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ABSTRACT

       A comprehensive device modeling and numerical
simulation effort of the performance of CIGS solar cells with
an emphasis on band-gap engineering of the CIGS absorber
layers has been carried out using the AMPS-1D device
simulation program.  A variety of graded band-gap structures
for the CIGS absorber layers are examined.  The device
physics and performance of the CIGS cells with different
band-gap profiles are analyzed.  Based on the simulation
results, an optimal graded band-gap CIGS cell structure is
proposed.

1. Introduction
Increasing the open-circuit voltage (VOC) to improve the

overall performance of the Cu(In,Ga)Se2 (CIGS) solar cells is
highly desirable to minimize the interconnection loss in the
manufacture of CIGS solar cell modules.  Band-gap
engineering of CIGS cells implemented by alloying the
CuInSe2 (CIS) with Ga to form Cu(InxGa1-x)Se2 or CuGaSe2
absorber layers can be used to enhance the cell performance.
Using spatial variation of Ga content within the CIGS layer,
the band-gap profile can be optimized to increase the photon
absorption and carrier diffusion and to reduce the
recombination rate, and hence to improve the VOC and JSC in
CIGS cells.

2. Modeling and Simulation of Cu(In,Ga)Se2 Solar Cells
The CIGS solar cell structure used in this simulation

consists of the following layers: ZnO, CdS, high-
recombination interface, OVC, and the CIGS absorber. The
computer simulation tool AMPS-1D (Analysis of
Microelectronic and Photonic Structures) [1] is employed by
specifying the semiconductor parameters in each defined
layer of the cell structure as input parameters to the
simulations.  With limited knowledge of the semiconductor
parameters in each defined layer and uncertainties in the
interface and junction properties arising from possible
interdiffusion and reaction during the cell processing, the
division of the layers for the cell structure is limited to a
simple device structure as depicted below. To proceed with
the simulation, reasonable material parameters are employed.
Although no attempt was made to match the simulation
results with the experimental data, the intention is to analyze
the trend in the performance of CIGS cells versus the band
gap parameters and profiles in the CIGS absorber layers.

Schmid et al [2] have demonstrated the existence of an
In-rich n-type surface layer, which was identified as an
ordered vacancy compound (OVC) and tentatively assigned
the stoichiometry CuIn2Se3.5 or CuIn3Se5. A junction model
was proposed that consists of the chalcopyrite/defect

chalcopyrite heterojunction between the p-type bulk CIS and
n-type OVC layers.  The electrical characteristics of low hole
mobilities (µp≤10cm2/V-s), high resistivity (105-106Ωcm),
and low carrier densities (1011-1012cm-3) was suggested for
the defect chalcopyrite Cu(In1-xGax)3Se5 materials for 0<x<1.
Furthermore, the conductivity type changed from n- to p-type
when the Ga content exceeds 30% [3].  In these simulations,
a 30nm OVC layer with µn=10cm2/V-s, n=1012cm-3,
Eg=1.3eV is inserted between the CdS and CIGS layer, and
an interfacial layer with a high density of effective
recombination centers is placed at the metallurgical junction
between the OVC and CdS layer. The total thickness of the
absorber layer is maintained at 2µm for all the graded band-
gap structures studied.  A deep level defect is placed in the
middle of the band gap as an effective recombination center
for the interface, CdS layer, and the space charge region
(SCR).  The changes in the physical properties of CIS films
with the addition of Ga include an increase in band gap
energy, which mainly shifts the conduction band position [4],
and increases in the hole concentration [5], bulk defect
densities, absorption coefficients, and electron affinities.  The
room temperature mobility was found to remain nearly
constant while varying the Ga content over a wide range [5].
To examine the effects of the band gap gradient on the device
performance, the majority of the material parameters used in
the simulations are maintained unchanged except that the
band gap energies, electron affinities, and optical absorption
coefficients are changed as the Ga content in the CuIn1-

xGaxSe2 films is changed.

3. Results and Discussion
From the simulation results of the uniform band-gap

CIGS cells shown in Table 1, it is found that CuIn1-xGaxSe2

cells (x≈0.32 for Eg≈1.2 eV [6]) has a higher VOC and a
smaller JSC than a CIS absorber stoichiometry due to the
smaller absorption coefficients and the reduction in the
absorption of longer wavelength photons. However, the
device performance was deteriorated when the Ga content in
the CuIn1-xGaxSe2 films exceeds 30 - 40% (x>0.3-0.4) [7].

Table 1 Simulated performance parameters of the CIS and
CuIn0.68Ga0.32Se solar cells with a uniform band-gap profile

Eg η (%) VOC (mV) JSC (mA/cm2) F.F. (%)
1.04eV 13.00 500 38.01 68.4
1.20eV 15.77 655 32.27 74.6

The recombination rate in the space charge region
(SCR), which controls the VOC of CIGS cells, can be reduced
by increasing the barrier height via the increase of band-gap
energy in the SCR to improve the VOC, but a small loss of JSC
might be expected if the wider band-gap region is not
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sufficiently thin. The dependence of VOC on the band gap
energy in the SCR of CIGS cells has been reported [9].  In
the simulations, the wider band-gap layers from the highest
band-gap energies of 1.16 to 1.35eV decreasing linearly to
1.04eV are placed entirely in the SCR, and the band-gap
energies of the OVC layer and the remaining region of the
CIGS layer are kept at 1.3eV and 1.04eV, respectively.  The
simulation results are shown in figure 1.  Comparing the
performance of the uniform band-gap CIS solar cell in Table
1, the value of VOC is improved without significantly
decreasing the JSC and increases with increasing band-gap
energy in the SCR.  The change in fill factor (F.F.) is related
to the conduction band offset between the OVC and the
CIGS layers.  The large conduction band offset due to the
wider band-gap layer in the SCR results in a lower value of
fill factor.
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Figure 1 The dependence of cell performance on the band-
gap energy in the space charge region (SCR) of CIGS cells.

A quasi-electrical field [9] can be established by the
band-gap gradient by incorporating a high Ga content in the
back region (near the Mo contact) of the CIGS absorber
layers by reducing the back surface recombination and
increasing the effective minority-carrier diffusion length.
This results in an efficient carrier collection in the CIGS
cells, and thus both the VOC and JSC are enhanced.
Consequently, a back surface field (BSF) is formed by the
normal grading, in which the band-gap energy is linearly
increased towards the back, and the step grading, in which a
wider band-gap layer is placed in the back, as illustrated in
the band structures of case- 2 and 3 in Table 2, respectively.
Comparing the performance of the cells in case- 1, both the
JSC and VOC with either a normal- or step- back surface
grading are improved simultaneously, and hence the
conversion efficiency is also increased as shown in Table 2.
Comparing the performance of the cells in cases -5 and 6
with that in case-4, the same trend was obtained again.

From the simulation results, it is found that a proper
band-gap grading with a wider band-gap CIGS layer in the
SCR and a back surface grading are capable of significantly
improving the performance of the CIGS cells by applying the
gradient of Ga content in the CIGS absorber layers.  In the
simulations, the band-gap energies in the SCR and back
region and the thickness of the back surface grading layers
are varied to achieve the optimal performance in terms of
reducing the carrier recombination and increasing the carrier
collection for the given material parameters and device
structure.  The results are shown in Table 2.  Comparing the

performance between the uniform band-gap cell (case 1 of
Table 2) and the graded band-gap cells (case 5 and 6 of Table
2), the benefit of band-gap grading for the CIGS solar cells is
clearly demonstrated.
Table 2 Simulated results for performance of the CIGS solar
cells with various band-gap profiles

Band-gap
profile

η
(%)

Voc
(mV)

Jsc
(mA/cm2)

F.F.
(%)

Case 1 15.42 617 34.05 73.4

Case 2 15.72 622 34.61 73.1

Case 3 15.81 620 34.77 73.3

Case 4 17.57 658 33.55 79.6

Case 5 18.34 669 34.46 79.6

Case 6 18.39 675 34.31 79.4

4. Summary and Conclusion
Device modeling and numerical simulations of the CIGS

solar cells with various band-gap profiles have been carried
out using the AMPS-1D simulation program.  A systematic
analysis of the graded band-gap structures for the CIGS solar
cells is presented.  The band-gap grading using the wide
band-gap layer in the SCR and/or the back surface grading by
employing the gradient of Ga content in the CIGS absorber
layer can greatly improve the performance of the CIGS solar
cells.
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