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Coupled process/device modeling and point defect
engineering of Cu(In,Ga)Se2 solar cells

Xiaofeng Xiang, David E. Sommer, Aaron Gehrke and Scott T. Dunham

Abstract—Point defects directly impact solar cell device per-
formance by limiting the carrier lifetime. In this work, density
functional theory calculations are firstly used to determine the
formation energy and diffusion energy barriers of dominant
defects in Cu(In,Ga)Se2. Next, continuum reaction-diffusion
models are developed to analyze the redistribution of defects
during manufacturing processes. We estimate defect capture
cross sections using a first-principles based approach. These
cross sections are combined with our calculated defect profiles
and trap energy levels to parameterize a Shockley-Read-Hall
(SRH) recombination model, which we implement into a device
simulator to predict carrier lifetimes and device performance.
In that way, a predictive Technology Computer Aided Design
(TCAD) model is built to predict and optimize the performance
of Cu(In,Ga)Se2 solar cells.

Index Terms—point defect, lifetime, process simulation, SRH
recombination, TCAD model

I. INTRODUCTION

Photovoltaic devices are indispensable for renewable clean
energy systems. Today, silicon-based solar modules dominate
the market, but various emerging techniques based on thin-
film semiconductors are rapidly developing. Among these
technologies, chalcopyrite Cu(In,Ga)Se2 (CIGS) show excel-
lent light conversion efficiency [1]. Defects in CIGS such as
Group III antisites (InCu, GaCu) and copper antisites (CuIII)
often possess deep energy levels within the energy band gap
which can act as Shockley-Read-Hall (SRH) recombination
centers limiting solar cell performance. Defect distributions
are highly dependent on atomic composition [2]. Therefore,
it is crucial to develop predictive models to explore how
composition variations in CIGS absorber layers as well as
growth and annealing conditions impact defect profiles and
thus affect device performance. However, current TCAD tools
do not have models coupling composition-dependent defect
distributions with device simulation.

In this work, we employ a multi-scale modeling framework,
combining first principles calculations, continuum models, and
device simulation tools to predict CIGS defect distributions
and device performance. Density functional theory (DFT) cal-
culations are utilized to determine the formation energies and
diffusion energy barriers of defects as well as binding energies
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of defect complexes. Equilibrium defect concentrations are
calculated through compositionally constrained thermodynam-
ics (CCT) calculator [3] for any given composition. After that,
continuum models are developed for the defect diffusion and
redistribution processes. Finally, the process simulation results
are coupled with device simulation in which the deep level
defects limit the carrier lifetime and solar cell efficiency via
SRH recombination. In the end, a predictive model is built to
help interpret experimental data and provide new perspectives
for engineering CIGS composition with desirable functionality.

II. PROCESS SIMULATION IN CIGS

We used the DFT code VASP with projected augmented
wave (PAW) approach [4]. To correct the bandgap error, the
Heyd-Scuseria-Ernzerhof (HSE06) [5] is used to calculate
defect formation energies and diffusion energy barriers [6],
[7]. The defect formation energy can be derived from DFT
using the supercell method [8] by the following equation,

Efk,q = Ek,q − Ebulk −
∑
k

nkµk

+ q(EVBM + µFermi) + Ecorr , (1)

where Efk,q is the formation energy of a defect k, Ek,q is
the total energy of one defect state with charge q, Ebulk is
the total energy of a bulk unit cell with the same size of
the defected cell, and nkµk is the reference energy of nk
added/removed atoms of element i at given chemical potential
µk. Under dilute approximation, defect concentrations are
given by xk,q = θk,qe

−Ef
k,q/kBT , where θk,q is the degeneracy

factor counting the number of equivalent defect configurations.
Since the atomic fractions fα are experimentally measurable,
one can obtain deviations from perfect stoichiometry fpα under
given defect concentrations in the material using the following
relation

fα =
fpα −

∑
k,q xk,qn

α
k

1−
∑
k,q xk,qσk,q

, (2)

where nαk is the number of atoms of type α added or
removed from the system when one defect k exists. σk,q =∑
α n

α
k is the atom amount differences in a system with

and without the defect k. If atomic fractions and standard
reference chemical potentials are provided, one can deter-
mine the defect concentration, chemical potentials for each
element and the Fermi level by solving the set of equations
defined by (2). We refer to this method as compositionally
constrained thermodynamics (CCT) [3]. The CCT model in
this work contains major defects reported in literature [2],
[9], namely, vacancies (VCu, VIII, VSe), interstitial (Cui, Ini,
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Fig. 1. Defect transition levels in (a) CuInSe2; (b) CuGaSe2. Dashed lines
indicate valence band maximum and conduction band minimum.

Gai, Sei), antisites (InCu, GaCu, CuIII), and typical defect
complexes (VCu+InCu, 2VCu+InCu, VCu+GaCu, 2VCu+GaCu,
VCu+VSe, VCu+InCu+CuIII, VCu+GaCu+CuIII). The transition
level ε(q1/q2) of these defects are calculated by

ε(q1/q2) =
Efk,q1 (µFermi = 0)− Efk,q2 (µFermi = 0)

q2 − q1
. (3)

These defect transition levels are depicted in Fig.1. Diffusion
energy barriers were calculated using the climbing-image
nudged elastic band method [10]. Then the continuum models
are built in accordance with the DFT results and implemented
within the Sentaurus 1/2/3D process simulator via the Alagator
scripting language [11]. Through CCT and the continuum
models, we can obtain the defect concentrations across the
thin film.

A. Defect diffusion in CIGS

We have reported in previous work that copper in Cu-poor
CIGS diffuses via copper vacancies [12], [13]. However, the
diffusion mechanism for group III is different since there are
very few group III vacancies in Cu-poor CIGS. We found the
group III antisite formation energy to be low, and there is
a significant binding energy between group III antisites and
copper vacancies (Table III), which are abundant in Cu-poor
CIGS. Therefore, it is not difficult for copper vacancies to
find group III antisites and form mobile defect complexes
in the material. Group III antisites may bind with either
one or two copper vacancies due to their respective charges
(nominally +2 for group III antisites and -1 for Cu vacancies)

TABLE I
CIGS DEFECT DIFFUSION MECHANISM

Migration barrier Em in eV

VCu −→ VCu 1.10(-1), 1.12(+0)
(InCu+VCu) −→ (InCu+VCu) [Direct] 1.26(+), 1.26(+0)

(InCu+2VCu) −→ (InCu+2VCu) [via 3NN] 1.26(+0)
(GaCu+VCu) −→ (GaCu+VCu) [Direct] 1.47(+), 1.47(+0)

(GaCu+2VCu) −→ (GaCu+2VCu) [via 3NN] 1.75(+0)

and substantial Coulomb attraction. We considered two en-
ergetically competitive routes for the long-range diffusion of
these vacancy complexes (shown in Table I), involving either
(i) a vacancy restricted to nearest-neighbor hops out to a third
nearest-neighbor (3NN) site from an antisite, or (ii) a nearest-
neighbor vacancy hopping directly to another nearest-neighbor
site. The latter “direct” mechanism (ii) requires a second
nearest-neighbor hopping distance and effectively bypasses
mechanism (i). Based on DFT and CCT, we determined that
single vacancy complexes mainly diffuse through this direct
mechanism, while mechanism (i) is the dominant process for
the diffusion of double vacancy complexes.

B. Continuum models for defect diffusion

The continuum model is based on Fick’s first law: the flux
of a diffusing species in position x is the sum of diffusion
due to concentration gradient and drift due to electrochemical
potential gradient at x [14],

J(x) = −D(x)∇C(x)− C(x)µ(x)∇U(x) , (4)

where D(x) is the diffusivity, C(x) is the number density of
particles, µ(x) is the mobility of the diffusing species, and
U(x) is the local electrochemical potential. The potential is
dependent on local chemical compositions, so the variation of
composition causes drift of species. Poisson’s equation is used
to derive the electric potential ψ from the charge density ρ,

∇2ψ =
ρ

ε
, (5)

ρ = p− n+
∑
i

ziN
+
Di −

∑
j

zjN
−
Aj , (6)

in which p is the hole density, n is the electron density, N+
D

is the density of defects acting as donors and N−
A is the

density of defects acting as acceptors. zi is the charge state
of donor N+

Di and zj is the charge state of acceptor N−
Aj . To

incorporate the reactions between defects when computing the
defect concentration’s change with time, Fick’s second law is
augmented by a reaction rate term R,

∂tCγ = −∇ · Jγ −
∑
l

ηγlRl , (7)

R = kf

 n∏
α=1

Cα −
1

K

(
p

ni

)h m∏
β=1

Cβ

 , (8)

kf = 4πr
∑
α

Dα , (9)
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TABLE II
DEFECT REACTIONS IN CONTINUUM MODEL

Exchange Reaction Complex Formation Ionization Reaction

InCu
2+ + VIII

2- −→ VCu
0 + InIII VCu

0 + InCu
2+ −→ (InCu+VCu)+ + p+ VCu

0 −→ VCu
- + p+

InCu
2+ + VIII

- −→ VCu
0 + InIII + p+ VCu

- + InCu
2+ −→ (InCu+VCu)+ VIII

0 −→ VIII
- + p+

InCu
2+ + VIII

0 −→ VCu
0 + InIII + 2p+ VCu

0 + (InCu+VCu)+ −→ (InCu+2VCu)0 + p+ VIII
- −→ VIII

2- + p+

VCu
0 + CuIII

- −→ VIII
- VCu

- + (InCu+VCu)+ −→ (InCu+2VCu)0 CuIII
0 −→ CuIII

- + p+

VCu
- + CuIII

- −→ VIII
2- VCu

- + (InCu+VCu)+ −→ (InCu+2VCu)0 + p+ CuIII
- −→ CuIII

2- + p+

GaCu
2+ + VIII

2- −→ VCu
0 + GaIII VCu

0 + GaCu
2+ −→ (GaCu+VCu)+ + p+ VSe

0 −→ VSe
- + p+

GaCu
2+ + VIII

- −→ VCu
0 + GaIII + p+ VCu

- + GaCu
2+ −→ (GaCu+VCu)+ VSe

0 + p+ −→ VSe
+

GaCu
2+ + VIII

0 −→ VCu
0 + GaIII + 2p+ VCu

0 + (GaCu+VCu)+ −→ (GaCu+2VCu)0 + p+ (VCu+VSe)+ −→ (VCu+VSe)0 + p+

(InCu+VCu)+ + CuIII
- −→ (InCu+CuIII)+ + VCu

- VCu
- + (GaCu+VCu)+ −→ (GaCu+2VCu)0 (VCu+VSe)- + p+ −→ (VCu+VSe)0

(InCu+VCu)+ + CuIII
- −→ (InCu+CuIII)0 + VCu

0 VSe
0 + VCu

- −→ (VCu+VSe)- InCu
2+ −→ InCu

+ + p+

(InCu+VCu)+ + CuIII
0 −→ (InCu+CuIII)2+ + VCu

- VSe
0 + VCu

0 + p+ −→ (VCu+VSe)+ InCu
+ −→ InCu

0 + p+

(InCu+2VCu)0 + CuIII
- −→ (InCu+CuIII)+ + 2VCu

- (InCu+VCu)+ + CuIII
0 −→ (InCu+CuIII+VCu)+ GaCu

2+ −→ GaCu
+ + p+

(InCu+2VCu)0 + CuIII
- −→ (InCu+CuIII)0 + VCu

0 + VCu
- (InCu+VCu)+ + CuIII

- −→ (InCu+CuIII+VCu)0 GaCu
+ −→ GaCu

0 + p+

(InCu+2VCu)0 + CuIII
0 −→ (InCu+CuIII)2+ + 2VCu

- (InCu+VCu)+ + CuIII
2- −→ (InCu+CuIII+VCu)- (InCu+CuIII)2+ −→ (InCu+CuIII)+ + p+

(InCu+2VCu)0 + CuIII
0 −→ (InCu+CuIII+VCu)+ + VCu

- (GaCu+VCu)+ + CuIII
0 −→ (GaCu+CuIII+VCu)+ (InCu+CuIII)+ −→ (InCu+CuIII)0 + p+

(InCu+2VCu)0 + CuIII
- −→ (InCu+CuIII+VCu)0 + VCu

- (GaCu+VCu)+ + CuIII
- −→ (GaCu+CuIII+VCu)0 (InCu+CuIII+VCu)+ −→ (InCu+CuIII+VCu)0 + p+

(InCu+2VCu)0 + CuIII
2- −→ (InCu+CuIII+VCu)- + VCu

- (GaCu+VCu)+ + CuIII
2- −→ (GaCu+CuIII+VCu)- (InCu+CuIII+VCu)0 −→ (InCu+CuIII+VCu)- + p+

(GaCu+VCu)+ + CuIII
- −→ (GaCu+CuIII)+ + VCu

- (GaCu+CuIII)2+ −→ (GaCu+CuIII)+ + p+

(GaCu+VCu)+ + CuIII
- −→ (GaCu+CuIII)0 + VCu

0 (GaCu+CuIII)+ −→ (GaCu+CuIII)0 + p+

(GaCu+VCu)+ + CuIII
0 −→ (GaCu+CuIII)2+ + VCu

- Vacancy-Interstitial Pair Annihilation (GaCu+CuIII+VCu)+ −→ (GaCu+CuIII+VCu)0 + p+

(GaCu+2VCu)0 + CuIII
- −→ (GaCu+CuIII)+ + 2VCu

- (GaCu+CuIII+VCu)0 −→ (GaCu+CuIII+VCu)- + p+

(GaCu+2VCu)0 + CuIII
- −→ (GaCu+CuIII)0 + VCu

0 + VCu
-

(GaCu+2VCu)0 + CuIII
0 −→ (GaCu+CuIII)2+ + 2VCu

- VCu
- + Cui

+ −→ (CuCu)
(GaCu+2VCu)0 + CuIII

0 −→ (GaCu+CuIII+VCu)+ + VCu
- VCu

0 + Cui
+ −→ (CuCu) + p+

(GaCu+2VCu)0 + CuIII
- −→ (GaCu+CuIII+VCu)0 + VCu

-

(GaCu+2VCu)0 + CuIII
2- −→ (GaCu+CuIII+VCu)- + VCu

-

K =
θl

Cm−n
s

e−∆Ef
l /kbT , (10)

where ηγ is the number of species γ consumed by reaction
l, and kf is the forward reaction rate coefficient which is diffu-
sion limited and estimated by a simple kinetic approximation.
r is the interaction radius and Dα is the diffusivity of the
reactant α. r is set to be 0.417nm in the model, which is
the distance between nearest copper site and indium/gallium
site in CIGS lattice. The reaction equilibrium constants K
are calculated from the formation energy difference ∆Efl of
products and reactants. Cs is the concentration of possible
defect sites and θl is the entropy term. The formation energy
of each defect is different in CuInSe2 and CuGaSe2 as In-Ga
composition could affect EVBM in Eq(1). Thus, we assume that
the formation energy of one defect can be linearly interpolated
by [Ga]/([In] + [Ga]) ratio (GGI) and K is also dependent
on GGI ratio. Cα is the concentration of reactant α, Cβ
is the concentration of product β, ni is the intrinsic carrier
concentration and h is the net number of holes released by
the reaction. A list of defect reactions is shown in Table II.
We assume there are no fluxes and transfer across the interface
and thus Neumann boundary condition are used for all defects.

C. Comparison between simulation and experiment

As we reported previously, the copper diffusion model
has good consistency with experiments [13]. To verify the

group III (In, Ga) diffusion mechanisms, we have performed
a simulation under the conditions reported by Beckers et al
[15]. They tracked indium tracer diffusion from a thin In
isotope layer deposited on the top of CIGS. Experimental data
extracted from the paper is plotted in Fig. 2a and Fig. 2b. Since
there are few group III vacancies and In diffuses mainly via
the copper sublattice, we assume that the initial indium tracer
resides on the copper sublattice. Our continuum model simu-
lated curves are plotted in Fig. 2c and Fig. 2d. Moreover, the
authors also tracked tracer diffusion for different temperatures
and diffusion times, and we compared our models with their
non-linear fitting curves. The simulation results are in good
agreement with the experimental measurements and supports
the group III diffusion mechanism as proposed previously.

III. COUPLING OF PROCESS AND DEVICE SIMULATIONS

The defect distributions obtained from process simulation
can be implemented into Sentaurus Device simulator [16].
Specifically, ionization model, which provides an ionization
probability model based on activation energy for each species,
is used for shallow defects and trap model [16], which
explicitly models SRH recombination by taking into account
the occupation and space charge storage of defects, is used
for deep level defects in device simulator. Here, CCT [2]
was applied to derive the equilibrium defect profile. We used
GGI ratio, [Ga]/([In] + [Ga]) ratio, copper-to-group III (CGI)
ratio, [Cu]/([In] + [Ga]), and selenium chemical potential,
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(a) (b)

(c) (d)
Fig. 2. Indium tracer diffusion experiment vs. continuum model (a) normal
scale non-linear fitting curve (blue); (b) log scale non-linear fitting curve
(blue); (c) normal scale continuum model simulated curve (green); (d) log
scale continuum model simulated curve (green). Experimental data points are
shown in gold scattered points above.

µSe, as three constraints in CCT. The reason we selected
selenium chemical potential rather than valence (SeM) ratio,
(2[Se]/([Cu] + 3([In] + [Ga]))), is due to the valence ratio
of CIGS has a large variance during three-stage manufac-
ture process. However, the pressure of the chamber, which
mainly contributed by selenium vapor, is well controlled in
each stage [17], [18], which suggests the selenium chemical
potential would be roughly constant in the material if steady
state is assumed. In addition, we also found from Fig.4 that
µSe changes rapidly even with tiny variance (10−3) of SeM
ratio under typical material composition while the SeM ratio
changes only around 0.05% with µSe from -0.8[eV] to -
1.2[eV]. Moreover, state-of-art characterization techniques are
not able to detect such minor change of SeM ratio in CIGS
layer but the selenium vapor pressure can be roughly fixed
as we discussed previously. Thus, we conclude that applying
µSe as third constraint will provide more stable and trustful
simulation results. In this work, we used -1.0[eV] as µSe at
873K with respect to the standard elemental Se reference (the
solid trigonal phase of Se with space group P3121) used in
our DFT calculations. At this selenium chemical potential, the
resulting carrier densities and Fermi level match with experi-
ment. Bulk SRH recombination has been implemented using
the SRH recombination model in the Sentaurus TCAD device
simulation software. The SRH recombination rate RSRH is
described by

RSRH =

np− n2
i

τp
[
n+ nie(Ej−Ei)/kBT

]
+ τn

[
p+ nie(Ei−Ej)/kBT

] (11)

in which, RSRH is the net SRH recombination rate, n and p
are electron and hole concentration, ni is the intrinsic carrier
concentration, Ej is the energy level of defect j calculated by
DFT in Fig. 1, and Ei is the intrinsic Fermi level. The carrier

E

Q

(a)

Q

E

(b)
Fig. 3. Configuration coordinate diagram of CuIII (0/-1) (3a) and (-1/-2) (3b)
transition states. Q in X-axis corresponds to the mass-weighted configuration
coordinate. 4Q is the difference in the equilibrium geometries of the initial
and final state. 4E is the energy difference between the initial and final state.

lifetimes, τn and τp, of electron and holes are given by

τn =
1

vthnNtσn
τp =

1

vthpNtσp
, (12)

where vthn and vthp are the thermal velocities of electrons
and holes, of which the values are 1× 107cm/s in this work,
and Nt is the trap density. The capture cross sections σn
and σp of electrons and holes for defects are determined by
NONRAD [19], [20] based on evaluation of electron-phonon
coupling in the capture process. There are two fundamental
steps for carrier capture: the change of the electronic state
due to electron-phonon coupling and vibrational relaxation
due to phonon-phonon interactions. The electronic transition is
much slower and thought to be the rate-limiting step for non-
radiative capture. Following Alkauskas et al [20], the capture
cross section is derived from the perturbation that causes the
transitions between initial atomic configuration (Q = 0) and
one special phonon mode of the excited state (Q = ∆Q). The
configuration coordinate diagrams for a commonly recognized
deep level defect CuIII are given in Fig.3. For CuIII transition
state (0/-1), we obtained approximately 10−23 ∼ 10−21 cm2

for both electron and hole capture cross section. While we
got around 10−12 ∼ 10−11 cm2 for hole capture cross section
and 10−14 ∼ 10−13 cm2 for electron capture cross section
for CuIII transition state (-1/-2). This suggests that (-1/-2)
state is more likely to be deep level transition center while
(0/-1) is shallow. This has been further validated by Bader
charge analysis [21]: we found that CuIII transition state (-
1/-2) is more localized than transition state (0/-1). We also
used NONRAD to examine GaCu in CGS and find the capture
cross section is approximately 10−17 ∼ 10−16 cm2 for holes
and 10−14 ∼ 10−13 cm2 for electrons. These values are
consistent with experimental measurement [22]. However, the
defect tends to be shallow in CIS and have very low capture
cross sections. This indicates GaCu could be a dominant
recombination center in CIGS devices with high GGI. The
observation is consistent with reports by other groups [23],
[24]. In fact, gallium antisites tend to have large concentra-
tion after high temperature film growth process according to
CCT thermal equilibrium calculation. However, during cool-
down process in the continuum model, they bind with copper
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Fig. 4. SeM vs. µSe for GGI=0.15, 0.35 and 0.55 at CGI=0.85; µSe is Se
chemical potential referenced to standard Se chemical potential used in DFT
calculation. Temperature for µSe is 873K.

TABLE III
BINDING ENERGY (EV) OF DEFECT COMPLEXES IN CUINSE2 AND

CUGASE2
a

Defect CuInSe2 CuGaSe2
InCu+VCu 0.18 (+1) 0.50 (+1)
GaCu+VCu 0.30 (+1) 0.66 (+1)
InCu+CuIII 0.89 (0), 0.44 (+1) 0.92 (0), 0.46 (+1)

InCu+CuIII+VCu 0.69 (0), 0.46 (+1) 0.72 (0), 0.48 (+1)
GaCu+CuIII 0.89 (0), 0.46 (+1) 0.93 (0), 0.46 (+1)

GaCu+CuIII+VCu 0.69 (0), 0.46 (+1) 0.70 (0), 0.47 (+1)
aBinding energy in pure CuInSe2 and pure CuGaSe2 phases is calculated

respectively. Binding energy in CuIn1−xGaxSe2 alloy is linearly interpolated
according to Ga/In ratio. Charge states of complexes are noted in brackets

vacancies, transforming into shallow defect complexes. This
is due to large binding energy between group III antisite and
copper vacancy as mentioned in Section II.A, which means
cooling and annealing processes during manufacture could
lower the deep level defect concentrations and improve the
device performance. We also find significant binding energy
between gallium antisite and copper antisite. This may also
lead to formation of triplets such as GaCu + VCu + CuIII.
A summary of defect binding energy is listed in Table III.
We have used NONRAD to examine these defects as well.
However, the capture cross sections for both electrons and
holes are very low (< 10−24 cm2). Thus, we find these triplet
defects, GaCu + VCu + CuIII and InCu + VCu + CuIII, to be
delocalized shallow defects. To verify the model, we compare
the device simulation with experiment [25] as described in
Section IV.

A. Cooling process

Cooling process simulation is conducted in Sentaurus Pro-
cess by the continuum model we built for defect diffusion.
We find that the cooling process diminishes the density of
unpaired group III antisites (GaCu). This is due to a lowered
probability for bound antisite-vacancy complexes to thermally
dissociate following cool-down. Similarly, the concentration
of unpaired Cu antisites also drops down during the cooling
process. The final defect density (and thus carrier lifetime)
depends on the post-growth thermal exposure, and, due to the
low activation energy for Cu vacancy diffusion, even room

TABLE IV
IMPACT OF COOLING PROCESS ON DEEP LEVEL DEFECTS

Condition
Concentration(cm−3) Defect Type

GaCu CuIII

Equilibrium at 873Ka 2.41× 1018 1.46× 1015

Cooling (873K to 300K, ramp = -20°C/min) 1.38× 1016 9.31× 1013
aequilibrium concentration was calculated via CCT. CGI, GGI and µSe ratio

for this sample are 0.85, 0.35, -1.00[eV], respectively. Cooling process is
simulated via Sentaurus Process with cooling rate of -20°C/min

temperature storage can impact the density of recombination-
active defects in CIGS. A typical example for how cooling
process could affect deep level defect concentration is shown
in Table IV. By applying this model to a range of CGI ratio,
GGI ratio and µSe, we can track how these deep level defects
concentration changes with compositions.

As shown in Fig.5a, for a fixed GGI ratio, and µSe, gallium
antisite concentration only changes slightly until CGI is higher
than 0.95. GaCu drops sharply when CGI is larger than 0.95,
which is accompanied by a significant drop of copper vacancy
concentration when CGI is close to stoichiometry. Copper
antisites increase drastically with CGI>0.95, suggesting a CGI
ratio close to stoichiometry could be detrimental to device
performance. We find a similar trend in Fig.5b. Changes in the
GaCu concentration are within an order of magnitude, while
copper antisite suffers large reduction when µSe is decreasing
due to group III vacancy deficiency. However, when the µSe is
lower than −1.10 eV, the valence ratio SeM will be lower than
1.0000 as shown in Fig.4. Under such circumstance, the CIGS
becomes n-type, which is generally not applicable for state-
of-the-art CIGS solar cells. According to Fig.5c, GaCu density
decreases a lot especially for high GGI materials. Even though
the capture cross section for GaCu is large as mentioned before,
the low density of GaCu makes it impossible to be an effective
recombination center. When the GGI is low, there is significant
amount of GaCu. However, it is considered as shallow defect
and has very low capture cross section in the low GGI region,
which is also hard to be a deep level defect. On the other
hand, CuIII increases faster when GGI goes higher than 0.60.
Thus we conclude that GaCu has little impact on CIGS solar
cell performance but CuIII is at least partially responsible for
the efficiency loss in wide-gap CIGS solar cells [23].

From Fig.5, we can infer that controlling atomic ratio of
elements in CIGS absorber is critical as it impacts defect
concentration, lifetime, and finally device behavior. Also, it
is obvious from the three plots that the cooling process could
help decrease the deep defect concentrations for both gallium
and copper antisites. Once we obtain the defect distribution
profile of CIGS absorber layer, it is possible to predict solar
cell performance via device simulation.

B. Solar cell device simulation

We used the above model to simulate solar cell device in
[25]. The solar cell structure simulated is equivalent to the
literature with some minor changes shown in Table VI. Some
critical parameters used in device simulation are shown in
Table V. For the thickness of MgF2 and ZnO:Al layer, we
used the values slightly different than reported. The reason
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Fig. 5. Deep level defect distribution with different CGI, µSe and GGI. (a)
CGI = 0.60 ∼ 0.99, GGI = 0.30, µSe = −1.00[eV]; (b) µSe = −0.76 ∼
−1.20[eV], CGI = 0.85, GGI = 0.30; (c) GGI = 0.05 ∼ 0.75, CGI = 0.85,
µSe = −1.00[eV].

is that the refractive index values of these two layers are
not specified from the experimental paper [25]. The values
we used here are typical values reported in literature [26]–
[30], but we found large variances in refractive values due to
disparate synthesis and deposition processes. The function of
both layers, however, is to reduce the reflection of photons
which can be absorbed at maximum efficiency. Thus, we
optimized the thickness of these two layers to maximize carrier
generation in the absorber layer as calculated via d = λmax

4η ,
where d is the thickness, λmax is the maximum absorbed
wavelength of CIGS, and η is the refractive index of anti-
reflective material at λmax. For the other layers, we keep
them as reported. The complex refractive index values of
CuInGaSe2 are dependent on the material composition [31].
To accommodate the index value change with GGI across the
CIGS layer, we used linear interpolation with a shift in the
spectrum according to the band gap. The relation between band

gap and GGI are demonstrated in the following equation [32]:

Etotalg = (1− α)ECIS
g + αECGS

g

− bα(1− α) + 1.7 ∗ (fpCu − fCu) .
(13)

Here α denotes the GGI value, b is the optical bowing
parameter which we chose 0.20 in our work, and (fpCu− fCu)
accounts for the change in band gap with deviations in Cu
composition from perfect stoichiometry (fpCu = 0.25) [32].
Values for ECIS

g = 1.04[eV] and ECGS
g = 1.68[eV] are

applied for all calculations [33], [34].
The refractive index n for a specific GGI value can be

calculated by

n(α,E + α∆Eg) = (1− α)n(0, E)

+ αn(1, E + ∆Eg) .
(14)

Here E is the energy of photon, ∆Eg is the band gap
difference between CIS and CGS, α is GGI ratio while α∆Eg
in Eq.14 indicates the band gap energy change for a specific
GGI versus band gap of CIS. The refractive index n of a
photon with energy E + α∆Eg for GGI ratio α is linearly
interpolated by n of a photon with energy E in CIS and n
of a photon with energy E + ∆Eg in CGS. The extinction
coefficient κ follows a similar relationship. Using the relation
above, we can obtain complex refractive index values for
any given GGI values. When the energy of photon is lower
than the band gap, we applied an exponential decay in the
extinction coefficient to account for the reduction in absorption
intensity. Some cases are shown in Fig.6. This method is used
to obtain the complex refractive index for any GGI profile.
Subsequently, the Transfer Matrix Method (TMM) is used in
Sentaurus Device to calculate the propagation of plane waves
through layered media [16] under the AM 1.5 Global spectrum
with an integrated power of 1000 W/m2.

In CIGS layer, we used GDOES profile in the literature to
extract GGI profile as illustrated in Fig.7. To set constraints
on the composition, a constant CGI value of 0.85 from paper
and µSe (-1.00 eV) are used in CCT. After that, we obtained
distribution of all the defects. Among them, shallow defects
like Cu vacancy were implemented as dopants in the device
simulation through ionization model while deep level defects
were considered as traps in the trap model [16]. The deep level
defects profile are shown in Fig.8. The carrier recombination
due to deep level defect is modeled by SRH recombination
model. We applied 5×10−14 and 10−12 for electron and hole
capture cross sections of CuIII, respectively , while 5×10−14

and 5 × 10−17 for electron and hole capture cross sections
of GaCu. Except for recombination due to deep level defects
CuIII and GaCu, we also include radiative recombination
with the radiative recombination rate to be 1 × 10−10 cm3/s
[39], surface recombination at back and front surface with
recombination velocity to be 1 × 10−7 cm/s [40]. Grain
boundaries and other structural defects are accounted for via a
uniform background midgap SRH recombination with lifetime
of 15ns. The third recombination is likely to be attributed to
VCu+VSe [24], [41]–[44]. However, the detailed examination
of this metastable defect is beyond the scope of this paper. The
effective lifetime in the device simulation is between 1−20 ns
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TABLE V
CRITICAL PARAMETERS IN CIGS DEVICE MODEL

Cu(In,Ga)Se2 CdS i-ZnO ZnO:Al
Bandgap (eV) Eq. 13 [32] 2.4 3.3 3.3

Carrier Density (cm-3) varies with composition 1.0 x 1019 1.0 x 1019 1.0 x 1019

Refractive Index Eq.14 [31] Data [28] Data [26] Data [27]
Effective mass e/h 0.08(CIS), 0.13(CGS)/0.35 0.25/0.70 [35] 0.24/0.59 [36] 0.24/0.59 [36]

Mobility e/h (cm2/V s) 300/30 [37] 100/25 [35] 200/25 [38] 200/25 [38]
Lifetime e/h (ns) Defect-assisted SRH Model 1.0/1.0 - -
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Fig. 6. Complex refractive index of CIGS with different GGI values computed
by Eq.14. In (a), the vertical axis κ represents the extinction coefficient. In
(b), the vertical axis n represents the refractive index.

TABLE VI
CIGS SOLAR CELL STRUCTURE OF EXPERIMENT AND SIMULATION

Material Layer Thickness (Ref. [25]) Layer Thickness (Simulation)
MgF2 (105 ± 10) nm 100 nm

ZnO:Al 100 nm 55 nm
i-ZnO 50 nm 50 nm
CdS (50 ± 5) nm 50 nm

Cu(In,Ga)Se2 (2.8 ± 0.2) µm 2.8 µm
Mo (1.5 ± 0.2) µm 1.5 µm

for typical material compositions, which is within the range
of reported data in literature [42], [45].

In addition, we found in literature that there is a thin n-type
layer located at CIGS/CdS interface, which may be due to Cd
diffusion into CIGS and occupies copper sites [46]–[49]. Other
people argue that there is a layer with high resistance between
CdS and CIGS [48], [50] possibly due to ordered defect com-
pound. Accordingly, we added n-type doping at interface from
0.00− 0.01 µm in the device structure at Fig.9, which results
in a low carrier density region thus high resistance layer. The
additional surface doping provides a smooth transition from
heavily p-type CIGS to n-type CdS, which facilitates electron
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Fig. 7. GGI curve extracted from GDOES profile in Jackson et al. [25]
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Fig. 8. Deep level defect concentration distribution in CIGS absorber before
and after cooling process.

transfer and boosts device performance.

IV. RESULTS

As shown in Table VII, four typical parameters which are
used to characterize solar cells, short circuit current (Jsc),
open circuit voltage (Voc), fill factor, and efficiency (η%) are
all in good agreement with experiment values. This confirms
the validity of our simulation model. To determine the most
critical deep level recombination center, we turned off the SRH
recombination of GaCu, and there is little effect on the solar
cell efficiency. The reason is discussed previously in Section
III.A. Thus, we conclude that CuIII is the only deep level
defect in the model that can significantly impact the solar cell
performance.

A. Effect of GGI gradient on device performance

The GGI gradient directly impacts the band gap variation
in CIGS layer, which essentially changes the conduction band
position. A typical three-stage process will generate a GGI
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MgF2

(a)
Fig. 9. Device schematic and band diagram under AM 1.5G illumination
(no bias applied). CIGS layer ranges from 0 to 2.8 µm, but only a portion
is shown in the schematic for concise illustration. Red dashed line indicates
Fermi level. Upper green solid line denotes conduction band minimum while
lower green solid line denotes valence band maximum.

TABLE VII
SOLAR CELL DEVICE PERFORMANCE OF EXPERIMENT AND SIMULATION

Jsc (mA) Voc (V) η% Fill Factor
Experiment (Ref. [25]) 34.7 0.7113 19.0 77.1

Device Simulation 34.7 0.7146 19.2 77.6

profile which has a minimum notch close to the CdS interface.
Then GGI increases towards both CdS and Mo interface,
which is known as double gradient or V-shaped profile [51].

Generally, the common consensus is that double gradient
profile is or could be beneficial to the device performance [52].
However, it is difficult to judge if gains of device efficiency
are due to GGI grading or solely from three-stage deposition
process, as the latter is believed to increase grain size as
compared to one-stage process [53], [54]. Generally, the back
gradient toward Mo side is thought to be beneficial. Based on
electro-optical modeling [55], an increased GGI ratio towards
Mo contact creates a quasi-electric field that repels minority
carriers (electrons) from the high recombination region at back
contact. In addition, high energy photons that have not been
absorbed at front region can be further absorbed at back region
because of the advantageous absorption coefficient for high
energy photons according to Fig.6. Thus the effect of higher
GGI toward Mo layer is considered as positive. However,
the role of increased GGI towards the CdS is not clear.
Actually, a theoretical study suggests that the increased GGI
in front part does not lead to performance gain [55], and,
under certain conditions, a front grading has been found to be
detrimental to device performance [56]. In fact, CIGS solar
cells in experiment appear to have higher performance when
the minimum GGI position is close to CdS interface [57]. Also,
people found a nearly flat GGI gradient toward CdS interface

shows great efficiency [58]. In our model, we find the notch
of GGI profile would generate electron traps which increase
non-radiative recombination. Even though the lower band gap
at the notch facilitates the absorption of low energy photons, it
cannot totally compensate the loss due to SRH recombination.
Thus, we conclude that the front Ga gradient towards CdS is
only a consequence of three-stage process but it does not lift
the device efficiency per se. The increase in grain size from the
three-stage process as compared to the one-stage process and
the back GGI gradient would likely be the reasons of higher
solar cell efficiency [53]. Therefore, we believe the optimal
GGI profile should have a gradient toward Mo layer and flat
GGI toward CdS interface.

To explore the effect of GGI gradient and find the optimal
GGI profile, we systematically investigated a wide range of
possible GGI profiles to create a contour maps of device
efficiency using our device simulation model as shown in
Fig.10. We used three constraints to determine GGI profile:
GGI at back Mo interface, GGI at CdS interface, and the
turning point location. The turning point location indicates
where GGI turns into flat.

The simulation results are shown in Fig.11. One key finding
of our simulation is that the optimal GGI at CdS interface
is 0.35∼0.40, at which the offset between CdS and CIGS
has been optimized. In an optical GGI profile, the turning
point location should be very close to CdS interface, which
is consistent with report from experimental group [52]. Also,
Yang et al [59] found when the back GGI is increased from
around 0.5 to 0.65∼0.70 with front GGI of approximately
0.35, the efficiency gain is around 0.3%∼0.4%. This is in
line with our simulation results and it suggests our model
can provide quantitatively comparable results with experiment.
Also, we did not find a loss in device performance when
further increasing GGI at back region, but the performance
gain did slow down when back GGI hits 0.65. We believe
this is due to the CuIII defect density will be drastically
increased when GGI>0.60, as shown in Fig.5c. Experimental
observations indicate that samples with high GGI values tend
to exhibit smaller grain sizes, shorter carrier lifetimes, and
a higher likelihood of non-radiative recombinations [60], but
increasing the background recombination for high GGI levels
doesn’t significantly impact the performance. Generally, CIGS
solar cell has a large tolerance for GGI profiles with which the
device performance is nearly optimal, which allows flexibility
during manufacture process.

Additionally, we cut the CIGS layer thickness in half to
see how device efficiency would differ in Fig.12. Surprisingly,
the efficiency of solar cell can still be maintained at high
level (∼21.6%) if the GGI profile is optimized. Compared
to the device with 2.8µm CIGS, the optimal back GGI is
lower (0.63∼0.73) and the turning point location is further
from CdS interface. The reason is that there is less effective
light absorption area for CIGS with thickness of 1.4µm. Thus,
the absorption coefficient of thin film becomes more critical.
Lower GGI region is more favored than higher GGI region
at front region as the former has more optical absorption and
generation. On the other hand, the back region in thin CIGS
samples is close to high generation and recombination region.
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(a)
Fig. 10. Schematic of GGI profile tuning. Three constraints in the GGI profile
are back GGI (Mo interface), front GGI (CdS interface) and the turning point
location. All the device simulations are conducted under the same conditions
except GGI profile and corresponding defect level change.

As a result, the impact of deep level defect CuIII would be
more significant. Consequently, a lower GGI profile is favored
at both front and back region of 1.4µm CIGS layer.

V. CONCLUSIONS

We have demonstrated coupled process and device modeling
for CIGS solar cells with excellent match to experimentally-
observed device performance. A detailed set of continuum
models for defect, ion, impurity and complex evolution using
parameters calculated via DFT has been implemented in
1/2/3D process/device simulation tool Sentaurus. Continuum
models based on DFT parameters successfully predict Cu
diffusion and In tracer diffusion in CIGS. The effect of GGI
gradient is also explored in this work. We found that a high
GGI value at back contact (Mo) would reduce the recombina-
tion but the slope toward the front side (CdS) will possibly lead
to minority carrier trap region and increase the non-radiative
recombination. Also, the increased amount of deep level traps
with increasing GGI would hinder the device performance
gains by raising the back GGI gradient. Besides, we notice
there is a large range where the CIGS solar cell performance
can reach optimal level which allows flexibility in CIGS
manufacturing. Additionally, the CIGS solar cell efficiency
can be maintained at a high level even if the thickness of the
absorber layer has been halved. This suggests less materials
have to be used for an almost equivalently efficient solar
cell module. Future work is underway on modeling of post-
annealing cycle and how it would affect defect distribution and
device performance.
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F. Werner, and S. Siebentritt, “Electronic defects in Cu(In, Ga)Se2:
Towards a comprehensive model,” Physical Review Materials, vol. 3,
no. 9, p. 090302, 2019.

[25] P. Jackson, R. Würz, U. Rau, J. Mattheis, M. Kurth, T. Schlötzer,
G. Bilger, and J. H. Werner, “High quality baseline for high efficiency,
Cu(In1−x, Gax)Se2 solar cells,” Progress in Photovoltaics: Research
and Applications, vol. 15, no. 6, pp. 507–519, 2007.
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