the KS equation. The VKS(r)

is given as

VKS(r) = Vext(r) +

∫
dr′

ρ(r′)
|r − r′| +

δExc

δρ(r)
= Vext(r) +

∫
dr′

ρ(r′)
|r − r′| + Vxc(r). (3.28)

Since we have derived the KS equation using Hartree-like wavefunction, the KS equation is
similar to the Hartree equation. Actually, the KS equation will be identical to Hartree equation
if Vxc(r) = 0 and ΨKS({ri}) = ΨH({ri}). If the ΨKS({ri}) = ΨHF({ri}) and Vxc(r) only includes
exchange potential, then the KS equation will be equal to the HF equation.
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The total energy is derived from

N∑
i

ψKS∗
i (r)

(
− ∇

2

2
+ VKS(r)

)
ψKS

i (r) =

N∑
i

ψKS∗
i (r)εKS

i ψKS
i (r). (3.29)

Combining Eqs. 3.24, 3.25, and 3.29, the total energy expression is

E[ρ] =

N∑
i

εKS
i −

1
2

∫ ∫
drdr′

ρ(r)ρ(r′)
|r − r′| + Exc[ρ] −

∫
Vxc(r)ρ(r)dr. (3.30)

In the KS equation, the auxiliary independent single-electron wavefunction is not true single-
electron wavefunction. However, the exact ground-state density can be calculated by the auxil-
iary wavefunction. The KS equation is exact only if the VKS(r) is exact.

There are still problems in the air. One is the exact form of the exchange-correlation potential
(Vxc(r)), the other one is how to solve the KS equation.

Kohn-Sham equation in the reciprocal space

In a solid, primitive cell in real space can be spanned periodically along three spatial directions
by the primitive vectors a1, a2, and a3. The primitive vectors (b1, b2, and b3) in the reciprocal
space (k space) are defined as

b1 = 2π
a2 × a3

Vpc
, b2 = 2π

a3 × a1

Vpc
, and b3 = 2π

a1 × a2

Vpc
. (3.31)

Here, a jb j′ = 2πδ j, j′ . Vpc is the volume of the primitive cell in real space: Vpc = a1 · (a2 × a3).

The potential of the primitive cell in real space also has the periodicity, that is, VKS(r) =

VKS(r+R), where R = m1a1 + m2a2 + m3a3, and m1, m2, and m3 are integers. By the Fourier
transform

VKS(r) =
∑

G

ṼGeiGr = VKS(r+R) =
∑

G

ṼGeiG(r+R) =
∑

G

ṼGeiGreiGR. (3.32)

Thus, G can be defined as the reciprocal vector in the k space, that is, G = n1b1 + n2b2 + n3b3

where n1, n2, and n3 are integers. Here, ṼG is the coefficient of the transform.

According to the Bloch theorem, the wavefunction can be written as

ψKS
n,k(r) = eikrun,k(r). (3.33)

Here, un,k(r) is a function which has the same periodicity as the potential, that is, un,k(r) =

un,k(r+R). Therefore, the wavefunction can be derived as
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ψKS
n,k(r) = eikrun,k(r) = eikr

∑
G′

ũn,k+G′eiG′r =
∑
G′

ũn,k+G′ei(k+G′)r. (3.34)

Here, ũn,k+G′ is the coefficient of the Fourier transform and G′ is the reciprocal vector as G in Eq.
3.32. Substituting Eq. 3.32 and Eq. 3.34 into KS equation, the left side of the KS equation are
derived as (

− ∇
2

2
+ VKS(r)

)
ψKS

n,k(r)

=
∑
G′

(k + G′)2

2
ũn,k+G′ei(k+G′)r +

∑
G

∑
G′

ṼGũn,k+G′ei(k+G+G′)r

=
(∑

G′
ei(k+G′)r

)( (k + G′)2

2
ũn,k+G′ +

∑
G

ṼGũn,k+G′−G
)
.

(3.35)

The right side of the KS equation are derived as

εKS
n,kψ

KS
n,k(r) =

(∑
G′

ei(k+G′)r
)(
εKS

n,k ũn,k+G′
)
. (3.36)

From Eq. 3.35 and Eq. 3.36, the KS equation in reciprocal space for each G′ is obtained as

∑
G

( (k + G)2

2
δG,G′ + ṼG′−G

)̃
un,k+G = εKS

n,k ũn,k+G′ . (3.37)

For each k, the eigenvalue problem in Eq. 3.37 for a Hamiltonian matrix with elements HG,G′

and an overlap matrix with elements S G,G′ is solved by standard diagonalization methods. Thus,
the εKS

n,k and ũn,k+G′ are calculated. Further, the wavefunction is obtained from ũn,k+G′ (Eq. 3.34).
Here, the accuracy of describing wavefunctions and thereby accuracy of also calculating their
energies depend on how many basis functions in Eq. 3.34. The upper limit Gmax is determined
by GmaxRmt (Rmt is the smallest of all atomic sphere radii) in WIEN2k code [188] or cut-off

energy for plane wave basis set (Ecut) in VASP code [189, 190] where Ecut = ~2G2
max/2m0. The

computational time depends on the size of the Hamiltonian matrix (thus Gmax) due to the time to
diagonalize the Hamiltonian matrix.

When determining, for instance, the density, ρ(r) =
∑

i |ψKS
i (r)|2 (Eq. 3.23), one needs in principle

to solve the KS equation for every eigenfunction (wavefunction). Since there are ∼1024 cm−3, this
is a numerical problem. However, from Bloch theory [191, 192], one has to solve KS equation
only for the k-points in the first irreducible Brillouin zone (IBZ). That is, for each k-point, one
will get εKS

n,k and ψKS
n,k(r) for each band index n. Thus, index i → {n,k} in Eq. 3.23. To generate

the density one needs to make the summation of these k-points and over the occupied states
(occ.) in the bands ρ(r) =

∑occu.
n,k |ψKS

n,k(r)|2. An advantage of working in the reciprocal space is
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that the energy bands (εKS
n,k) change rather smoothly with respect to change in k, thus εKS

n,k+q ≈ εKS
n,k

where q −→ k for a specific n. Therefore, very often one does not have to solve for all k-points,
but instead calculate εKS

n,k and ψKS
n,k(r) for less dense k-mesh and try to estimate the energies for

remaining k-points.

The k-mesh can be generated in different ways, but the most commonly utilized method is the
Monkhorst-Pack method [193]. That is, an equally spaced k-point mesh along the coordinates is
determined by b1n1/N1 + b2n2/N2 + b3n3/N3 where n1 = 0, 1, ...,N1−1; n2 = 0, 1, ...,N2−1; n3 =

0, 1, ...,N3 − 1 and N1, N2, and N3 are the numbers of subdivisions along each reciprocal lattice
vector.

Now, with a sparse k-mesh one needs a method to estimate the effect from the other k-points, for
instance, total KS single-electron energy is determined by

∑
n,k ωkε

KS
n,k f (εKS

n,k − ε) where ωk is the
weighting factor and f is a step function. One way is to use Gaussian smearing, that is, a step
function is simply replaced by a Gaussian like function. This will overcome the discontinuous
problem of integral over the BZ at the Fermi level in metallic system. Another well-used method
is the linear tetrahedron method. Here, BZ is divided into tetrahedra and it assumes a linear shape
of the bands for points between the k-mesh. One obstacle with the linear integration method is to
accurately describe band curvatures of band edges in semiconductors (i.e., VBM (Ev1) and CBM
(Ec1)). That is, near the band edges the curvature is expected to go εKS

n ∼ k2, and the DOS shall
then go like gc1/v1(E) ∼ √|E − Ec1/v1|. However, if the integration method assumes linear energy
dispersion εKS

n ∼ k, then the DOS incorrectly goes like gc1/v1(E) ∼ (E − Ec1/v1)2. Therefore one
needs very dense k-mesh to avoid this problem if one wants to analyze small details in the energy
dispersion near band edges.

3.3.5 Exchange-correlation potential

The exchange-correlation potential is the most difficult part during the process of solving the
KS equation, because the exact form is still unknown today. Therefore, there are various ap-
proximations to it, such as the local density approximation (LDA) [174, 177, 182, 194, 195],
generalized gradient approximation (GGA) [196–199], and hybrid functional approach, such as
HSE06 [200, 201].

Local density approximation

The LDA is a first rough approximation and a simple way to approximate the exchange-correlation
part. It is based on the theory for the free homogeneous electron gas, which has a constant elec-
tron density

ρ(r) = ρ =
N
V
. (3.38)

Here, N is number of electrons in the solid with volume V . The one possible expression of LDA
exchange-correlation energies is given as [202–204]



CHAPTER 3. COMPUTATIONAL METHODS 39

ε
gas
xc (ρ) = −3

4
·
(3
π

)1/3 · ρ1/3 +

A ln rs + B + Crs ln rs + Drs if rs ≤ 1
γ/(1 + β1

√
rs + β2rs) if rs > 1 .

(3.39)

Here, rs = (3/(4πρ))1/3; A, B, C, D, γ, β1, and β2 are parameters [202–204]. In the LDA, the
idea is that the exchange-correlation energy for an electron in a very tiny small volume in many-
particle system is equal to the exchange-correlation for an electron in the free electron gas with
the same density in the volume (εgas

xc (ρ(r)) = ε
gas
xc (r)). The explicit exchange-correlation energy is

given as

ELDA
xc [ρ] =

∫
ρ(r)εgas

xc (r)dr. (3.40)

The corresponding exchange-correlation potential is given by

VLDA
xc (r) =

δELDA
xc [ρ]
δρ

. (3.41)

The second family of approximations is the generalized gradient approximation EGGA
xc [ρ] where

the gradient of the density is also taken into account to generate the exchange-correlation energy.
Both LDA and GGA describe fairly accurately the total energy of the solid. The LDA normally
overbinds (i.e., ∼1−3% too small lattice constants) and GGA normally underbinds (i.e., ∼1−3%
too large lattice constants).

However, LDA and GGA are approximations that have drawbacks when describing details in the
electronic structure. For instance, both methods are known to underestimate the band gap energy
(Eg) by typically 50%. In principle, the band gap energy shall be calculated from the total energy
of the N-electron system: Eg = E(N + 1) + E(N − 1) − 2E(N). However, the gap is in general
determined from the KS eigenvalues at the CBM and VBM. Since the values are obtained from
auxiliary KS orbitals, it is not evident that the gap energy can be determined from these KS
eigenvalues; how accurate the gap energy will be with the exact Exc[ρ] is not clear. The gap en-
ergy therefore contains two uncertainties: the approximation of the exchange-correlation energy
and the KS eigenvalues. In addition, experimental band gap energies are normally obtained via
optical excitation at room temperature, while the DFT is (often) zero-temperature ground-state
calculation. Another problem with the LDA and GGA is that the localization of d- and f -like
states is normally not described accurately; this problem can sometimes be corrected by an on-
atom-site local and angular-momentum-dependent Coulomb correction [205], which is called
the LDA+U or GGA+U. In either of the methods, the following equation is defined [206, 207]

ELDA/GGA+U(ρ) = ELDA/GGA(ρ) + EU(ρ) − Edc(ρ). (3.42)

Here, ELDA/GGA(ρ) is the energy functional for LDA or GGA. EU(ρ) and Edc(ρ) are the Hubbard
term and double counting term, respectively. The corresponding energy contribution of the or-



CHAPTER 3. COMPUTATIONAL METHODS 40

bitals in the EU(ρ) is also included in ELDA/GGA(ρ), the contribution thereby needs to be removed
by Edc(ρ).

Hybrid functional approach (HSE06)

Another method of approximation Exc[ρ] is to solve the exchange energy exactly within the
Hartree-Fock approximation, and then use an approximation for the correlation energy. This
exchange-energy method typically generates too large band gap energies. A combination of the
exchange-energy method with the LDA or GGA may sometimes be preferred. This is so-called
hybrid functional approach [200, 201, 208, 209], where the exchange energy is mixed in order
to empirically obtain better total energies and band gap energies. There are numerous ways to
perform the mixing. In HSE06 method, the following equation is defined

EHSE
xc = αESR

x (µ) + (1 − α)EPBE,SR
x (µ) + EPBE,LR

x (µ) + EPBE
c . (3.43)

Here, the short-range (SR) part of the exact exchange ESR
x is mixed with a short-range part of the

GGA exchange EPBE,SR
x by Perdew, Burke, and Ernzerhof (PBE) [199,210]. The standard mixing

is 25% Hartree-Fock, that is α = 0.25. In addition, the decaying long-ranged part (LR) of the
exchange energy is replaced by a corresponding PBE counterpart EPBE,LR

x (µ). This is described
by the range-separation parameters µ, the recommended value for which is 0.2. The correlation
part of the electron-electron interaction is obtained from the PBE approximation EPBE

c .

The hybrid functionals such as HSE06 are designed to generate better total energies (e.g. the
error in lattice constants is often less than 1−2%) and band gap energies (the error bar is in the
order of ∼10%). One shall however not expect that the hybrid functionals always predict the
very exact band gap energies. A problem with orbital-based hybrid functionals is that they are
computationally demanding, and they are more sensitive to parameters like the basis set and BZ
k-mesh. For practical purposes these convergence parameters are set to a minimal level, but that
may affect the accuracy of the details in the electronic structure.

Today, there exist many different exchange-correlation potentials [211–214]. It is still ongoing
development. The advantage of the KS equation is that new potentials are implemented easily.
However, many potentials exist due to the simplicity of implementation, and this can be regarded
as inconsistency.

3.4 Solving the Kohn-Sham equation

Solution of the KS equation is achieved from self-consistent calculations [174,177,183]. The po-
tential in the KS equation depends on electron density. However, the electron density is obtained
from wavefunctions, which in turn depend on the potential. An initial guess of electron density
is made at the beginning of the calculation. After that, the KS equation is solved for each k-point
and eigenvalues and eigenfunctions are calculated from the diagonalization of Hamiltonian ma-
trix. From those values and functions, the total energy and new charge density are determined. If
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the density and total energy are not converged, the effective potential is determined again using
the new density, which is typically generated by a mixture of previous and new density. Hence,
this approach is a self-consistent calculation method. In addition, for the relaxation of ions and
lattice, the forces on atoms must be converged to a sufficiently small value.

Initial guess of atom configuration and estimate the ρ(r)

Calculate potential VKS(r) from ρ(r)
VKS(r) = Vext(r) +

∫
dr′ ρ(r′)
|r−r′| + Vxc(r)

Solve Kohn-Sham equation for each k-point(
− ∇2

2 + VKS(r)
)
ψKS

n,k(r) = εKS
n ψKS

n,k(r)

E[ρ] =
N∑
n
εKS

n − 1
2

∫ ∫
drdr′ρ(r)ρ(r′)

|r−r′| + Exc[ρ]−
∫

Vxc(r)ρ(r)dr

Calculate Fermi energy EF

New density ρnew(r) =
N∑
n

∑
k
|ψKS

n,k(r)|2

Determine the new density from
a mixture of ρ(r) and ρnew(r)

Converged E[ρ]?
ρnew(r) == ρ(r)?

Results: total energies, forces, etc.

New atoms positions

Converged
forces on atoms?

Finished

No

Yes

No

Yes

Figure 3.1. Self-consistent calculations and relaxation for solving the KS equation.

3.5 Full-potential linearized augmented plane wave method

When solving the KS equation, one needs to decide how to describe the form of the wavefunction.
A set of plane waves (PW) is chosen as a basis function for the wavefunction because of the Bloch
theory [191, 192]. The drawback of using PW as basis set is that wavefunction varies rapidly in
the atomic core region, and therefore one needs to choose a huge set of plane waves to describe
that. It implies that the calculations are time-consuming.

Slater re-considered an alternative way to describe the wavefunction (Eq. 3.45). The unit cell
is divided into two regions [215, 216]: one is a sphere region called the muffin tin (MT) region,
which is defined by the center of atom, but non-overlap each sphere; the remaining region is
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called the interstitial (I) region (see Fig. 3.2). Atomic-like orbitals are defined in the MT region
while using PW in the I region. The wavefunction shall be continuous across the two regions. The
extra basis function is in the MT region. This is the reason why this method is called augmented
plane wave (APW) method. The dual representation of the wavefunction is reasonable, because
the wavefunction approaching atomic core is somehow like inside an atom. However, the part of
the electron wavefunction far away from the atomic core behaves like free electrons. Therefore,
plane waves are suitable to describe wavefunction in the I region (Eq. 3.45). The drawback of
APW method is that the wavefunction is energy dependent, which leads to a nonlinear eigenvalue
problem (Eq. 3.46). To achieve the exact energy, the energy has to be repeatedly decided until it
is converged, which is time-consuming.

In order to solve the problem in APW, Andersen [217], Koelling and Arbman [218] proposed a
way to describe the energy-independent wavefunction. Taylor expansion of radial function (Eq.
3.49) is used. This method is called the linearized augmented plane wave (LAPW) method due
to utilize the linearized energies in the radial functions. However, the drawback is that it does not
describe the semi-core states well. It is corrected by a method named linearized augmented plane
wave plus local orbitals (LAPW+LO) which was proposed by Singh (Eq. 3.51) [219]. Sjöstedt,
Nordström and Singh [220] provided an efficient way to linearize Slater’s APW method, named
the augmented plane wave plus local orbitals (APW+lo) (Eq. 3.52). Both methods consider local
orbitals, it is customary to write in different ways as LO and lo, respectively. The LAPW method
with the potential defined in Eq. 3.53 is called as full-potential linearized augmented plane wave
(FP-LAPW) method, because there are no shape approximations to the crystal potential. The
FP-LAPW method is a very accurate all-electron scheme. All-electron means both true core and
valence states are included in the calculation. A detailed discussion regarding the FP-LAPW
method can be found in Refs. [221, 222].

3.5.1 Wavefunction

Augmented plane wave method

The KS wavefunction can be expanded by a set of basis functions φk+G(r) as

ψKS
n,k(r) =

∑
G

Cn,k+Gφk+G(r). (3.44)

The basis set for APW method is defined by Slater [215, 216]

φAPW
k+G (r) =


1√
Ω

ei(k+G)r if r ∈ I∑̀∑
m

f`m(rα,k + G)Y`m(̂rα) if rα ∈ MT. (3.45)

Here, Ω is unit cell volume, ` is azimuthal quantum number, and m is magnetic quantum number.
Y`m(̂rα) is spherical harmonics. f`m(rα,k + G) = Aα

`m(k + G)u`(rα), where Aα
`m(k + G) is the
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expansion coefficient. The radial function (u`(rα)) can be determined by Eq. 3.46, where the
radial function depends on the energy εKS

n,k

− 1
2r2

d
dr

(
r2 du`

dr

)
+

(
`(` + 1)

2r2 + VKS
0 (r)

)
u`(rα) = εKS

n,k u`(rα). (3.46)

In the MT region, VKS(r) is assumed to be spherically symmetric. It thereby can be substituted
with its spherical average VKS

0 (r).

Because the wavefunction has a dual representation, continuity on the sphere boundary must be
satisfied, which is solved by matching each `m of the dual representation.

α 
β 

reference point 

MT 

MT 

R
α 

r 
r
α 

Rα 

I 

Figure 3.2. Partition of the unit cell.

In Fig. 3.2, the unit cell is divided into the MT spheres (α, β) and an I region, where r = Rα + rα
is guaranteed. The Rayleigh expansion formula yields

ei(k+G)r = ei(k+G)Rα4π
∑
`

∑
m

i` j`(|k + G|rα)Y`m(r̂α)Y`m(k̂ + G). (3.47)

Thereby the expansion coefficients satisfy for each ` and m

Aα
`m(k + G)uα` (rα) =

4π√
Ω

ei(k+G)Rαi` j`(|k + G|rα)Y∗`m(k̂ + G). (3.48)

The main drawback with the APW method is that the wavefunction is energy dependent (see Eq.
3.46). It is therefore time-consuming to calculate the exact energy.
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Linearized augmented plane wave method

In order to decouple the energy from the wavefunction in the APW method, Andersen et al.
found out a way to separate them [217, 218]. The Taylor expansion of the radial function on
certain energy is given as

u`(rα, ε) ≈ u`(rα, ε`,α) + (ε`,α − ε)u̇`(rα, ε`,α). (3.49)

Here, eigenvalue (εKS
n,k ) is written without subscript and superscript as ε, and u̇`(rα, ε`,α) is the

derivative of the radial function. Thus in this method, the basis function is defined as [217, 218]

φLAPW
k+G (r) =


1√
Ω

ei(k+G)r if r ∈ I∑̀∑
m

f`m(rα,k + G, ε`,α)Y`m(r̂α) if rα ∈ MT. (3.50)

Here, f`m(rα,k+G, ε`,α) = Aα
`m(k+G)u`(rα, ε`,α)+Bα

`m(k+G)u̇`(rα, ε`,α). Aα
`m(k+G) and Bα

`m(k+G)
are the expansion coefficients. Energy ε`,α is considered as pre-calculated parameter in Eq. 3.50.
Actually, it is chosen to be the energy level in the middle of each `-character band. Therefore,
this method is called the linearized augmented plane wave (LAPW) method.

Apparently, the LAPW method is more suitable in reality, because the wavefunction is decoupled
with energy. However, there is one drawback about this method: what if energy in the same `-
character is different enough, which ε`,α is correct? These states are the semi-core states, actually
in many elements, for instance Ga d-states.

Local orbitals

In order to solve the semi-core states problem, a new type of basis functions is added into the
LAPW method. It is defined as [177, 219]

φLO
k+G(r) =

0 if r ∈ I(
Aα,LO
`m u`(rα, ε`,α) + Bα,LO

`m u̇`(rα, ε`,α) + Cα,LO
`m u`(rα, ε′`,α)

)
Y`m(r̂α) if rα ∈ MT.

(3.51)

Here, the values of Aα,LO
`m , Bα,LO

`m , and Cα,LO
`m are obtained by normalization, as well as the values

and derivatives on the sphere boundary constrain to zero. The ε′`,α are the chosen energies for the
semi-core states. This method is called the linearized augmented plane wave method plus local
orbitals (LAPW+LO) method.

Correspondingly, the augmented plane wave method plus local orbitals (APW+lo) solves the
APW method efficiently. The basis functions have two types: one is similar with the APW
method; that is, f`m(rα,k+G, ε`,α) = Aα

`m(k+G)u`(rα, ε`,α); the other basis functions are [177,220]
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φlo
k+G(r) =

0 if r ∈ I(
Aα,lo
`m u`(rα, ε`,α) + Bα,lo

`m u̇`(rα, ε`,α)
)
Y`m(r̂α) if rα ∈ MT.

(3.52)

The values of Aα,lo
`m and Bα,lo

`m are obtained by normalization, and the local orbital has zero value
at the muffin tin boundary. This method is not suitable for calculations considering semi-core
states. However, it does increase the efficiency.

3.5.2 Effective potential

The potential in the FP-LAPW method is divided into two regions as well, the MT region and
the I region [221].

V(r) =


∑
G

VGeiGr if r ∈ I∑̀∑
m

Vα
`m(rα)Y`m(r̂α) if rα ∈ MT.

(3.53)

3.6 Pseudopotential approximation

There is another way to solve the KS equation, namely the pseudopotential approximation. Most
physical properties of solid materials depend primarily on the valence electrons. Therefore, the
pseudopotential approximation assumes that only the valence electrons are involved in the bond-
ing. In the approximation, the strongly oscillating wavefunctions of the electrons in the core
region are replaced by pseudo wavefunctions, and the full Coulombic potential is replaced by
a pseudopotential (see Fig. 3.3). In the pseudopotential approximation, the all-electron calcu-
lations are used as the references, and the core electrons are replaced by an effective potential.
The main advantage of this approximation is that the calculation time is reduced, and that the
calculations can thus be performed more efficiently.

There exist different extensions of pseudopotentials, such as the norm-conserving, ultra-soft, and
projector augmented wave (PAW) methods. All of them have the similar idea as mentioned
above. However, the PAW is theoretically and computationally efficient.

3.7 Projector augmented wave method

The PAW, which is an accurate and all-electron method, was introduced by Blöchl [223] in 1994.
It extends the LAPW method and pseudopotential approximation. Today, the PAW is widely
utilized in the electronic structure calculations.
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Ψoriginal 
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rc 

Figure 3.3. Schematic representation of the wavefunction in the Coulombic potential in
reality (blue) and in the pseudopotential (red). rc is the separation radius.

In the PAW method, the unit cell is divided into two regions as in the APW method. The wave-
functions are smooth functions in the interstitial region (bonding region), however, they oscillate
rapidly in the MT region (augmentation region). The all-electron KS wavefunction (ψKS

n,k(r)) can
in PAW be projected into a smooth pseudo wavefunction (ψ̃KS

n,k(r)) by a linear transformation (T )

ψKS
n,k(r) = T ψ̃KS

n,k(r)

T = 1 +
∑
α

Tα,
(3.54)

where α is the index of α:th atom in unit cell. ψ̃KS
n,k(r) is identical to ψKS

n,k(r) in the interstitial region.
However, it is much smoother compared with the all-electron wavefunction in the augmentation
region (see Fig. 3.4).

φKS
i,α (r) are the basis functions of ψKS

n,k(r), which is also called all-electron partial wave. φ̃KS
i,α (r) is

the partial wave of ψ̃KS
n,k(r). The following relation is required

φKS
i,α (r) = (1 + Tα)φ̃KS

i,α (r)
⇓

Tαφ̃
KS
i,α (r) = φKS

i,α (r) − φ̃KS
i,α (r).

(3.55)

Here, Tα can be solved if φKS
i,α (r) and φ̃KS

i,α (r) are known. φKS
i,α (r) are obtained from ψKS

n,k(r), which
is pre-calculated. In the bonding region, φ̃KS

i,α (r) = φKS
i,α (r). In the augmentation region (α atom),

the φ̃KS
i,α (r) can be calculated by
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ψ̃KS
n,k(r) =

∑
i

φ̃KS
i,α (r)cn,i,α

cn,i,α = 〈pi,α|ψ̃KS
n,k(r)〉

δi, j = 〈pi,α|φ̃KS
j,α(r)〉.

(3.56)

Here, pi,α, which is called the projector function, is orthonormal to the φ̃KS
j,α(r). The choice of the

project function is not uniquely determined in the PAW method.

From Eq. 3.54 to Eq. 3.56, ψKS
n,k(r) is derived as

ψKS
n,k(r) = ψ̃KS

n,k(r) +
∑
α

∑
i

(
φKS

i,α (r) − φ̃KS
i,α (r)

)
cn,i,α

= ψ̃KS
n,k(r) +

∑
α

∑
i

(
φKS

i,α (r) − φ̃KS
i,α (r)

)
〈pi|ψ̃KS

n,k(r)〉

= ψ̃KS
n,k(r) +

∑
α

ψ̃KS
1,α(r) −

∑
α

ψ̃KS
2,α(r).

(3.57)

Here,

ψ̃KS
1,α(r) =

∑
i

(
φKS

i,α (r)
)
〈pi,α|ψ̃KS

n,k(r)〉

ψ̃KS
2,α(r) =

∑
i

(
φ̃KS

i,α (r)
)
〈pi,α|ψ̃KS

n,k(r)〉.
(3.58)

The ψKS
n,k(r) is divided into three terms in Eq. 3.57. A schematic figure is shown in Fig. 3.4.

(r) 

 

(r) 

 

(r) (r) 

 

(a) (b) (c) (a) (b) (c)

n,k n,k 1,α 2,α 

Figure 3.4. Schematic representations of wavefunctions (a) ψKS
n,k(r) and ψ̃KS

n,k(r); (b) ψKS
n,k(r)

and ψ̃KS
1,α(r); (c) ψKS

n,k(r) and ψ̃KS
2,α(r).

A more detailed derivation of the PAW method can be found in for instance Refs. [177,223–226].
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3.8 Dielectric function and absorption coefficient

The dielectric function measures the electric displacement field due to the presence of an electric
field in a dielectric material. The complex dielectric function is written as

ε(ω) = ε1(ω) + iε2(ω). (3.59)

Here, ω = 2cπ/λ is the frequency, where c is the speed of light and λ is the wavelength. ε1(ω)
describes how much the material is polarized when an electric field is applied, and ε2(ω) is related
with absorption of the material. When an electric magnetic field (i.e., light) is interacting with
the material, the imaginary part of interband contribution to the dielectric function is described
as a 3-dimensional rank 2 tensor, and the components εαβ2 (ω) in atomic units can be calculated
within linear respond theory as [227]

ε
αβ
2 (ω) = 8π2ω−2Ω−1

∑
nn′k

wk( f (εnk) − f (εn′k))δ(εn′k − εnk − ω)〈ψn′k|Oα|ψnk〉〈ψn′k|Oβ|ψnk〉. (3.60)

Here, f is the Fermi distribution function and wk is k-point weights. n and n′ are the indices of
bands. There is another way to calculate it [189, 190]: εαβ2 (ω) = limq→04π2Ω−1q−2 ∑

n,n′,k wk ·
( f (εnk) − f (εn′k))δ(εn′k − εnk − ω) × 〈un′(k + eαq)un(k)〉〈uc(k + eβq)uv(k)〉∗.
The real part of the dielectric function can be calculated by the Kramers-Kronig transformation

ε
αβ
1 (ω) = δαβ +

2
π
%

∫ ∞

0

ω′εαβ2 (ω′)
ω′2 − ω2 dω′. (3.61)

Here, % is the Cauchy principal value. Henceforth, the superscripts α and β are neglected, and
ε1(ω) and ε2(ω) mean the principal elements α = β.

The real part (n(ω)) and the imaginary part (k(ω)) of the complex refractive index N (ω) =

n(ω) + ik(ω) are obtained as

n(ω) =

( √
ε1(ω)2 + ε2(ω)2 + ε1(ω)

2

)1/2

, and k(ω) =

( √
ε1(ω)2 + ε2(ω)2 − ε1(ω)

2

)1/2

.

(3.62)

The absorption coefficient is obtained as

α(ω) =

√
2ω
c

(√
ε1(ω)2 + ε2(ω)2 − ε1(ω)

)1/2

=
4π
λ

k(ω). (3.63)

The calculated absorption coefficients, of different copper-based chalcogenide materials with dif-
ferent gaps, are presented in Fig. 3.5. Apart from the gap of Cu2SiS3, the gap energies of other
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Figure 3.5. (a) Absorption coefficients, calculated by HSE06, of CuInSe2, CuGaSe2,
kesterite Cu2ZnSnSe4, kesterite Cu2ZnSnS4, Cu2SnS3, Cu2GeS3, Cu2SiS3,
CuBiS2, and CuSbSe2 as a function of the photon energy ~ω. (b) The close-
up of (a) near the absorption onset, where the energy scale is (~ω − Eg/Ed

g ≡
~ω − Eg or ~ω − Ed

g) to better compare all the compounds. GaAs is shown to
be compared with all the compounds. Raw data are presented with a 0.03 eV
Lorentzian broadening.

compounds are between 0.8 and 1.5 eV, which are essential as absorber materials. The gap en-
ergy of Cu2SiS3 is 2.60 eV, which may be too large as an absorber. However, it has been proven
that the gaps can be tailored by alloying either cation or anion for each type compound. A strong
absorption peak is observed by both CZTSe (CIS) and CZTS (CGS) between ∼2.5 (3.0) and ∼3.0
(3.5) eV, respectively. Most materials have higher absorption compared with that of GaAs from
1.0 to ∼3.3 eV. However, GaAs has a higher absorption after that except CuBiS2 and CuSbSe2,
which have higher absorptions in a broad range of energy. In Fig. 3.5 (b), comparable absorp-
tion coefficients are found for CZTS and CZTSe (CIS and CGS) regardless of gap energies. A
stronger absorption, near the gap, is shown for Cu2SiS3. In addition to Cu2SiS3, the absorption
of Cu2GeS3 is found to be stronger than those of CIS, CGS, and Cu2ZnSn(S/Se)4 between Eg

and ∼Eg+1.3 eV. Cu2SnS3, CZTSe, and CZTS have similar absorptions from Eg to Eg+1 eV.
Furthermore, the absorptions of those compounds are slightly higher than the absorptions of CIS
and CGS. However, CuBiS2 and CuSbSe2 still have significantly higher absorptions regardless of
gap energies compared with all other compounds. Taking into account the importance of absorp-
tion coefficient and the cost of elements in the compounds mentioned before, all the materials
can be attractive for thin film solar cells.

The optical absorption coefficient is determined directly from the complex dielectric function
through Eq. 3.63. Hence, it is important to perform a better calculation of dielectric function
in order to obtain a better absorption coefficient. We found that number of k-points (Nk) in
the irreducible Brillouin zone (IBZ) affects detailed shape of dielectric function significantly. It
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Figure 3.6. Imaginary part of dielectric function of monoclinic Cu2SiS3 with different
number of k-points in the irreducible Brillouin zone (Nk) based on PBE
and HSE06 calculations. Here, EA=Ec1(0)−Ev1(0), EB=Ec1(0)−Ev2(0), and
EC=Ec1(0)−Ev3(0). Here, The indices of the first, second, and third uppermost
valence bands are v1, v2, and v3, respectively. The index of lowest CB is c1.
The band gap calculated by PBE is shifted to the band gap calculated by HSE06
using scissors-operator 4g = 1.28 eV [228].

is important to point it out since most optical properties calculations are performed by either
HSE06 or GW, and calculation time can be increased remarkably when number of k-points is
increased for both methods. In Fig. 3.6, imaginary part of dielectric function of monoclinic
Cu2SiS3 with different number of k-points is calculated by PBE and HSE06 methods. PBE
with scissors-operator (4g) can reproduce the HSE06 result relatively accurately for the same
number of k-points. The further increase in number of k-points induces remarkable changes
in imaginary part of dielectric function near the band gap energy region (see Fig. 3.6). For
instance, we can identify three transitions EA, EB, and EC when large number of k-points is
applied together with PBE. Such transitions are not found in both HSE and PBE calculations with
fewer k-points. Band gap energy of monoclinic Cu2SiS3 is ∼1.32 eV by PBE calculation, which
is underestimated compared with experimental value (2.5 eV) [132]. However, the calculated
band gap energy is large enough to eliminate resonance between CBs and VBs, which can be
observed if the calculated band gap energy is ∼0.3 eV. Hence, it is still unclear how to analyze
such smaller band gap materials. In future, it may be solved by better exchange-correlation
functionals, faster high performance computers, or proper approximations. In Paper IV, the
calculated dielectric function of monoclinic Cu2SnS3 using PBE+U with dense k-mesh is in
a good agreement with experimentally measured result [228]. However, one needs to choose
Ud value carefully, otherwise it can distort the curvature of energy band. In addition, optical
properties, calculated by HSE06 with sparse k-points, are overall fairly good agreement with
experimental measurements in the whole energy region.



Chapter 4 Numerical modeling of solar cells

Thin film solar cells have many functional layers, for instance, absorber layer, buffer layer, and
back contact layer. Each layer plays a special role in the overall performance of the PV device.
Therefore, optimization of the thickness of each layer is very essential to reduce the material
cost and improve the overall performance of the PV device. Numerical modeling is one of
economical ways to optimize these parameters. Many numerical modeling softwares, such as
SCAPS-1D [229], wxAMPS [230], Optical [231], PC1D [232], and Atlas [233], can simulate
the performances of solar cells. However, it is more convenient for us to develop models by
ourselves in order to adapt the results from our theoretical calculations. In this section, two nu-
merical models will be introduced. The first one is a 1-D optical model which can be utilized to
calculate absorption profile for each layer in solar cells. The model considers coherent and inco-
herent light in different layers for each wavelength of light, however, flat interface (no roughness)
between layers is assumed. There are only two input parameters in the model: complex refractive
index and thickness of each solar cell layer. The second one, which has a similar idea with the
Shockley-Queisser (SQ) limit, is to calculate the uppermost efficiency of an ideal single-junction
solar cell based on a considered material using solar spectrum AM1.5. The input parameters of
the second model are absorption coefficient and thickness of the material. In these two models,
the complex refractive index and absorption coefficient can be determined from the dielectric
function obtained from our theoretical DFT calculations.

4.1 1-D optical model

4.1.1 Theory

In Fig. 4.1, the schematic representation of multilayer structure (upper panel) and corresponding
the j:th layer (lower panel) in a solar cell are presented. In the multilayer structure, we assume
that there are n + 2 layers (two ambient layers (air) and n layers of materials). The j:th ( j
from 1 to n) layer has its own complex refractive index (N j) and thickness (d j). Furthermore,
the first and last layers are ambient layers with the complex refractive index of 1 + i0. I, R,
and T are the amplitudes of the incident, reflected, and transmitted electric fields, respectively.
The monochromatic light is considered in this model, and the light is incident normally on the
first layer, that is, the reflection and transmission only depend on the refractive indices of the
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different media (see Eq. 4.1) rather than the angle of the light and polarization of the light. This
assumption is simple but sufficient for photovoltaic simulations [234]. In the j:th interface, there
are four electric field amplitudes at each interface: ELF

j , ELB
j , ERF

j , and ERB
j . Here, superscripts

LF, LB, RF, and RB represent the directions of light propagation (see Fig. 4.1). The detailed
description of the method can be found in Refs. [231, 234, 235].
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Figure 4.1. Schematic representation of multilayer structure of solar cell and the corre-
sponding j:th layer with different amplitudes and complex refractive indices.
Here, I, R, and T are the intensity of the incident light, the reflected photon
flux, and transmitted photon flux, respectively.

Coherent layers

The complex refractive index can be defined as N j = n j + ik j, where n j and k j are the real part
and imaginary part of the complex refractive index in the j:th layer. N j, n j, and k j are functions
of the wavelength (λ) of the incident light. Reflection (r j−1, j) and transmission (t j−1, j) coefficients
in the j:th interface are defined [234] as

r j−1, j =
N∗j−1 − N∗j
N∗j−1 + N∗j

, and t j−1, j =
2N∗j−1

N∗j−1 + N∗j
. (4.1)

Here, N∗j = n j − ik j. The relation t j−1, j − r j−1, j = 1 is verified.

From Fig. 4.1, the relation of amplitudes at the both sides of the j:th interface is
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ELF
j r j−1, j + ERB

j t j, j−1 = ELB
j

ELF
j t j−1, j + ERB

j r j, j−1 = ERF
j .

(4.2)

Eq. 4.2 can be simplified as

[
ELF

j
ELB

j

]
=

 1
t j−1, j

r j−1, j

t j−1, j
r j−1, j

t j−1, j

1
t j−1, j

 [ERF
j

ERB
j

]
= M j

[
ERF

j
ERB

j

]
. (4.3)

The relation of the amplitudes inside of the j:th layer is

[
ERF

j
ERB

j

]
=

ei 2π
λ N∗j d j 0
0 e−i 2π

λ N∗j d j

 [ELF
j+1

ELB
j+1

]
= Z j

[
ELF

j+1
ELB

j+1

]
. (4.4)

For the n + 2 layers structure, the following relation can be obtained[
I
R

]
= M1Z1M2Z2 · · ·MnZnMn+1

[
ERF

n+1
ERB

n+1

]
=

[
Q1 Q2

Q3 Q4

] [
T
0

]
. (4.5)

It is easy to see that the solution of Eq. 4.5 is

R =
Q3

Q1
I, and T =

1
Q1

I. (4.6)

The reflected photon flux (R) and transmitted photon flux (T) can be calculated by

R = <(R(N0R)∗)I, and T = <(T(Nn+1T)∗)I. (4.7)

Here, the real part of the complex number is obtained by<, for example,<(1+ i2) = 1. ERF
j and

ERB
j can be calculated if R and T are obtained from Eq. 4.6. The resultant electric field (E j(x))

and magnetic field (H j(x)) amplitudes as a function of distance (x) in the j:th layer are obtained
from

E j(x) = ERF
j e−i 2π

λ N∗j x + ERB
j ei 2π

λ N∗j x

H j(x) = N j(ERF
j e−i 2π

λ N∗j x − ERB
j ei 2π

λ N∗j x).
(4.8)

The light intensity in the j:th layer is calculated using the Poynting vector

P j(x) = <
(
E j(x)(H j(x))∗

)
I. (4.9)
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The total absorption in the j:th layer (A j) can be obtained by

A j =

∫ d j

0

(
− dP j(x)

dx

)
dx = −P j(x)

∣∣∣∣d j

0
= P j(0) − P j(d j). (4.10)

Due to conservation of energy, Eq. 4.11 should be satisfied.

R + T + A = I, and A =
∑

j

A j. (4.11)

Here, A is the total absorption for all layers.

Partially coherent and incoherent layers

The model discussed in the previous section considers the coherent light approximation, which
however is a rough approximation that can fail for the specific thickness of the layer and the
wavelength of the incident light. Therefore, in this section, the partially coherent and incoherent
light model is explored. Under solar illumination, the coherency length is ∼1000 nm [235].
Therefore, the layer can be considered as an incoherent layer if its thickness exceeds 1000/n nm,
where n is the real part of the complex refractive index of the layer.

Stiebig [236] proposed a simple method to deal with incoherent layers by modifying the corre-
sponding layer thickness for certain wavelength λ of the light as

d1 = d j − λ4 ·
1.5
n j
, d2 = d j, d3 = d j +

λ

4
· 1.5

n j
, and d4 = d j +

λ

2
· 1.5

n j
. (4.12)

Here, d j and n j are the thickness and real part of the complex refractive index of the j:th layer,
respectively. n j is a function of wavelength λ. The final result of the simulation is obtained
by averaging all the values computed based on different thicknesses and layers found from Eq.
4.12. In order to calculate different the wavelength of sunlight, each wavelength can be calculated
separately.

4.1.2 Results

In Fig. 4.2, results from optical modeling of solar cell based on CuInSe2 are demonstrated.
The device structure is ZnO(280 nm)/CdS(40 nm)/CuInSe2(1500 nm)/Mo(500 nm)/Glass. The
complex refractive indices of all the materials are obtained from the DFT calculations using the
HSE06 hybrid functional. The band gap energy of ZnO is shifted to experimental value of 3.37
eV. The band gap energies of CdS and CuInSe2 are 2.27 and 0.89 eV, respectively.
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Figure 4.2. (a) Normalized internal absorption for the solar cell based on CuInSe2, and the
schematic representation of the layered structure in the solar cell is given. (b)
Absorption in the absorber layer.

In Fig. 4.2 (a), normalized absorption of each layer of solar cell is presented. Most photons are
absorbed by the absorber layer (CuInSe2). However, other layers also contribute to the photon
absorption. One can optimize the structure by changing either the thickness or the choice of
material for a certain layer. Fig. 4.2 (b) reveals that most absorbed photons in the whole device
are absorbed by the CuInSe2 layer. However, between wavelength 280 and 500 nm, some photons
are absorbed by the ZnO and the CdS layers. The CuInSe2 layer absorbs almost all the photons
between wavelength 500 and 800 nm, which is the main part of spectrum of sunlight (see Fig.
1.2). Mo layer absorbs some photons between wavelength 800 and 1400 nm.

In summary, the absorption profile in solar cells can be simulated using this model, which can be
utilized to optimize the thicknesses of different layers. Moreover, the performance of each solar
cell layer can be optimized by screening of different perspective candidates. The model can be
improved by introducing the roughnesses of the interfaces between two neighboring layers in the
model.

4.2 Maximum efficiency

The record efficiencies of different types of solar cells are increased continuously year by year
(see Fig. 1.3). The cost for solar cells and the usage of materials can be reduced if the solar cells
are with higher efficiencies. To overcome different efficiency losses, it is important to investigate
the theoretical limitation of the efficiency and optimize the material functionality. In this section,
firstly, the ultimate efficiency (ηmodel 1

max (xg)) is introduced and xg is defined in Eq. 4.13. Secondly,
the Shockley-Queisser (SQ) limit or the detailed balance limit (ηmodel 2

max (xg)) is presented based
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on the ultimate efficiency, and the SQ limit is a classic approach to estimate the upper theoretical
limit efficiency. Lastly, the SQ model has been extended to consider the thickness (d) and the
actual absorption coefficient of a material (α(E) or α(ω)), and the extended model is presented
following the original idea of the SQ limit. The uppermost efficiency (ηmodel 3

max (d, α(E))) based on
the extended model is presented in Eq. 4.20 where α(E) is zero below the band gap energy (Eg)
and Eg = kBTsxg (see Eq. 4.13).

4.2.1 Theory

Shockley-Queisser limit

The detailed balance limit efficiency for a single p-n junction solar cell was introduced by Shock-
ley and Queisser in 1961 [41]. This SQ limit model is a theoretical limit of efficiency and derived
from the second law of thermodynamics and Planck’s law. It assumes that all the photons, which
have larger or equal energy than the gap energy of the material, are absorbed. Consequently,
photons, which have less energy than the gap energy, will not be absorbed at all. It also assumes
that there is only radiative recombination in the device, which actually is the dominating effect
in the direct band gap semiconductors (see Fig. 4.3).

CBM 

VBM 

Energy 

Radiative recombination Auger recombination 

Photon 

Extra energy level 

Shockley-Read-Hall recombination 

(a) (b) (c) 

electron 

hole 

Figure 4.3. Different electron-hole recombinations with the conservation of energy and mo-
mentum in semiconductors. (a) Radiative recombination: an electron from the
CB combines with a hole in the VB directly releasing a photon. (b) Non-
radiative Auger recombination: an electron from the CB combines with a hole
in the VB releasing energy for another electron in the CB. The released energy
also can be transferred to a hole. (c) Non-radiative Shockley–Read–Hall (SRH)
recombination: recombination due to extra defect energy levels between CBM
and VBM.

First, an ideal case with device temperature Tc = 0 is considered, and therefore no recombina-
tions. The uppermost efficiency as a function of xg or Eg in this model is called the ultimate
efficiency ηmodel 1

max (xg). That is, ηmodel 1
max (xg) only considers the efficiency loss due to the band
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gap. To simplify the derivation, the following variables are defined as in the original paper by
Shockley and Queisser [41]

kBTs = qVs, kBTc = qVc, Eg = hvg = qVg

xg = Eg/(kBTs) = Vg/Vs, and xc = Tc/Ts = Vc/Vs.
(4.13)

Here, Tc (Vc) and Ts (Vs) are the temperatures (voltages) of the p-n junction and the Sun, re-
spectively. kB is the Boltzmann constant and vg is the cutoff frequency of the corresponding gap
energy.

To obtain the ultimate efficiency ηmodel 1
max (xg), as mentioned, an idealized solar cell model with

Tc = 0 K is considered. It is surrounded by a blackbody with a temperature of Ts = 6000 K, (see
Fig. 4.4 (a)). The corresponding efficiency of the solar cell as a function of the gap energy is
calculated (see Fig. 4.4 (b)).
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Figure 4.4. (a) A spherical solar cell with a temperature of Tc = 0 K surrounded by a
blackbody with a temperature of Ts. (b) The calculated ultimate efficiency using
the model in (a).

The ηmodel 1
max (xg) is determined by

ηmodel 1
max (xg) =

Pout

Pin
=

S hvgNs

S Ps
=

xg

∞∫
xg

x2/(ex − 1)dx

∞∫
0

x3/(ex − 1)dx
. (4.14)

Here, h is Planck’s constant and S is the surface area. Ns is the total photon radiance from the
Sun with the energy ≥ Eg. Ns is calculated by means of the Stefan-Boltzmann law
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Ns =

2π∫
0

dφ

2π∫
0

Na cos(θ) sin(θ)dθ = πNa

Na =

∞∫
vg

2v2

c2

1
(ehv/(kBTs) − 1)

dv =
2(kBTs)3

h3c2

∞∫
xg

x2/(ex − 1)dx.

(4.15)

Here, c is the speed of light. Ps is the total radiated power (constant) per unit area, and the power
is similarly derived as

Ps =

2π∫
0

dφ

2π∫
0

Pa cos(θ) sin(θ)dθ = πPa

Pa =

∞∫
0

2hv3

c2

1
(ehv/(kBTs) − 1)

dv =
2(kBTs)4

(h3c2)

∞∫
0

x3

(ex − 1)
dx =

2π4(kBTs)4

15h3c2 .

(4.16)

The maximum value of the ηmodel 1
max (xg) is ∼44% for the optimized gap energy of ∼1.1 eV. As

mentioned, the recombinations are not considered in this model.

For a realistic solar cell, Tc is larger than 0 K. Moreover, a solid angle between the sunlight and
solar cell shall be considered (see Fig. 4.5 (a)). The uppermost efficiency with respect to gap
energy is now called the SQ limit (ηmodel 2

max (xg)), which is shown in Fig. 4.5 (b). In this model,
the efficiency losses due to radiative recombination is included due to device temperature Tc > 0
K. Moreover, a load is introduced. Therefore, the free energy available for electrical work is less
than the gap energy of the material. It is worth to mention that the rate of emission of photons
(R0) due to radiative recombination is equal to that of absorption of photons which creates the
EHPs under equilibrium without disturbance, inferred by the second law of thermodynamics.
Moreover, in the case of disturbance, the rate of emission of photons (Rt) can be expressed as
R0eV/Vc , where V is the voltage between the load connected to the p- and n-regions of the solar
cell and Vc = kBTs/e.
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Figure 4.5. (a) A planar solar cell with a temperature of Tc > 0 K irradiated by the spherical

Sun with a temperature of Ts subtending at an angle of θ. (b) The calculated
ηmodel 2

max (xg) using the model (a).

The ηmodel 2
max (xg) is given by (detailed derivation can be found in [41])

ηmodel 2
max (xg) = tsηu(xg)ν( f , xg, xc)m(ν, xg, xc). (4.17)

Here, f is the geometrical factor and shall be unity in the SQ limit, and ts is the probability of
generation of a hole-electron pair by the photon with energy greater than the gap energy of the
material; it shall be unity as well. ν( f , xg, xc) is equal to Voc/Vg, which is given as

ν( f , xg, xc) =
Voc

Vg
=

Vc

Vg
ln

(
f

Ns

Nc

)
Ns

Nc
=

1
x3

c

∞∫
xg

x2

ex − 1
dx

/ ∞∫
xg/xc

x2

ex − 1
dx.

(4.18)

Here, Nc is similarly determined as Ns in Eq. 4.15 but with the temperature of Tc. The impedance
matching factor m(ν, xg, xc) (where ν = ν( f , xg, xc)) is derived as

m(ν, xg, xc) =
z2

m

(1 + zm − e−zm)(zm + ln(1 + zm))
zm + ln(1 + zm) = νxg/xc.

(4.19)

Hence, zm = Vmax/Vc. The ηmodel 2
max (xg) can be directly obtained for each value of xg and Eg =

kBTsxg (see Fig. 4.5). The maximum value of the ηmodel 2
max (xg) is ∼30% for the gap energy of ∼1.3

eV in the SQ limit. There are some ways to increase the efficiency beyond the SQ limit, such
as utilizing multijunction solar cells, multiple exciton generation, and concentrators. However,
these technologies are not discussed in the thesis.
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Maximum efficiency with thickness and absorption

The SQ limit is an important and fundamental method to find an upper theoretical limit efficiency.
The theory applies on d → ∞ so that all photons with hvg ≥ Eg are absorbed. However, it is
good that the SQ model can consider the thickness and absorption coefficient of a material. Both
of them can affect the limit.

The conversion efficiency η(d, α(E)) is calculated by

η(d, α(E)) =
Pout

Pin
=

V · I
Pin

=
V · (Isc − Ir

)
Pin

Isc = 2πc−2h−3e
∫ ∞

0
A(E) fam(E)/E3dE

Ir = (eeV/(kBTc) − 1)eI0
r .

(4.20)

Here, Isc is the short circuit current, and Ir is the recombination current where I0
r can involve both

radiative and non-radiative recombinations. The direct radiative recombination is involved if
I0
r = 2πc−2h−3e

∫ ∞
0

A(E)E2/(e(E/(kBTc)) − 1)dE. Here, only radiative recombination is considered.
However, in Paper VII, the non-radiative Auger recombination is introduced for indirect gap
materials. Absorptivity A(E) is defined as (1−e−2dα(E)) where d is thickness of a material and α(E)
is absorption coefficient which can be obtained by DFT calculations. fam(E) is solar spectrum
AM1.5 and Pin is a constant (∼1000 Wm−2).

In order to get the maximum efficiency for a solar cell (ηmodel 3
max (d, α(E))) with specific d and α(E)

using Eq. 4.20, the equation needs to be maximized rather than directly solved like in the original
SQ limit for d → ∞. The optimized efficiency calculated by Eq. 4.20 with d → ∞ is equivalent
to the original SQ limit (see Fig. 4.5 (b) and Fig. 4.6 (b) with d → ∞).

4.2.2 Results

The maximum efficiencies of different copper-based chalcogenide materials with different thick-
nesses are presented in Fig. 4.6 (a), where the wide gap Cu2SiS3 is excluded due to the very low
efficiency. In Fig. 4.6 (b), maximum efficiencies considering the materials with the finite and
infinite thicknesses are presented. The band gap energies and absorption coefficients of materials
are calculated using HSE06 hybrid functional. For the direct gap materials, the gap energies are
0.89, 1.46, 0.94, 1.49, 0.83, 1.43, and 2.60 eV for CuInSe2, CuGaSe2, kesterite Cu2ZnSnSe4,
kesterite Cu2ZnSnS4, Cu2SnS3, Cu2GeS3, and Cu2SiS3, respectively. For the indirect gap ma-
terials, the indirect fundamental and direct gap energies are 1.30 (1.21) and 1.57 (1.43) eV for
CuBiS2 (CuSbSe2). In Fig. 4.6, the efficiencies are obtained only considering the radiative re-
combination.

In Fig. 4.6, increase of material’s thickness results in the higher efficiency for the considered
material. In a broad range of thickness, CuSbSe2 has the highest maximum efficiency of these
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Figure 4.6. (a) Maximum efficiencies of different copper-based chalcogenide materials
with gap energies as a function of film thickness. (b) Maximum efficiencies
calculated by the extended SQ limit considering the materials with the finite
and infinite thicknesses.

materials. For all compounds except CuSbSe2, the efficiency is ∼26–29%, ∼22–27%, and ∼12–
21% for the thickness of 2000 nm, 1000 nm, and 50 nm, respectively. The improvements in
efficiency thereby are more pronounced if the thickness of a material is ≤1000 nm. CuBiS2 has
the second highest maximum efficiency, and Cu2ZnSnSe4 and Cu2GeS3 have comparable values
at the thickness between 1000 and 2000 nm with CuBiS2. However, the efficiency of Cu2ZnSnSe4

is higher than that of Cu2GeS3 when the thickness is ≤1000 nm. CuGaSe2 and Cu2ZnSnS4 have
the lowest and second lowest maximum efficiencies, respectively. For the materials with similar
gap energy such as CuSbSe2 (1.43 eV) and CuGaSe2 (1.46 eV), CuSbSe2 has a much higher
efficiency than CuGaSe2 for the same thickness. The reason is that the absorption coefficient
of CuSbSe2 is much higher than that of CuGaSe2 (see Fig. 3.5). Due to the high absorptions,
CuSbSe2 and CuBiS2 are potential candidates as ultra-thin film (≤ 100 nm) absorber materials.
However, since only radiative recombination is considered in the presented efficiencies, The
actual maximum efficiencies of solar devices based on CuSbSe2 and CuBiS2 can be lower around
3−5% due to the Auger recombination when thickness are ≤ 100 nm (see Paper VII). From Fig.
4.6, one observes that the band gap and absorption coefficient are two important factors which
affect the maximum efficiency for thinner films. Only gap energy is important if thickness is
sufficiently large.

In summary, the ηmodel 3
max (d, α(E)) does not only depend on the absorption coefficient of a mate-

rial, which is connected with band gap energy indirectly, but also the thickness of the material.
Therefore, our model is more realistic to estimate highest possible conversion efficiency of a
material. However, if a material has deep defects, non-radiative SRH recombination can strongly
affect the efficiency of the solar cells based on the material.
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Chapter 5 Concluding remarks

5.1 Summary of the papers

I Parameterization of CuIn1–xGaxSe2 (x = 0, 0.5, and 1) energy bands
R. Chen and C. Persson, Thin Solid Films 519, 7503 (2011).

The most fundamental property of a material is the energy of the electrons. That is determined
by solving the Kohn-Sham equation (see Eq. 3.27). By understanding the electronic properties
of the electrons one can understand many of the fundamental material properties. During the
last two decades the electronic structure of CIGS has been explored, however the motivation
of the present study is that much of the earlier studies describe the electronic structure and the
corresponding density-of-states (DOS) on a wider energy scale, typically from 5−10 eV below
VBM to 5−10 eV above CBM. With that perspective one gets the overall understanding of the
material, and one also gets the bond character, but details near the band edges are less revealed.
The reason why details are important can be understood from different energy of relevance in
materials. Important absorption is 0−1 eV below VBM and 0−1 eV above CBM; the energy of
band filling in heavily doped, degenerated semiconductors are typically in the 0.1 eV scale, and
room temperature corresponds to kBT ∼0.025 eV. Thus, to understand band filling and transport
of electrons/holes one has to understand the electronic structure on an energy scale of 1 meV to
∼0.1 eV. Moreover, most earlier studies are on the ternary compounds CIS and CGS, whereas
the experimentally and commercially most interesting compound is the CIGS alloy with ∼70%
In and 30% Ga, that is CuIn0.7Ga0.3Se2. It is therefore interesting to understand how Ga-on-In
alloying affects the electronic structure.

We have therefore conducted a study on CuIn1–xGaxSe2, with x = 0, 0.5, and 1. Here, x = 0.5
is not exactly the same configuration as for the commercially interesting compound, but it indi-
cates how CIGS behaves when alloying In and Ga, and it allows us to make accurate calculations
with a small unit cell. Moreover, the present study focuses on the details in the electronic struc-
ture near the band edges. We do that by analyzing the lowest conduction band (CB) and the
three uppermost valence bands (VBs) of CIGS (x = 0, 0.5, and 1) based on the full-potential
LAPW (FP-LAPW) calculations (Section 3.5) of the electronic band structure. The advantage
of using the FP-LAPW within the WIEN2k package is that the code generates very accurate
energy values in terms of noise and level of degeneracy of states, while the disadvantage is that
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computational time is more expensive for the code compared to a pseudopotential code. Having
accurate description of the degenerate states at the Γ-point VBM is crucial when determining the
effective hole masses there since one needs that to determine irreducible representations and an
accuracy of the band energies of 0.01−0.1 meV. Therefore, we follow the FP-LAPW calcula-
tion approach described in Ref. [70] with the Engel–Vosko (EV) exchange-correlation potential
which has shown to be able to overcome the problem with resonance between VB and CB states
which can strongly affect the values of effective masses. It also has been proven to generate
accurate values of the effective masses Ref. [237], and our result for effective electron mass
of CIS (mc1 = 0.08m0) is close to the experimental results (mc1 = 0.09m0) by Weinert et al.
from Faraday rotation [238]. Thus, even if we do not generate the band structure with the exact
exchange-correlation potential, we have reason to believe that the results are fairly good, and the
results are useful when analyzing future measurements and simulations.

In this work, we present a parameterization of electronic band structure of the lowest CB and the
three uppermost VBs. These bands are the most important bands for electron and hole transport
in the material. With the parameterization of the bands, other researchers can easily generate the
energy bands in order to further investigate properties that are related to band filling and carrier
transport.

The parameterization of the energy bands demonstrates that the energy dispersions of the lowest
CB and three uppermost VBs are strongly anisotropic and non-parabolic close to the Γ-point.
This anisotropy and non-parabolicity directly affect the effective electron and hole masses in
different directions, and away from the Γ-point. With this description of the bands we can better
understand the CIGS. This parameterization method can be utilized to other materials, such as
kesterite and stannite Cu2ZnSn(S/Se)4, which have been presented in [63].

Using the parameterized electronic structure, we analyze the electrons and holes effective masses
for these bands. The effective mass tensor (1/m(k) = ±~−2(∂2E(k)/∂k2)|k) is directly related to
the curvature of the bands. The effective mass of the electron (or hole) is a very fundamental
property of semiconductors and is used for various analyses of experiments and carrier transport
simulations. Low effective mass value normally means better transport of the carriers, and this
is very important for the minority carriers (i.e., the electrons in p-type CIGS). In addition, the
effective mass is often used to approximately describe scattering and recombinations in modeling
and describe the band structure around the band edge, for instance to model band filling. Thus,
the effective mass is used in two ways: to describe transport of a single carrier and to describe
collective band filling. The effective masses are normally presented (both experimentally and
theoretically) as constant values at the very minimum of the CBM or the very maximum of
the VBM. That is correct if one can measure (or accurately calculate) details in the electronic
structure in the vicinity of the band edges. However, very often one measures effective masses
indirectly and for a material with high electron and hole concentrations. Thereby, the measured
mass value is not the mass at the very CBM or VBM but the mass near the quasi-Fermi level. We
therefore describe the effective mass both as the Γ-point effective mass (value when wave vector
equals 0) of the CB and the three VBs, but also an average mass that is energy-dependent and
shall better represent the effective mass in models that describe band filling. That is, one can use
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the energy-dependent mass m(E) in existing models and a little better describe the physics of the
material.

To better describe transport properties, one needs m(k) away from the Γ-point. In Fig. 3 of
Paper I, we illustrate how strongly the effective masses of the bands depend on specific k-state
that one considers. The Γ-point effective mass is only valid close to the Γ-point. Already some
5−10% away from the Γ-point the mass value has changed notably. This is very obvious for
the second uppermost VB in CIS (red lines in Fig. 3 in the paper). One can notice that the
behavior of the effective electron masses of the three compounds (i.e., x = 0, 0.5, and 1) are
similar while it differs much more for the effective holes masses. This is a direct consequence of
the different spin-orbit split-off and the crystal-field split-off energies. These splits directly affect
the band curvatures and therefore the effective masses. This is discussed in the paper. Moreover,
in the figure one can see that the effective mass is very anisotropic, that is, it varies in different k
directions; this is most obvious for the holes in the VBs. That means that carrier transport will
be different in different k directions.

In short, the main conclusions are:

1. The energy dispersions of the three uppermost VBs are strongly anisotropic and non-
parabolic even very close to the Γ-point VBM.

2. The lowest CB is anisotropic and non-parabolic for energies ∼50 meV above the band gap
energy.

3. The three CuIn1–xGaxSe2 (x = 0, 0.5, and 1) compositions show comparable k-dependency
of their effective hole masses.

In this work, Rongzhen Chen is the first author of the paper. The modeling and figures were
done by Rongzhen Chen. Rongzhen Chen analyzed the results and wrote the manuscript under
the guidance of Clas Persson.

II Band-edge density-of-states and carrier concentrations in intrinsic and p-type
CuIn1–xGaxSe2
R. Chen and C. Persson, Journal of Applied Physics 112, 103708 (2012).

When a solar cell is under operation, the sunlight strongly excites electrons from the VBs up to
the CB and thereby also creates holes in the VBs. Then, one has quasi-Fermi levels for the CB
and the VBs. Also, under illumination, the device operation is around between 25 and 60 degrees
Celsius and the temperature affects the intrinsic carrier concentration. In addition, if the material
is n- or p-type, one also needs to consider the electron or hole populations related to the dopants.

The motivation of this study is that we utilize the parameterized band dispersion of CuIn1–xGaxSe2

(x = 0, 0.5, and 1) in Paper I, and we want to better analyze the impact on the density-of-states
(DOS) as well as the carrier concentrations and Fermi energy level by taking into account the
non-parabolicity and anisotropy of the energy bands.
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In this work, we explore how temperature and doping affect the carrier concentration. We com-
pare the analyses done with the true, full electronic band structure and done with a corresponding
parabolic band model of the band structure generated by the Γ-point effective mass. The latter
model is commonly used in semiconductor physics. In the paper, we denote these two models as
full band parameterization (fpb) and the parabolic band approximation (pba), respectively. Also
here we analyze the ternaries CIS (x = 0) and CGS (x = 1), but also the CIGS alloy with x =

0.5 to complement the analyses of materials that are used in today’s solar cells. In the paper, we
explore the DOS of the VBs and the CB, and we found that the parabolic approximation very
poorly describes the DOS for especially the VBs. Normally one uses the effective DOS mass to
represent the parabolic description of the DOS, but that is thus not an accurate method for the
VBs in CIGS. Therefore, we introduce energy-dependent DOS mass that can better represent the
energy-dependent DOS, and that can be used in the traditional models. That is, with the DOS
mass one can describe the band filling better, still using models that have been derived for a
constant value of the DOS mass. The advantage is that the energy-dependent mass easily can be
used in analyses of measurements also when band filling is strong.

Moreover, with the parameterized bands we analyze the temperature dependence of the carrier
concentrations in intrinsic material (n = p). As expected, the intrinsic carrier concentration
depends much on the band gap energy of the material; the carrier concentration for Si (multi-
valley CBM and Eg ≈ 1.2 eV) is similar as in CIS (Eg ≈ 1.0 eV) and the carrier concentration for
GaAs (Eg ≈ 1.5 eV) lies between CIGS with x = 0.5 (Eg ≈ 1.3 eV) and CGS (Eg ≈ 1.6 eV).

We also model the temperature-dependent Fermi levels and carrier concentrations in acceptor-
doped CIGS since the material is used as p-type absorber layer in solar cells. Thus, an accurate
description of the temperature dependences is important in analyses and simulations of the ma-
terial and devices. Here, we found that there is a large difference for the full band description
compared with the parabolic approximation. The difference is explained by the non-parabolicity
and anisotropy of the energy bands.

In short, the three main conclusions are:

1. A constant DOS mass cannot accurately describe band filling of the valence bands even at
low hole concentrations. Instead, we introduce an energy-dependent DOS mass that can
be utilized to describe the carrier concentration as well as the Fermi level using traditional
equations for the DOS.

2. With the full description of the energy dispersion, the hole concentration is improved by a
factor of 10−50 and the electron concentration is improved by a factor of 2−10 depending
on the quasi-Fermi energy.

3. The transition from the freeze-out region to the extrinsic region occurs well below the
room temperature for uncompensated acceptor concentration below ∼1017 cm−3, whereas
for higher concentrations, not all acceptors are ionized at T = 300 K. Thus, with a more
correct description of the energy dispersions, one can better analyze the electron and hole
dynamics in the CuIn1–xGaxSe2 alloys, thereby better understand the electrical properties
of these compounds.
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In this work, Rongzhen Chen is the first author of the paper. The modeling and figures were
done by Rongzhen Chen. Rongzhen Chen analyzed the results and wrote the manuscript under
the guidance of Clas Persson.

III Dielectric function spectra at 40 K and critical-point energies for CuIn0.7Ga0.3Se2
S. G. Choi, R. Chen, C. Persson, T. J. Kim, S. Y. Hwang, Y. D. Kim, and L. M. Mansfield,
Applied Physics Letters 101, 261903 (2012).

One of the most important optical properties as an absorber material in a solar cell is to absorb the
sunlight efficiently. The absorption coefficient α(ω) describes this efficiency in units of 1/length.
That is, if the absorption coefficient is large, the thickness of the absorber material can be thinner
while still absorbs the same amount of sunlight. The absorption coefficient is related to the
dielectric function through the expression in Eq. 3.63. The imaginary part ε2(ω) of the dielectric
function is closely related to the absorption coefficient; for instance, both ε2(ω) and α(ω) are
zero for photon energies smaller than the band gap. That is, by analyzing the dielectric function
one can also understand how the optical transition occurs and how good or bad the material is for
a solar cell. The imaginary part of the dielectric function in atomic units is obtained from (also
see Eq. 3.60)

ε
αβ
2 (ω) = 8π2ω−2Ω−1

∑
nn′k

wk( f (εnk) − f (εn′k))δ(εn′k − εnk − ω)〈ψn′k|Oα|ψnk〉〈ψn′k|Oβ|ψnk〉. (5.1)

Here, f is the Fermi distribution function and wk is k-point weights. n and n′ are indices of bands.
Thus, it is a summation of all possible band-to-band direct transitions. The energy needed for
excitation depends on the energy difference between final and initial states (indicated by the delta-
Dirac function in the equation) and the strength of the absorption possibility which is described
by the optical matrix element 〈ψn′k|Oα/β|ψnk〉. While the energy difference between final and
initial states only depends on the electronic band structure, the optical matrix element depends
on the shape and symmetry of the electron wavefunctions of the initial and final states. Certain
band-to-band transition can be weak or strong depending on the wavefunctions of the states. To
fully understand the optical properties of a material, one needs to analyze the dielectric function
in detail.

The motivation of this study is that we help experimentalists to understand the dielectric function
spectrum of CuIn0.7Ga0.3Se2, but we also want to understand details in the optical transition for
these types of materials. That is, we want to explore which energy bands and which electrons
states are most optically active when the solar cell is under operation. By understanding that we
can better explain the light absorption of the CIGS material, but also understand how one shall
modify the material or tailor-make similar compounds with even better optical efficiency.

In this work, we have calculated the spectrum of the dielectric function for CuIn0.5Ga0.5Se2 by
means of the all-electron FP-LAPW method as in Papers I and II. The calculated dielectric func-
tion is compared with experimental data (CuIn0.7Ga0.3Se2) at temperatures of 40 K and 300 K,
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and we found that results based on theory and experiment are in reasonable good agreement. We
decompose the full dielectric function into the contributions from each band-to-band transition
and for each state in the Brillouin zone. The different contributions to the imaginary part of
dielectric function in terms of the transitions between the VBs and the CBs are identified based
on this calculation. Moreover, the k-dependence of the interband absorption peaks along the
main symmetry directions are analyzed as well. With these results, we better understand and
explain the dielectric function spectra obtained by experimental measurements. The somewhat
surprising conclusion is that there are several band-to-band transitions that are important and that
several low-lying states in the VBs that strongly contribute to the total dielectric function. That
is, a full band description is needed to accurately describe the optical activity of these materials.

In short, the main conclusions are:
1. The dielectric function calculated by our theoretical method exhibits a good agreement

with the result of experiment.
2. Electronic origins of the observed absorption peaks are discussed in terms of the decom-

posed band-to-band transition based on our theoretical calculations.
3. The pairs of valence and conduction bands along the main symmetry directions of Brillouin

zone are suggested for the major absorption peak features.
4. Several band-to-band transitions contribute to ε2(ω) when ~ω > ∼3.0 eV.

In this work, Rongzhen Chen is the second author of the paper, but the first author of the theoreti-
cal part. The theoretical calculations were performed by Rongzhen Chen. The figures, which are
associated with theoretical calculations, were prepared by Rongzhen Chen. Rongzhen Chen an-
alyzed the theoretical results and wrote the theoretical part of the manuscript under the guidance
of Clas Persson.

IV Dielectric function and double absorption onset in monoclinic Cu2SnS3: origin of exper-
imental features explained by first-principles calculations
A. Crovetto, R. Chen, R. B. Ettlinger, A. C. Cazzaniga, J. Schou, C. Persson, O. Hansen, Solar
Energy Materials and Solar Cells 154, 121 (2016).

Ternary Cu2SnS3 (CTS) is one of the new candidates as a Cu-based absorber in solar cells, and
conversion efficiency of the corresponding solar cell is between 4% and 5% [64,65] today. Main
advantages, using the ternary CTS rather than quaternary compounds such as CIGS and CZTS,
are that CTS has not only fewer chemical elements but it also has fewer possibilities for various
native defects, especially single-charged donors and acceptors.

The motivation of this study is that we help the experimentalists to understand the origin of a
double absorption onset just above the band gap in the dielectric function of monoclinic CTS.
The double absorption onset in the spectrum of dielectric function of monoclinic CTS has been
reported in the literature by experimentalists [64,138,239]. This double onset has been suggested
by many reasons such as defects and multi phases in the samples. However, it is never able to be
confirmed by theoretical calculations.
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In this work, calculations are performed by means of the plane augmented wave formalism within
the DFT as implemented in the VASP program package [189, 190]. We found that the double
absorption onset can be explained by different behavior of the optical transitions between the
three uppermost VBs and lowest CB in a perfectly crystalline CTS. However, the result could
only be revealed using a very dense k-mesh. This also explains why it is not reported in the
literature by other theoretical researchers before. Today, optical properties are calculated often
utilizing HSE or GW since it generates much better band gaps (still, the error bar is typically
0.1–0.2 eV). HSE or GW is in many aspects a better method. One disadvantage, however, is that
one cannot use sufficiently enough k-points due to computational time and memory usage. Thus,
using HSE or GW improves the overall electronic structure, total energy, and electron density
for semiconductors, but in a practical usage the two methods will less accurately describe details
when using a sparse k-mesh (also see section 3.3.4).

We calculate the dielectric function using both HSE06 (i.e., HSE with standard values of pa-
rameters) with 39 k-points in the IBZ and PBE+U with k-meshes from 39 k-points up to 6992
k-points in the IBZ. PBE+U method can not only correct Cu d-states but also open the band gap,
thus, the curvatures of the energy bands are described much better in comparison with PBE. We
found that although dielectric function calculated by HSE06 is in a relatively good agreement
with experimental measurement, the double absorption onset near band gap cannot be obtained.
Moreover, the strength of the dielectric function is much weaker in the region just above band
gap. However, the detailed shape of the dielectric function, obtained by PBE+U with dense k-
points, is improved due to more accurate integral of the BZ during the calculation of dielectric
function. Double absorption onset and stronger strength of dielectric function just above band
gap thereby can be observed.

In short, the main conclusions are:

1. Dielectric functions obtained by theoretical calculation and experimental measurement are
in good agreement.

2. For the first time theoretical calculation confirms a double absorption onset in a perfectly
crystalline CTS.

3. Double absorption onset and stronger strength of dielectric function just above band gap
can be revealed using only very dense k-points.

4. The double absorption onset is due to optical transitions from three uppermost VBs to the
lowest CB at Γ-point. The dielectric function of monoclinic CTS is very anisotropic in the
near band gap region. This helps making the double onset so clear.

In this work, Rongzhen Chen is the second author of the paper, however the first author of the
theoretical part. The theoretical calculations were performed by Rongzhen Chen. The figures,
which are associated with theoretical calculations, were prepared by Rongzhen Chen. Rongzhen
Chen analyzed the theoretical results and wrote the theoretical part of the manuscript under the
guidance of Clas Persson.
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V Exploring the electronic and optical properties of Cu2Sn1–xGexS3 and Cu2Sn1–xSixS3 (x =

0, 0.5, and 1)
R. Chen and C. Persson, accepted by Physica Status Solidi (B) (2017).

The possibility to fabricate solar cell based on ternary CTS has been investigated, and the con-
version efficiencies are between 4% and 5%. However, the gap energy of CTS is estimated to
be between 0.8 and 0.9 eV, and it is thus less than the optimum gap in the SQ limit (∼1.1–1.3
eV). Since the lighter Ge and Si are group-IV elements as Sn, the gap energy is expected to be
increased by alloying these two elements in CTS. Moreover, solar cell based on Cu2GeS3 was
reported and it has the efficiency of 1.70% [136]. The conversion efficiency of solar cell, us-
ing Cu2Sn1–xGexS3 (CTGS) with x = 0.17 as an absorber, is 6.0% [66]. However, solar cells
fabricated based on Cu2Sn1–xSixS3 (CTSS with x , 0) have not been reported to date.

The motivation of this study is to explore the electronic and optical properties of CTGS and
CTSS in order to better investigate the fundamental material properties of the alloys. From the
study, the trend of the properties with respect to alloy composition can be understood. However,
these materials, especially alloys, are rather few reported today. Therefore, more theoretical
and experimental are expected in the future in order to make them more attractive as absorber
materials in solar cells.

In this work, we found that CTGS and CTSS have direct gaps and the gap energies vary almost
linearly when x increases except for very Si-rich CTSS, thus x ≈ 1. Considering the optimum
gap value from the SQ limit, the calculations reveal that x should be between 0.5 and 1 for
CTGS but between 0 and 0.5 for CTSS. From the band structure calculations, we found that
all compounds have rather similar band curvatures below the VBM. Moreover, like CIGS and
CZTSSe, Cu d-like states in the alloys hybridize with S p-like states in a wide range below VBM.
The energetically lifted second lowest CB in Cu2Sn0.5Si0.5S3 is observed compared with that in
Cu2Sn0.5Ge0.5S3 (See Fig. 1 in the paper). Furthermore, the effective electron and hole masses
at the Γ-point are calculated from the band dispersion, and the result reveals that electron masses
are relatively isotropic and the hole masses are rather anisotropic.

The absorption coefficients of all the alloys are calculated utilizing HSE06 with sparse k-mesh
and PBE+U with dense k-mesh. Overall, the absorption coefficients are rather similar as for
CZTSSe. However, Cu2GeS3, Cu2SiS3, and Cu2Sn0.5Si0.5S3 have higher absorptions around be-
tween Eg + 0.5 and Eg + 1.0 eV than other alloys. Furthermore, in order to observe the stronger
strength of absorption just above band gap, very dense k-points are considered using the PBE+U
method with corrected gap energy. The absorption coefficients, calculated by these two methods,
are rather comparable. However, the detailed shape of optical properties is revealed only with
a much denser k-mesh. Moreover, the high frequency dielectric constants are predicted and the
values are similar to that of CZTS.

In short, the main conclusions are:

1. The gap energies of CTS can be tailored by alloying the Sn atoms with Ge and Si, which
vary almost linearly except for very Si-rich CTSS.

2. The absorption coefficients of all the alloys are similar with that of CZTS.
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3. The effective electron masses are relatively isotropic for the alloys at the Γ-point of the
lowest CB. However, the hole masses are rather strongly anisotropic for the topmost VB.

4. The high frequency dielectric constants of the alloys are between 7 and 9.

In this work, Rongzhen Chen is the first author of the paper. The study is organized by Rongzhen
Chen. Rongzhen Chen analyzed the results and wrote the manuscript under the guidance of Clas
Persson.

VI Electronic and optical properties of Cu2XSnS4 (X = Be, Mg, Ca, Mn, Fe, and Ni) and
the impact of native defect pairs
R. Chen and C. Persson, resubmitted (minor revisions) to Journal of Applied Physics (2017).

CZTSSe is under development as an absorber material for thin film solar cells. Understanding
cation disorder in the material is a major challenge, mainly due to low formation energies of the
anti-site pair (Cu−Zn+Zn+

Cu). Alloying Zn by other elements can be one of the ways to control
the disorder in the material. Replacing Zn by transition metal elements has been presented in
the literature. For example, the solar cell based on Cu2MnSnS4 has the efficiency of 0.49%
[240]. The gap energies are ∼1.33 or 1.50, 1.40, and 1.40 eV for Cu2FeSnS4 nanocrystals [241,
242], Cu2CoSnS4 [243], and Cu2NiSnS4 nanocrystals [244, 245], respectively. From the DFT
calculations, stabilities of compounds like I2–II–IV–VI4 (I = Cu, Ag; II = Mg, Ca, Zn, Sr, Cd,
Ba, Hg; IV = Si, Ge, Sn, Ti, Zr, Hf; VI = O, S, Se, Te.) are analyzed with respect to competing
compounds [246]; however, disorder study in these compounds was not conducted.

The motivation of this study is that we explore potential thin film PV materials Cu2XSnS4 (X
= Be, Mg, Ca, Mn, Fe, and Ni) and investigate the impact of defect pairs. The solar devices
based on these materials are not well studied. It is known that band gap energy fluctuations
can be induced by the cation disorder in CZTS, such as anti-site pair (ASP) (Cu−Zn+Zn+

Cu) and
compensated Cu vacancy (V−Cu+Zn+

Cu). By substituting Zn by Be, Mg, Ca, Mn, Fe, and Ni atoms
in CZTS, the cation disorder can be further understood and perhaps avoided by analyzing the
formation energies of different defects in these materials.

In this work, the most stable crystalline phase is determined from calculated total energy in
kesterite and stannite phases (trigonal phase is also considered for Cu2CaSnS4). Cu2BeSnS4 and
Cu2NiSnS4 are more stable in the kesterite phase as CZTS, and Cu2MgSnS4, Cu2MnSnS4, and
Cu2FeSnS4 are more stable in the stannite phase. Interestingly, Cu2CaSnS4 is more stable in the
trigonal phase than in either the kesterite or the stannite phase. However, the trigonal phase for
Cu2CaSnS4 is unstable with respect to decomposition. Overall, the band structures and DOS
of Cu2XSnS4 (X = Be, Mg, Ca, Mn, Fe, and Ni) are comparable with that of CZTS. However,
Cu2NiSnS4 has flatter curvature of the lowest CB. The gap energies of all compounds are between
1.3 and 1.8 eV. The gap energies for Se-based compounds are expected to be ∼0.5 eV smaller
than the gap energies of corresponding S-based compounds. There is a clear onset of absorption,
calculated by a dense k-mesh, for all the compounds in the vicinity of band gap. The absorption
coefficients of all the materials are comparable with that of CZTS. Moreover, Cu2NiSnS4 has
higher absorption from Eg to Eg+1.0 eV due to the flat lowest CB.
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For Cu2FeSnS4 (Cu2NiSnS4), FeCu (ASP) yields localized defect states, which may be devastat-
ing for a thin film PV material. Apart from Cu2FeSnS4 and Cu2NiSnS4, band gap energies for
other compounds are decreased (∼0.1−0.4 eV) due to the presence of CuX and XCu. The gap
energies of Cu2MgSnS4, Cu2MnSnS4, and CZTS for 12.5% of ASP are decreased by 0.1−0.2
eV, while ∼0.3 eV for Cu2BeSnS4 and trigonal Cu2CaSnS4. The gap energies of Cu2MgSnS4,
Cu2MnSnS4, and Cu2ZnSnS4 are increased (∼0.1 eV) for VCu and VCu + XCu. The formation
energies of ASP are low for all the materials, thus we conclude that it is difficult to avoid the
cation disordering in all the compounds. However, at the room temperature, the ASP concen-
tration is expected to be ∼104 times lower in Cu2BeSnS4 than that in CZTS partly due to the
larger relaxation effects in the corresponding compound. In this study, we also confirm earlier
published results that the ASP in Cu2CdSnS4 is as easy to be formed as in CZTS despite the
larger Cd atom.

In short, the main conclusions are:
1. Cu2XSnS4 (X = Be, Mg, Ca, Mn, Fe, and Ni) have similar band structures, suitable gap

energies and absorptions as candidates for PV applications. However, Cu2CaSnS4 is not
thermodynamic stable in the tetragonal phase nor in its trigonal phase,

2. FeCu yields deep localized defect states for Cu2FeSnS4 and ASP yields localized defect
states for Cu2NiSnS4.

3. Apart from Cu2FeSnS4 and Cu2NiSnS4, band gap narrowing is induced in the presence of
CuX, XCu and ASP, however, band gap is increased for VCu and VCu + XCu.

4. It is difficult to avoid disordering from high concentration of these ASP in most of the
CXTS compounds. However, despite Be is toxic, ASP concentrations are expected to be
104 times lower in Cu2BeSnS4 than that in CZTS.

In this work, Rongzhen Chen is the first author of the paper. The calculations and figures were
done by Rongzhen Chen. Rongzhen Chen analyzed the results and wrote the manuscript under
the guidance of Clas Persson.

VII High absorption coefficients of the CuSb(Se,Te)2 and CuBi(S,Se)2 alloys enable high
efficient 100 nm thin-film photovoltaics
R. Chen and C. Persson, accepted by EPJ Photovoltaics (2017).

The ternary compounds Cu(Sb/Bi)(S/Se)2 have larger absorption coefficients in a broad range of
energy than those of CIGS, CZTSSe, and CTS. The experimental gap energies are ∼1.0–1.7 eV
for these materials [150,247,248] (no experimental gap for CuBiS2 is reported but calculated gap
is ∼1.13 eV [147,149]). The solar cells based on CuSbS2 and CuSbSe2 have efficiencies of ∼3%,
however, solar cells by CuBiS2 and CuBiSe2 have not been fabricated. Since S, Se, and Te are
the same group elements, CuSbTe2 and CuBiTe2 can be interesting for PV applications as well.
However, there exist few studies on these materials to date. Therefore, further investigations of
these materials and devices are expected to progress development of this class of materials.

The motivation of this study is that we want to understand the electronic and optical properties
of CuSb(Se1–xTex)2 (CuSb(Se,Te)2) and CuBi(S1–xSex)2 (CuBi(S,Se)2) as well as understand the



CHAPTER 5. CONCLUDING REMARKS 75

possibility as alternative compounds for ultra-thin (d<100 nm) inorganic photovoltaics for these
alloys. The absorption coefficients of Cu(Sb/Bi)(S/Se)2 are very large. Alloying implies tunable
gap energies alloys which are therefore interesting for thin film solar cells.

In this work, electronic and optical properties are explored using VASP and a hybrid functional
(HSE06). The maximum efficiency of a single-junction solar cell is modeled within the SQ
theory, and especially both radiative and non-radiative Auger recombinations [249,250] are con-
sidering in the model. From DFT calculations, we found that all compounds are indirect gap
materials, and they have similar band structure and high absorption coefficients. The maximum
efficiency for solar cells based on the alloys can be ∼25% even for film with thickness between 50
and 300 nm. Further, the efficiency increases to ∼30% if the Auger effect is excluded, indicating
the importance to suppress this effect. The direct gap can be almost linearly tuned from ∼1.0–
1.6 eV with alloy composition x, and the indirect fundamental gap decreases typically ∼0.2–0.3
eV when x increases from 0 to 1. These alloys have significantly large absorption coefficients
compared with CIGS and GaAs, especially for CuSb(Se,Te)2. The large absorption can be ex-
plained by multi-valley band structure with flat energy dispersions due to the localized Sb/Bi
p-like conduction band states.

From the gap energies and absorption coefficients, the maximum efficiencies for these alloys
with different thicknesses are determined considering the Auger effect using an approximate
material-independent model. Here, reducing the energy difference between direct gap and in-
direct fundamental gap is crucial in order to decrease the Auger recombination which in turn
increases the max efficiency.

In short, the main conclusions are:
1. CuSb(Se1–xTex)2 and CuBi(S1–xSex)2 have tunable band gap and the gap energies vary

relatively linearly with composition x.
2. Significantly absorption coefficients are found for these alloys and it can be explained by

multi-valley band structure with flat energy dispersions due to the localized Sb/Bi p-like
conduction band states. The CuSb(Se,Te)2 with x ≈ 0.5–0.75 has the largest absorption
coefficients, and best gap energies for high conversion efficiency.

3. The Auger effect plays an important role for these indirect gap materials, and reducing this
effect increases the conversion efficiency.

In this work, Rongzhen Chen is the first author of the paper. The study is carried out by Rongzhen
Chen. Rongzhen Chen analyzed the results and wrote the manuscript under the guidance of Clas
Persson.

5.2 Conclusions and future perspectives

The record efficiency of 23.3% for the chalcopyrite CIGS has been reported in the laboratory
condition [12]. Solar cell modules based on CIGS are already commercially reality and con-
tribute today with ∼1.1% of the solar cell market. Due to the cost and scarcity of indium in the
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CIGS, CZTSSe was proposed to be an alternative candidate to the existing CIGS. The efficiency
of 12.6% was reached in the CZTSSe cell [16] in the lab situation. Researchers are working
on to improve the efficiency to be over 20% in order to commercialize CZTSSe solar devices.
Apart from CIGS and CZTSSe, other potential alternative Cu-based chalcogenide absorber ma-
terials are investigated, such as CTGS, CTSS, and Cu(Sb/Bi)(S/Se/Te)2. Maximum conversion
efficiency of 6.0% was measured utilizing Cu2Sn0.83Ge0.17S3 [66], and conversion efficiency of
∼3% was obtained using CuSbS2 and CuSbSe2 [133, 134].

In this thesis, the electronic and optical properties of Cu-based chalcogenides for thin film so-
lar cells are studied. In the papers I and II, the fundamental properties of electronic structure
and carrier concentration are analyzed for CIGS in order to better understand and describe the
functionality of this material. We demonstrate that it is important to accurately describe the
band curvature when to analyze relevant measurements and when to simulate electron and hole
transport in these materials. We have presented a similar study for Cu2ZnSn(S/Se)4 (Ref. [63];
not presented in this thesis) and the results are similar. In Paper III, we analyze the band-to-
band transition in CIGS as a collaborative work with Choi et al. at NREL. In all these three
papers, we have not only presented results for CIS and CGS, but also included 50% alloying,
thus CuIn0.5Ga0.5Se2 in order to include effects from alloying. This is rather unusual since earlier
theoretical studies are almost all for the pure ternary compounds. Moreover, we perform careful
calculation for the top of the VBs and analyze the effect of curvatures from the crystal field as well
as from the spin-orbit coupling. In papers IV–VII, we present studies on rather unconventional
Cu-based chalcogenides (Cu-X-(S/Se/Te)) compounds and alloys. Here, the aim is to understand
the properties of this class of materials with a broader aspect. In Paper IV, we conduct a study in
collaboration with research groups at Technical University of Denmark, in order to understand
the double absorption onset in CTS that has been puzzling because earlier published theoretical
calculations did not reveal that effect. Here, we realized that one needs a very dense k-mesh in
order to see the double absorption onset. The reason is that the effect arises for detail in the VB
structure in the vicinity of the Γ-point, and thus any k-space integration needs many k-points
near the Γ-point to describe the band dispersion. We analyze the character of the energy states
of the bands in order to understand the anisotropy of the absorption spectrum. The anisotropy is
very much stronger in CTS compared to CIGS and CZTS, and this can also partly explain why
the double absorption onset is more pronounced in CTS. Since CTS is such promising material
(although material quality is to date not sufficiently good) one can think if one can tune in and
improve the band gap energy (∼0.9 eV for CTS, experimentally [132,135]). That is, alloying Sn
with Ge or Si will increase the gap energy with rather small effect on the band structure. This
has been studied in Paper V. We demonstrate that the band gap energy goes roughly linearly with
alloy composition. Mysteriously, this does not hold for CSS (pure Si). The main reason for that
is probably due to that for pure Si, there are no energetically low-lying Sn-like CB. That is alloy-
ing Sn with Ge will better for mixing of Sn- and Ge-like states of the lowest CB, while alloying
Sn with Si generates CB dominated by Sn and higher lying Si-like states. We have seen similar
thing for CZTS alloying with Ge and Si; see Ref. [251] (not presented in this thesis). Thus, also
for CZTS there are attempts to alloy Sn with Ge or Si. Another way to form new compounds or
alloys is to replace the cation element with another isovalent element. One can also substitute
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the anion elements with other chalcogenide elements. In Paper VI, we study how substitution
of Zn in CZTS (Cu2XSnS4 ≡ CXTS) with X = Be, Mg, Ca, Mn, Fe, and Ni will affect the elec-
tronic structure and the optical properties. However, the main goal in this study was to analyze
if the formation of anti-site pair (ASP) (Cu−Zn+Zn+

Cu) and compensated Cu vacancy (V−Cu+Zn+
Cu)

will be different in these compounds. That is, since the ASP disordering is a problem in CZTS
one can maybe avoid these defects in comparable compounds. We found however that the dis-
ordering from high concentration of these ASP in most of the CXTS compounds is difficult to
avoid. However, despite Be is toxic, ASP concentration can be 104 times lower in Cu2BeSnS4

than that in CZTS. The cost of devices depends on several things, like for instance material cost
and manufacturing cost. To reduce the material cost, one can make the devices thinner. Then,
the devices will be lighter which also lower the cost for handling and installing the devices. The
devices can be more flexible which is also an advantage. However, making thinner absorber layer
means that less sunlight is absorbed in the film. Therefore, to make thinner films, the absorber
layer has to have better absorption coefficient. One must find materials that are extremely good
at absorbing light in order to develop ultra-thin inorganic devices (not considering nanostructure
to scatter light in the device). In Paper VII, Cu-based chalcopyrites with high absorption coeffi-
cients are investigated, with the goal to have sufficiently high solar cell conversion efficiency for
d < 100 nm. We found that CuSb(Se0.25Te0.75)Te2 and CuSb(Se0.5Te0.5)Te2 alloys yield suitable
band-gap energies and excellent optical properties. For these materials, the indirect gap governs
the Auger non-radiative recombination. The Auger effect decreases their efficiencies by about
3–5%. Optimizing the difference between direct and indirect band gap energies is the route for
tailor-making high-efficient PV materials with large joint DOS for energies just above band gap.
For future studies and the developments of devices based on all the Cu-based chalcogenide ma-
terials, the challenge is however to design interface and buffer layer with suitable properties to
optimize the device performance. Moreover, details of analyzing crystalline stability as well as
of defects in bulk and at interfaces are needed.

For future perspective and from a theoretical point of view, improved analyses can be done when
better computational methods are developed. The LDA and GGA are fairly accurate methods,
but have limitations in terms of inaccurate band gap energies and localization of d- and f -states.
The GW approach that we employ today is very time-consuming and it does not generate total
energies; that limits the usability of the approach. Hybrid functionals (like HSE [200, 201, 208,
209, 252]) can give better band gap energies, but this approach is as time-consuming as the GW
approach which is a limitation for extensive research of complex materials. Moreover, there are
discussions how the HSE approach is to accurately model in detail, for instance, metals, d- and
f−states, and defect transition energies. That is, further development of computational methods
will help improve the results, however it is not certain that it will reveal very much new physics.
Already with LDA and GGA we have reasonable understanding of the materials.

From a materials science point of view, Cu-based photovoltaic materials using atomistic DFT
modeling still will be main research in the near future. By understanding the electronic and
optical properties of those copper-based chalcogenide photovoltaic materials, we have the basic
knowledge for studying also alternative materials in the future. Ideally, such materials should
consist of inexpensive, earth-abundant, and non-toxic elements in addition to have crystal stabil-
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ity and high optical absorption efficiency. CZTSSe is still highly interesting absorber material,
but growth and defect issues have to be solved. One can speculate if there are other similar
materials that are of interest but can overcome the problems in CZTS. From the present study,
we understand the advantage of having Cu as an element in the compound, but with choosing
a proper element for additional cation element one can maybe find optimal materials in terms
of suppressing the disording and band gap grading. My preliminary plan is to study the alloy
systems of I2-Zn-IV-VI4 (I = Cu, Ag; IV = Si, Ge, Sn; VI = S, Se). However, other systems can
be considered as well such as Zn in CZTSSe is alloyed by Ba or Co element. In order to explore
and select suitable candidates, firstly, the most stable structure for each alloy will be determined
from total energy calculation considering different phases. Phase transition in materials, such as
Cu2BaSnS4, needs to be carefully analyzed. Secondly, the electronic and optical properties such
as band gap energies and absorption coefficients should be explored for the most stable phase
of each alloy system. Thirdly, defects such as cation disordering and corresponding gap energy
fluctuations need to be investigated. Lastly, phase decomposition will be studied compared with
those of CZTSSe, which can be important to understand the materials synthesis under high tem-
perature and pressure. Suitable alloy systems for further studies will be selected based on all
previous considerations.

For CIGS, CZTSSe, and selected materials, it is important to investigate the band offsets and
interface for the buffer/absorber heterojunction. CdS is a traditional buffer layer for solar cells
based on CIGS and CZTS, it thereby is considered in the future study. The band offsets will
be determined from the calculations using superlattice structures. Furthermore, by doping dif-
ferent percentages of Na, K, and Rb in the interface between CdS and absorber materials, the
valence and conduction band offsets will be studied as well. Alternative Cd-free buffer layers,
for instance, CeO2 for CZTS due to nearly perfect lattice match and Zn1–xSnx(O,S,Se), can be
investigated. Crovetto et al. found that band narrowing at CdS/CZTS interface occurs by surface
states but not at ZnS/CZTSe interface [253]. It thereby is interesting to further analyze the rea-
son behind this mechanism. The band offset calculations can be very expensive, so the choice of
calculation method will depend on the size of modeling cell.

Diffusion and grain boundaries (GB) need to be understood in CIGS, CZTSSe, and selected
materials. The diffusion behavior of constituent elements and point defects in these materials
will be modeled. Moreover, incorporation of small amount of Na and K in the CIGS is beneficial
for the p-type conductivity and has been studied for many years. However, corresponding studies
for CZTS are less often performed. Therefore the diffusion of Na and K in CZTS and selected
compounds will be investigated. From a long term perspective, the diffusion studies with other
elements such as Li, Cd, Sb, Mo, and Fe in CZTS, CIGS, and the selected materials can also be
considered in the future. Diffusion kinetic processes of elements near the surfaces of the CZTS,
CIGS, and the selected compounds can also be analyzed based on experimental observations. For
CIGS, there are many GB studies based on experimental observations, however, fewer studies
exist for CZTS. In particular, the GB investigations can be considered together with the influence
by Na and K as well as the constituent elements in the compounds. Because of the geometrical
complexity of GB, GB study normally requires inputs from experimental measurements.
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Although solar cells based on Si dominate the solar power world today, there are many ongoing
studies on other alternative absorber materials apart from aforementioned compounds, such as
oxides, sulfides/selenides, nitrides, and many others. Cu2O is studied as an absorber material
for solar cells quite earlier [254], and this material is still considered as an interesting solar cell
material if one can stabilize the structure. Cu2S or Cu2(O,S) is an alternative to that type of
material. ZnSnxGe1–xN2 has a tunable gap energies from 1.4 eV to 2.9 eV [255]. However, the
solar device has not been fabricated using the alloys. CTGS, CTSS, and Cu(Sb/Bi)(S/Se/Te)2

are not well studied so far. The optimized devices based on these materials are not stabilized
yet. Much effort is needed to work on these materials. Here, only few examples are very briefly
presented. As discussed, Cu-based chalcogenide materials are considered to be very relevant for
future solar energy technologies. For all materials, one needs to explore the electronic and optical
properties in combination with studies of crystalline stability/degradation, defect formation, and
dopability. For the materials with large band gap energies ∼1.73 eV [256], they can be fabricated
as top cell in tandem solar cell. Materials cost and fabrication issues need to be considered as
tandem solar cells. By systematically analyzing and understanding the materials one has better
possibilities to tailor-make compounds with optimal performance for thin film materials.

Recently, a combination of DFT calculations and machine learning techniques has been utilized
in the field of materials science, such as materials property predictions [257, 258]. In order to
calculate the band gap energies, total energies, and optical properties for inorganic solar cell
materials, HSE or GW method is normally preferred, however, then the calculations are very
expensive. The computational time will be significantly reduced if some predictive models can
be explored by machine learning based on the DFT calculations. To date, there are only few
applications based on DFT and machine learning in searching or understanding the properties
of solar cell materials. This research can be useful to speed up the development of solar power
technologies.

In summary, materials in solar cells can be explored and analyzed in terms of electronic, optical
and defects properties using DFT calculations. To some extent, suitable materials in solar cells
can be suggested from a theoretical point of view. Calculations thereby can be used to guide
the experimental studies. Importantly, by collaborating with experimentalists, the experimental
observations can be verified and explained by DFT calculations. I believe that more complicated
features of copper-based chalcogenide photovoltaic materials, especially for CZTSSe, will be
demonstrated and explained in the near future.
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