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ABSTRACT

Cu(In,Ga)Sey superstrate solar cells were prepared by
vacuum evaporation of the elements on glass substrates
coated with a ZnO/ZnO:Al bi-layer. Large grain size in
the Cu(In,Ga)Sez layer was obtained with a modified three
stage process while no additional source of sodium was
used. As deposited devices showed a low fill factor due to
a voltage dependent carrier collection. The fill factor and
the open circuit voltage improved considerably upon light
soaking. Efficiencies of up to 11.2% have been obtained.
The capacitance voltage characteristics reveal a low effec-
tive carrier density in Cu(In,Ga)Sez of about 1-10'* cm~3
for as-deposited cells. Light soaked cells show an increase
in the carrier density by one order of magnitude which
gives rise to a higher open circuit voltage. Additionally,
measurements of the spectral response show an enhanced
carrier collection under forward bias conditions.

INTRODUCTION

Thin film solar cells based on the chalcopyrite mate-
rial Cu(In,Ga)Sey (CIGS) have approached efficiencies of
19% [1]. These results have been obtained with cells in
the "substrate configuration” where the absorber layer is
grown on Mo-coated soda lime glass; the solar cells are
obtained by the subsequent deposition of a thin CdS layer
and the front contact consisting of a ZnO:Al/ZnO bi-
layer. An alternate design is the "superstrate configu-
ration,” where the deposition sequence is reversed; thus,
the absorber is grown on glass coated with the transparent
front contact and finished by an evaporated metal back
contact. Solar cells in this configuration offer the advan-
tage of easy and reliable encapsulation, furthermore, they
are important for the development of advanced tandem
solar cells.

Recently an efficiency of 12.8% has been reported for su-
perstrate solar cells prepared with coevaporated NasS as
a source of Na doping in CIGS [2]. This contribution
describes the development of superstrate solar cells with-
out the use of an additional source or precursor of Na.
The performance of CIGS solar cells quite often improves

upon light soaking or electrical biasing. The impact of
light soaking is studied with measurements of the junc-
tion capacitance and the quantum efficiency.

CELL PREPARATION

The transparent front contact consists of an rf magnetron
sputtered layer of Al doped ZnO. The stability of the elec-
trical conductivity against high temperatures, encountered
during the subsequent CIGS deposition steps, was inves-
tigated with annealing experiments [3]. It was observed
that the thermal stability of the conduction mechanism
in ZnO:Al critically depends on the sputtering conditions.
A deposition process was developed where the electrical
conductivity of the transparent front contact deteriorates
only marginally; the resistivity of the ZnO:Al layer in the
finished device is estimated to be 1.8:1073 Qcm. Carrier
density and mobility are 2.5-102° cm=3 and 20 cm?/Vs,
respectively. A 200 nm thick layer of undoped ZnO is
used as a buffer between the front contact and the CIGS
absorber layer.
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Fig. 1. Cross-section of a superstrate solar cell.

The absorber layer was grown by the co-evaporation of
Cu, In, Ga, and Se in vacuum. A modified three stage
process was developed to obtain large grain size; first a
layer of (In,Ga)sSes is deposited, followed by a Cu-rich
growth regime, and finally the composition is adjusted
under Cu-poor conditions with an increased flux of Ga.
Investigations of the interface showed a strong accumu-
lation of Ga at the interface to ZnO [4, 5]. The effect
of this accumulation on the solar cell parameters is not
clear. An increased Ga-content in the absorber layer close
to the interface was proposed to result in a double graded



band gap structure [2] which is also successfully employed
in substrate solar cells [6, 7]. However, a chemical analy-
sis of the interface between ZnO and CIGS in superstrate
solar cells revealed that Ga at the interface is bonded to
oxygen rather than to selenium [5]. Thus, a barrier layer
of insulating Ga2 O3 is formed at the interface.

The diffusion of Zn from the ZnO layer into the absorber
layer has been observed in superstrate solar cells [2]. The
diffusion is not surprising, in case of substrate solar cells
it was also found at much lower temperatures [8, 9]. The
electrical properties of CIGS can change because of Zn
diffusion, e. g. Zn has been incorporated intentionally
as n-type dopant into Cu(In,Ga)Se; [10] and CuGaSey
[11] where it results in a conductivity type inversion and
a buried homojunction.

In substrate type solar cells grown on soda lime glass, a
considerable amount of Na diffuses from the glass through
the Mo back contact into the absorber layer. Sodium has
been reported to increase the grain size, passivate grain
boundary effects and increase the effective acceptor con-
centration in CIGS [12]. All these effects collectively in-
crease the efficiency of the solar cells. In the superstrate
configuration, the diffusion of Na from the soda lime glass
substrate is strongly inhibited by the ZnO:Al front con-
tact [4]. The addition of Na from co-evaporated NaySe
has been reported to increase the efficiency in superstrate
cells from 4.9% to more than 10% [2, 13].

RESULTS AND DISCUSSION
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Fig. 2: Dark (circles) and light (squares) current voltage
characteristics before (open) and after (full) light soak-
ing. Also included is the j — V curve of an 11.2% efficient
superstrate solar cell (full triangles).

The j —V characteristics of a typical superstrate solar cell
before and after light soaking are presented in figure 2.
The as-deposited cells exhibit low efficiency and the light
j — V characteristics are often "S-shaped” which is also

referred to as "double diode”. However, substantial im-
provement in performance is observed after light soaking
with a typical intensity corresponding to one sun. Usually,
the short circuit current density changes only marginally
while the open circuit voltage increases by about 200 mV,
giving rise to an improved fill factor.

The characteristics in figure 2 exhibit a cross-over of dark
and light 5 — V curves and changes in the series resis-
tance, indicating persistent photoconductivity and/or bias
dependent carrier collection. The figure also includes the
j—V characteristic of an 11.2% efficient cell with an open
circuit voltage of 530 mV, a short circuit current density
of 34 mA/cm? and a fill factor of 64%.

The dark j — V' measurements showed a decrease in
the reverse saturation current density from 1.2:10~7 to
6.3:10~7 mA/cm? and an increase in the dark diode qual-
ity factor ~1.2 to ~1.6 due to light soaking. A straightfor-
ward explanation would assume a shift from predominant
interface recombination to bulk recombination. However,
deeper insight into the underlying transport mechanism
would require temperature dependent measurements, but
this has not been done yet.
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Fig. 3: Plots of the capacitance (above) and 1/C? (be-
low) versus voltage, measured at 40 kHz. Open and full
symbols denote the measurement before and after light
soaking, respectively. The cell in the initial state shows
the geometrical capacitance under reverse bias and a rapid
increase under forward bias. After light soaking the linear
relationship in the Mott-Schottky plot indicates uniform
carrier density.

The impact of light soaking on the electrical properties
and the quantum efficiency was investigated with the fol-
lowing measurement sequence: The C'—V characteristics
of as-deposited cells were measured in dark, followed by
measurements of dark and light j — V' characteristics. Af-
ter that, the quantum efficiency of the cells was measured
under working conditions (white light, intensity of one
sun) at zero and under forward bias. This measurement



sequence was repeated after light soaking under open cir-
cuit conditions and an intensity of one sun.

The variation of capacitance with voltage of a typical solar
cell before and after light soaking is shown in figure 3. The
capacitance of about 6 nF/cm? under reverse bias corre-
sponds to the geometrical capacitance which indicates a
totally depleted absorber layer. Towards forward bias the
capacitance abruptly increases when the depletion region
is swept rapidly through the whole absorber layer. This is
due to a very low carrier concentration, the slope in the
1/C? plot around zero bias suggests a carrier density of
approximately 1-10' cm™3.

After light soaking the capacitance is very much changed.
The Mott-Schottky plot in figure 3 gives a reasonably
straight line corresponding to a uniform carrier concen-
tration of about 1.5 - 10'® ¢cm~—3, which is one order of
magnitude higher than the initial carrier density in CIGS
before light soaking. This increase is due to a persistent
saturation of trap states in the band gap CIGS and the
corresponding release of trapped carriers [14].
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Fig. 4: Quantum efficiency (above) at two bias voltages
before (open) and after (full symbols) light soaking. The
measurements were performed with one sun white light
bias. The lower plot illustrates the relative gain at 300 mV
forward bias.

The short circuit current density before and after light
soaking changes only marginally from 32 to 34 mA/cm?.
This is consistent with the almost unchanged quantum
efficiencies at zero bias, shown in figure 4. However, un-
der a forward bias of 300 mV the cell in the initial state
shows a poor collection efficiently for carriers created by
long wavelength photons. The lower plot in figure 4 il-
lustrates that the quantum efficiency in this wavelength
region is greatly enhanced after light soaking.

A possible explanation for this behaviour are the changes
in space charge width after light soaking: Figure 3 shows
that the capacitance of the light soaked cell under a for-
ward bias of 300 mV remains lower than the capacitance

of the cell in the initial state. Thus, the space charge
region under forward biased conditions remains wider and
leads to a better collection of carriers generated by long
wavelength photons deep in the bulk of CIGS.
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Fig. 5: Variations of the solar cell parameters during light
soaking and subsequent storage in dark. The beneficial
effect of light soaking is obtained after 10 to 15 minutes.
When the cells are subsequently stored in dark the im-
provements are almost completely retained.

The time dependence of the light soaking effect is pre-
sented in figure 5. The improvements in open circuit volt-
age and efficiency occur within 10 to 15 minutes, while
the changes upon further illumination are only marginal.
The behaviour in dark indicates a relaxation on very long
time scales [15] or irreversible improvements like it was
reported for electrically biased superstrate cells [2].

CONCLUSIONS

Superstrate solar cells with efficiencies of up to 11.2%
were developed by co-evaporation. No additional source
of Na was used. The effect of light soaking was inves-
tigated with measurements of the capacitance and the
quantum efficiency. Light soaking increases the effective
carrier density by one order of magnitude, presumably by
the saturation of trap states. Measurements of the capac-
itance reveal that the space charge width under forward
biased conditions is higher in light soaked cells. Thus
carriers created by long wavelength photons are collected
more efficiently by the electric field of the space charge
region.
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