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A New Approach to Valence and Conduction Band
Grading in CIGS Thin Film Solar Cells
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Abstract—In this paper the characteristics of the graded
band gap profiles of CIGS thin film solar cells are reviewed.
Influence of the valence and conduction band grading of the
absorber material on the main parameters of the cell is
considered. A new graded band gap profile which exploits the
widening of both the valence and conduction bands is proposed.
Furthermore, the possibility of conduction band grading of the
window material near the surface region to enhance the carrier
transfer is discussed.

Index Terms—Band gap grading, CIGS thin film solar cell,
performance enhancement, valence band offset.

I. INTRODUCTION

Cu (In,Ga)(S,Se), (CIGS) thin film solar cells have low
cost and potentially high efficiency. The record efficiency of
about 19.9% has been achieved in laboratory scale [1]. To
improve the device performance, the electronic and optical
properties of the cell have to be optimized. Band gap grading
of the cell materials is effective on reducing the
recombination losses and amplifying the carrier collection in
the cell [2-4]. In this paper, we review the characteristics of
the last proposed graded band gap profiles and then, due to
valence and conduction band widening effects on the
performance parameters of the cell, we present a new graded
profile in which the band gap widening of the absorber is
included both in Conduction Band (CB) and Valence Band
(VB). Widening the band edges at the front and back regions
of the cell is considered. Furthermore, we discuss the benefit
of the CB grading of the window material near the interface
region to enhance the carrier passivation and transfer through
the cell.

II. CONDUCTION BAND GRADING

In this section, a brief review on the characteristics of the
graded profiles is discussed. As early as 1960, Wolf proposed
a graded band gap semiconductor for solar cell applications
[5]. He showed that the grading of the band gap of the
absorber material improves the carrier collection with an
increased quasi-drift electrical field in the Space Charge
Region (SCR) of the cell. During the last decade, some new
graded profiles have also been proposed (Fig. 1) [5].
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Fig. 1. CB graded profiles.

Normal Grading: Increasing gradually the Ga content (0 <
x < 3) [6] in the Cu(In;4,Gay)Se, compound, the band gap of
the absorber linearly increases by linearly decreasing the
electron affinity through the absorber [7]. In this case, the
gradient in the Ga concentration produces a gradient in the
electron affinity which is accompanied by a quasi-electrical
field through the cell (Fig. 1a). This additional electrical field
enlarges the diffusion length of the electrons. Therefore, the
carrier collection enhances and helps the minority carriers to
be collected. On the other hand, widening the band gap at the
back contact of the cell reduces the recombination rate at the
metallurgical contact and raises the Open-Circuit Voltage
(VWoc) of the cell due to a lower recombination current
(saturation current) in higher band gap locations. Finally, the
small enhancement in efficiency is due to an enhanced carrier
collection and a decreased recombination rate. Unfortunately,
the Short-Circuit Current Density (Jsc) decreases steadily by
linearly increasing the band gap as the absorption coefficient
depending on position decreases.

Reverse grading: With gradually decreasing the Ga
content through the absorber layer, the band gap of the cell is
also reduced (Fig. 1b) [8], [9]. With linearly decreasing band
gap toward the back contact, the recombination rate at the
back contact increases, but in the SCR the electrical quantity
Voc is high owing to widened band gap and lower
recombination rate. In this profile, Jsc increases steadily due
to an increase in the absorption for smaller band gaps, but it is
not significant because of a reduced probability of the
electron collection affected by a reverse quasi-electrical field
[10].

Double grading: In a double graded band gap profile, the
efficiency depends on the location of the minimum point of
the band gap. In this profile the Ga content decreases from
the front surface to an optimum minimum position and then
increases to the back contact (Fig. 1c). Both kinds of grading
affect the carrier collection probability [11]. Front grading
repels minority carriers away from the interface and back
grading increases the band gap which enhances the carrier
collection by drifting the carriers to the SCR due to an
additional electrical field. Therefore, the internal quantum
efficiency and position dependent light absorption are
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increased and Jsc improves. Anyway, the maximum band gap
at the back contact has to be optimized in order to obtain an
improved short-circuit current density. Without back grading
the internal quantum efficiency is lowered owing to the lack
of quasi-electrical field which helps the photo-generated
carriers to reach the contacts [12]. The optimization of band
gap grading in CIGS shows an absolute gain in efficiency up
to 3% [13].

Multi-Grading: Multi-graded band gap structure has
showed a better performance than other cases (Fig. 1d). In
this case, an improved Voc at the front region and an
improved Jsc at the back region are obtained. The cell has
been simulated to give an efficiency up to 19.83%
theoretically and 18.8% experimentally [13]. All above
discussed graded band gaps can be obtained by changing the
Ga content in the absorber compound. The other possibility
to grade the band gap can be grading the VB of the absorber
[14]. Some of the authors have also considered the VB
grading effects on the cell performance parameters. In Fig. 2,
Decock et. al., proposed an absorber with grading towards
the SCR with S and grading the back contact with Ga [15].
Grading the absorber material can be conducted by both front
S- and back Ga-grading in the Cu(In;Gay)(Sei.,S,), solar
cells.

CB

Absorber

VB

Fig. 2. Grading both valence (front) and conduction (back) bands.

The integration with S affects both the CB and VB. The
exact distribution between the CB and VB offset is however
complicated and, therefore, they assumed that by S-grading
of the surface region the CB stays flat and VB is widened.
Also, a Ga graded layer is anticipated for the back region to
enlarge the CB only by neglecting the VB offset in the back
region. Anyway, in this work small benefit for grading both
the front and back regions is attained because grading benefit
depends on the perfect control of the defect and doping
distributions, appropriate absorber thickness and many other
parameters [16]. However, authors are agreeing that with
optimization of the cell parameters the graded profile
enhances the advantage of the generation and recombination
rate in the cell. Finally, the authors assessed grading as
successful if it reshapes the generation profile in a way that
more charge carriers are generated in regions with less
recombination probability.

I1l. VALENCE BAND GRADING

Because of the downward VB shift at the surface region,
the band gap of the absorber at the surface region of the cell is
at least 0.1 eV greater than that of the bulk region. This shift
in the VB can be produced by Cu-poor surface phases (i.e.,
by Cu(In,Ga)sSes or by intentional Ga/ln/Se/S grading [17].
In this profile the VB is kept fixed while the conduction band
offset increases to widen the band gap. However, many of the

papers have stated theoretically and experimentally that the
VB offset is effective on the main parameters of the cell,
where V¢ improves by enlarging the barrier high at the
surface region by grading the VB at interfaces. For example,
Gloeckler and Sites evaluated the effects of the VB widening
at a Cu-poor surface and showed that hole depletion at the
surface regions by VB offset is the crucial parameter in
achieving high Vo at the CdS/CIGS interface [18]. This is
due to the hole concentration which is a limiting parameter
for recombination rate on the junction surface and can be
controlled by the VB grading. When sufficient holes are
supplied at the interface, they can limit Voc. Analytical
findings also verify that the VB position at the interface can
limit Voc. In another work the same authors considered that
the VB offset by S/Se alloyed Cu-poor material can increase
the barrier high at the interface and lower the recombination
rate of the carriers there [19]. They concluded that a large VB
offset of 0.4 eV can directly increase the barrier to a
sufficiently large value which can eliminate interface
recombination. In Fig. 3 we show the effects of the VB offset
at the front contact on the cell parameters based on data
reported in [20], [21]. The curves prove that the VB widening
improves the cell parameters with the exception of Jsc by
reducing the carrier loss and hole depletion at the surface
regions. Therefore, based on the above approaches, we
present an improved graded profile, considering the valence
and conduction band offsets at both sides of the absorber of
the cell (Fig. 4).
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Fig. 3. Effect of the VB offset at the front contact on the cell parameters.
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Fig. 4. Graded band gap considering the VB offset.

The last profiles consider just one kind of grading that
cannot be close to the real changes during grading the Gaor S
contents in the absorber. For example, S variations in an
absorber of Culn(S,Se), material influence both the valence
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and conduction bands [22]. However, the exact distribution
between the CB and VB offsets in the different regions of the
cell is complicated and should be optimized for the different
doping and defect densities. The proposed model is a real one
based on the changes in the VB and CB together, which can
be produced by doping the absorber with Ga, Se or S [15],
[22]. We suggest that grading lowers the VB edge in both
sides of the absorber in Fig. 4; we state that the VB offset at
the back contact aids the holes, as majority carriers of the
absorber, to reach the contact. For a Culn(S,Se), absorber
material a suitable improvement in V¢ can be obtained by an
appropriate doping concentration of S or Se. Moreover, a
S-rich surface and a Se-rich back region can provide a good
overlap between the band gap of the absorber and solar
spectrum (1.5 and 1.1 eV, respectively). It should be noticed
that by doping the absorber material the VB offset becomes
greater than that of the CB [23]. At the back surface, grading
the band gap with S leads to a widening of both the VB and
CB with a larger value of the VB offset. The performance of
this profile is enhanced because of the advantages of the
offsets in the junction regions. The VB widening at the
surface region has a main effect on the performance
parameters of the cell. The VB offset reduces the saturation
current at the surfaces which is accompanied with a hole
depletion by the barrier height enlarging and hole passivation
enhancement. On the other hand, the CB produces a
quasi-electrical field which repels the electrons from the
surface region. At the back region the CB offset assists the
minority carriers to be collected and contribute to the current.
However, this profile seems to be closer to reality as a graded
absorber profile where both the CB and VB offsets have been
considered. For example, inserting the defects in the front
and back surfaces leads to the offset in both the band edges
which shapes the proposed profile in Fig. 4 [24].

IV. WINDOW GRADING

One of the effective factors on the performance of the
CIGS solar cells is the CB offset between the window layer
and absorber layer at the interface. Recent calculations of the
electron affinity difference between the window and absorber
layers showed that the CB minimum of the absorber is below
that of the window. In this state, a spike occurs in the CB at
the interface which is accompanied with a widening of the
window CB. Further considerations have shown that this
spike can improve V¢ of the cell due to a lowering of the
recombination of the electrons of the window and holes of
the absorber at the interface [25]. The CB offset between the
window and absorber can be also a cliff which reduces the
efficiency owing to the increase of the recombination current
at the interface. For the case of spike, however, a lower Jsc is
obtained which is due to the barrier against transferring the
photo-generated electrons from the absorber to the window,
anyway, the existence of a suitable spike in the interface
increases the barrier against the injected electrons at the
interface and, therefore, decreases the entire buck current
density and enhances V. of the cell. We propose the grading
of the CB of the window at the surface region to enhance the
carrier transferring ability. Slightly increasing the CB
towards the interface of the window results in a gradient in

575

electron affinity and conducts the electrons to leave the
interface which increases both the filling factor and
conversion efficiency. In this way, the photocurrent is
enhanced. This grading can be obtained by n-doping of the
window material. For example, by n-doping of the CdS
window of a CdS/CIGS solar cell [26] or variation of the Mg
content at the surface region of the window of a
ZnMgO/CdS/CIGS cell [27].

V. CONCLUSION

In summary, we consider the characteristics of the
available graded band gap profiles of the CIGS solar cells.
We propose and discuss the possibility and advantages of a
new improved graded profile where both the valence and
conduction bands are considered at both sides of the absorber.
At the front region of this profile, the VB widening enlarges
the hole depletion as a limiting factor for Voc, the CB grading
reduces the recombination rate of the carriers at the interface.
At the back region, the VB grading enhances the transfer
ability of the majority carriers and the CB grading improves
collection probability of the carriers to contribute to the
current. However, this profile can better define the grading
changes on the valence and conduction bands, i.e., for a
S-graded absorber material. We also discuss the possibility of
grading the front region of the window layer to enhance the
passivation and transfer of the electrons coming from the
absorber.
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