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ABSTRACT

The electrical properties of heterojunctions between
wide gap n-type oxides and the p-type semiconduc-
tor Cu(In,Ga)Sez have been studied. The investi-
gated oxides were a bilayer of undoped and aluminium
doped ZnO, and the commercially available trans-
parent conducting oxides SnOz:F (FTO) and InyOs-
SnOz (ITO). The junction of CIGS with ZnO showed
the characteristic of a pn-junction, the temperature
dependence of the current-voltage characteristics sug-
gests interface recombination as dominating trans-
port mechanism. This junction is suitable for pho-
tovoltaic light conversion and for the development of
solar cells in superstrate configuration. The junctions
of CIGS with FTO and with ITO showed poor rec-
tifying behaviour and little or no response to illu-
mination. The quasi-ohmic behaviour of these junc-
tions was successfully used to replace the Molybde-
num back contact with a transparent back contact in
Cu(In,Ga)Se; substrate solar cells.

1. INTRODUCTION

Solar cells with Cu(In,Ga)Ses (CIGS) absorber lay-
ers have proven their suitability for high efficiency
and stable low cost solar cells. They are generally
grown on glass coated with a molybdenum back con-
tact. In this substrate configuration their light con-
version efficiencies approach 19% [1, 2]. In an alter-
nate configuration the deposition process is started
with the transparent conducting oxide rather than
with the metal. This so called superstrate configu-
ration is advantageous because it allows illumination
through the supporting glass. Thus, superstrate solar
cells promise lower manufacturing costs due to easier
encapsulation, and they are also important for the de-
velopment of advanced tandem solar cells where they
will be used as absorber for the short wavelength part
of the solar spectrum. The efficiencies of CIGS super-
strate solar cells are in the range of 11 to 13% [3, 4].
Recently, the junctions between CIGS and n-type
FTO and ITO have gained attention because they
do not exhibit the behaviour of pn-junctions, rather,
ohmic or quasi-ohmic characteristics are observed.
These transparent conducting oxides (TCOs) have

been successfully used to replace the metallic back
contact in substrate type cells, resulting in semi-
transparent solar cells [5, 6, 7].

We have prepared heterojunctions between CIGS and
Zn0O/Zn0:Al as well as directly to the transparent
conductors FTO and ITO, and studied the electrical
properties of these junctions with measurements of
the temperature dependence of their current-voltage
characteristics.

2. BAND ALIGNMENT

The alignment between the conduction bands in the
p- and n-side of the junction is important for the per-
formance of solar cells because it has a strong influ-
ence on the current transport across the heterojunc-
tion. The properties of the conduction bands are usu-
ally determined indirectly by measuring the positions
of the valence bands with photoelectron spectroscopy
and adding the values of the band gaps [8]. If a dis-
continuity is detected, two cases are distinguished,
the cliff- and the spike-type. Modeling of the hetero-
junction in CIGS solar cells showed that a conduction
band alignment of the cliff-type is generally detrimen-
tal to the device, whereas a spike of up to 0.3 eV does
not harm the performance [9] or is even considered
favourable for minimizing recombination loss under
operating conditions [10, 11, 12].

2.1 The junction between ZnO and CIGS

The valence band offset between CIGS and undoped
ZnO ranges from 2.3 to 2.4 €V [13, 14]. The band gap
of undoped ZnO is 3.3 €V, in CIGS it depends on the
composition. For a Ga/(Ga+In) ratio of 0.25 which
is frequently employed in solar cells the band gap is
approximately 1.2 eV. The energy band diagram of
the heterojunction between ZnO and CIGS is shown
in figure 1. In case of undoped ZnO the conduction
band shows a discontinuity of the cliff-type with a
magnitude of approximately -0.3 eV.

The resulting band bending in equilibrium depends
on the Fermi-level positions in the ZnO and the CIGS.
For ZnO a value of 0.1 eV below the conduction band
minimum (CBM) is assumed, this corresponds to a
carrier concentration just below the limit to degener-



acy and may serve as upper limit. In the investigated
CIGS layers carrier densities of about 10*® cm ™ are
measured after light soaking [15], corresponding to a
Fermi level about 0.2 eV above the valence band max-
imum (VBM). Thus, under open circuit conditions a
band bending ¢V4; of 0.6 eV is estimated. Due to
the high carrier density in ZnO the band bending is

expected to occur mostly in the absorber layer.
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Fig. 1: Band alignment between CIGS and ZnO
(left) and FTO (right). In the first case the con-
duction band offset is of the cliff type and amounts
to approximately -0.3 eV. The dotted line illustrates
a spike type alignment e.g. with a (Zn,Mg)O buffer
layer [11]. To the right the alignment of CIGS/FTO
is shown, the conduction band offset depends on the
particular properties of the TCO.

2.2 Junctions between CIGS and FTO and
ITO

Little data exists about the band alignment between
CIGS and SnOs. An idea can still be obtained by
combining data on the band alignment between CdS
and SnO2 [16] and between CdS and CIGS [13, 17].
This yields values for the valence band offset in the
range from of 2.2 to 2.5 eV.

The band gap in SnO, varies between 3.6 eV (un-
doped [16]) and 4.5 eV (optical gap in degenerately
doped SnO2:F (FTO) [18]). The differences in these
values are related to the high carrier concentration
which is accomodated by a partial filling of the con-
duction band (Burstein-Moss shift) [19]. At the same
time merging of donor states with the band edge may
occur, resulting in a reduced gap between valence
band maximum and conduction band minimum [20].
Transmission measurements of the FTO layers used
here revealed an optical gap of about 4.0 eV. With
an assumed carrier density of 10! cm™! and an ef-
fective mass of 0.45 [18] the Fermi level is estimated
about 0.4 eV above the CBM, indicating that no band
gap narrowing is present in FTO. The range for the
conduction band offset is then estimated between -
0.1 (cliff) and 40.2 eV (spike) with built-in voltages
between 1.3 and 1.5 eV.

A different situation is obtained from a consideration
of the work functions. For CIGS the reported val-

ues range between 5.3 and 5.4 eV (values for ternary
CIS [17, 21] and CGS [22]). Some uncertainty is in-
volved in the work function of FTO, values of 4.4
(FTO [23]) and 4.8 (SnO2 [24]) are reported. By com-
bining these values the band bending would assume
lower values between 0.5 and 0.9 eV. Figure 1 illus-
trates the band properties for an assumed FTO work
function of 4.4 eV and a conduction band filling of
0.4 eV due to degeneracy.

For the determination of the conduction band align-
ment further complications arise from the existence of
a surface depletion layer which has been reported for
FTO [25]. This leads to a band bending in the sur-
face region and a Fermi level position which is pinned
0.5 eV below the CBM. The surface depletion region
in FTO has been reported to remain during later CdS
deposition, but it is not known how it will be affected
by CIGS deposition. The two limiting arrangements
of the conduction band alignment with and without
surface depletion layer in FTO are illustrated in fig-
ure 1.

A considerable amount of uncertainty is involved in
estimating the band alignment between CIGS and
ITO because different InoO3-SnO2 mixtures are used
and also because the work function of ITO depends on
the sample treatment [23]. Work functions between
4.4 and 4.8 eV have been published [23, 26] and also
for ITO a surface depletion layer with a Fermi level
about 1.0 eV below the CBM has been reported [26].

3. EXPERIMENTAL

Heterojunctions between CIGS and different wide gap
n-type materials were prepared by vacuum evapora-
tion of Cu, In, Ga, and Se in order to grow approx-
imately 2 pm thick layers of CIGS. The evaporation
fluxes were controlled in order to yield a three step
deposition process: In the first step only In, Ga, and
Se are evaporated, then Cu is added in order to obtain
a Cu-rich growth regime, finally in the third step the
Cu flux is stopped and the endpoint detection tech-
nique [27] is used to adjust for the desired Cu-poor
composition of the absorber layer. The Ga/(In+Ga)
ratio is approximately 0.25. The back ohmic contact
to CIGS was prepared by evaporating a 50 nm thick
gold layer through an aperture mask with circular
openings of 0.125 cm?. This results in 12 to 16 indi-
vidual solar cells on two 30 x 30 mm? substrates per
deposition run.

Soda lime glass coated with ZnO/ZnO:Al bilayers,
FTO, and ITO, respectively, was used as substrate
material. The deposition of the ZnO:Al layers by
rf magnetron sputtering on glass has been described
elsewhere [28], while commercially available FTO and
ITO coated glass substrates were used.

4. RESULTS AND DISCUSSION

4.1 Current voltage characteristics



The room temperature current voltage characteris-
tics of the three different junctions are compared in
figure 2. The CIGS/ZnO and CIGS/FTO junctions
show a large difference in their saturation currents.
On CIGS/FTO and particularly on CIGS/ITO very
poor rectifying behaviour is observed. However, the
purely Ohmic behaviour which has been reported for
these junctions [6] was not obtained. Nevertheless,
there is a considerable conduction down to about -
50 mV reverse bias in CIGS/ITO, the resistance area
product in the linear part around the origin is ap-
proximately 6 Qcm?.
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Fig. 2: Comparison of dark j — V characteristics
of the different types of junction. The characteristic
of the CIGS/ITO junction shows poor rectifying be-
haviour. High leakage currents are observed down to
bias voltages of -50 mV. Around the origin the charac-
teristic resembles ohmic rather than diode behaviour.

4.2 Temperature dependence

The dark j — V' characteristics of the junctions were
measured in the temperature range between 290 and
350 K after a stabilizing light soaking treatment. The
characteristics were fitted to a one diode model with
dark saturation current density jo and diode quality
factor A.

j=io <exp {L T } - 1) P )

Here k is the Boltzmann constant, ¢q the elementary
charge, T is the absolute temperature, R, and R,
denote series and parallel resistance area products,
respectively.

Figure 3 presents the dependence of the dark satu-
ration current densities and the diode quality factors
on the device temperature for the junctions of CIGS
to ZnO and FTO. In both cases the Arrhenius plot
of the saturation current density jo shows a linear
dependence with an activation energy Fa:
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Here, joo denotes the saturation current density pre-
factor. The activation energy of the junction to ZnO

is 0.5 eV, while it is 0.3 eV on CIGS/FTO. The right-
hand part of figure 3 shows the values of the diode
quality factors in a convenient reciprocal representa-
tion [29]. The diode quality factors of the investi-
gated junction are around 1.5 (CIGS/ZnO) and 1.2
(CIGS/FTO), and they show only little changes in
the investigated range of temperatures.
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Fig. 3: Dark diode parameters for three different
CIGS/ZnO junctions (full symbols) and the junction
between CIGS and FTO (open symbols).

The product of the diode quality factor A and the
activation energy F 4 should correspond to the band
gap energy if the current transport is dominated by
diffusion or recombination in the space charge region
[30]. The lower values of the shown examples are an
indication for interface recombination. However, in
this case the diode quality factor should be one or
asymptotically approach unity at high temperatures
in cases where the transport is assisted by tunneling
[29]. In fact, in figure 3 the small variations of 1/A
in the junction of CIGS/ZnO might be interpreted as
tail of an asymptotic approach into a limiting value.
Unfortunately, due to the limited temperature range
of this investigation a clearer identification is not pos-
sible. However, it is clear that the values do approach
a value around 1.5 rather than unity. This behaviour
would require that the band bending extends also into
the n-type part of the junction, similar to observa-
tions in early CdS/CulnSe; solar cells [10, 31, 32].
In this case, the following relation for the saturation
current would apply:

. qVp,p +0p
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Here S denotes the interface recombination velocity
and Ny is the effective density of states in the p-layer.
The activation energy F4 is then given by the sum
of ¢Vp,p, the band bending in the p-part of the junc-
tion, and ), the separation between Fermi-level and
valence band maximum. The total band bending or
built-in voltage Vi; is then given by [31]:

Vii=A Vb, (4)

The values for the junction to ZnO yield ¢Vp, =
0.5 eV - 0.2 eV = 0.3 eV. Multiplied with the av-
erage diode quality factor an overall band bending



somewhat below 0.5 eV is obtained. Considering the
uncertainties in the valence band offset and the band
gaps, this is in reasonable agreement to the value of
0.6 eV which was proposed in the band diagram in
figure 1.

However, it is not clear, why a considerable part of
the band bending should occur in the n-layer. Even
without intentional doping the carrier density in ZnO
should be much higher than in the CIGS layer. A
possible explanation might be a potential drop in the
interfacial oxide layer which has been found in the
C(I)GS/ZnO junction [33, 34]. The presence of such
oxide layers in Schottky junctions has been reported
to lower the measured activation energy and result in
diode quality factors higher than one at room tem-
perature [35, 36].
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Fig. 4: Band diagram after contact. CIGS/ZnO (left)
is in reasonable agreement with the estimated band
bending. On CIGS/FTO a band bending of 0.1 eV
was measured (a). Based on figure 1 a stronger band
bending would be expected (b).

The interpretation of the temperature dependence of
the junction between CIGS and FTO is more prob-
lematic. The saturation current densities in figure 3
are almost two orders of magnitude higher than in the
CIGS/ZnO case, and the fitting of the j — V charac-
teristics is much more difficult. The activation energy
of the saturation current is 0.3 eV, resulting in a low
Vp,p of 0.1 eV. Then, the total band bending is only
0.12 eV.

This behaviour is in contradiction with the proposed
band bending and the conduction band offset in fig-
ure 1. A low value of the band bending in the ab-
sorber could be related to pinning of the Fermi level
due to a high density of interface states. For exam-
ple, pinning positions at E4/3 above the valence band
have been reported for a variety of semiconductors in
Schottky junctions, resulting in a considerable reduc-
tion of the measured barrier heights [37]. Figure 4
illustrates the difficulties of combining the band align-
ment with the results of the temperature dependent
measurements.

The current voltage characteristics of the junction be-
tween CIGS and ITO revealed very poor rectifying

behaviour and much higher reverse currents, and it
was not possible to fit the data reliably.

5. SEMI-TRANSPARENT SOLAR CELLS

The preceeding section showed that the junctions be-
tween CIGS and ITO or FTO are unsuitable for su-
perstrate type solar cells. However, the poor rectify-
ing behaviour, particularly of ITO, allows their use as
quasi-ohmic contact to CIGS. Semi-transparent sub-
strate solar cells are developed on CIGS/ITO by ap-
plying a CdS buffer layer and a ZnO:Al/ZnO front
contact. The current voltage characteristics of a semi-
transparent solar cell are shown in figure 5. The effi-
ciencies are 6.8%, and 1.5% for illumination through
the ZnO front contact (forward) and the ITO back
contact (reverse), respectively. A reference solar cell
on Mo/glass from the same deposition had an effi-
ciency of 9.7%. A comparison of the characteristics
shows lower values in open circuit voltage, short cir-
cuit current density, and Fill Factor. A possible ex-
planation for the lower open circuit voltage is the in-
hibited supply of Na through the ITO [15]. Below
the open cicuit voltage the influence of the ITO back
contact on series resistance and the corresponding re-
duction of the Fill Factor is illustrated in figure 5.
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Fig. 5: Current voltage characteristics of the semi-
transparent solar cell (full lines) under forward and
reverse illumination. Included are the characteristics
of the reference solar cell on molybdenum (dashed
line) and the the characterisitic of the ITO back con-
tact (dotted line) in order to illustrate the origin of
the higher series resistance of the semi-transparent
cell (arrows).

Figure 6 compares the quantum efficiencies of the
transparent cell measured by illuminating through
the Zn0O:Al/Zn0O/CdS front contact and through the
ITO back contact. In the second case it is observed
that charge carriers created by short wavelength pho-
tons close to the CIGS/ITO interface are lost due to
the short diffusion length in the absorber layer.
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Fig. 6: External quantum efficiencies of the semi-
transparent cell. Forward illumination is through
ZnO/CdS (full squares), reverse is through the
glass/ITO back contact (open circles).

6. CONCLUSIONS

We have investigated the current transport in the
heterojunctions of CIGS with ZnO, FTO, and ITO,
respectively. The temperature dependence of diode
quality factor and saturation current density suggest
interface recombination as dominating transport pro-
cess in CIGS/ZnO. A band bending of about 0.5 eV
has been determined, and only about two thirds of it
occurs in the CIGS layer. The junction of CIGS to
FTO reveals little response to illumination and shows
a reduced barrier height, possibly due to a pinning
The junction of CIGS to ITO
shows very poor rectifying behaviour, with its late
onset of blocking in reverse direcion it behaves rather
ohmic than diode-like, and it has been successfully

of the Fermi level.

used as replacement of the metallic back contact for
the preparation of semi-transparent CIGS solar cells.
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