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a b s t r a c t

We have studied ZnO:Al/ZnMgO/Zn(S,O,OH)/Cu(In,Ga)Se2 solar cell (SC) metastability appearing during

the measurement of its photovoltaic (PV) performances under AM 1.5 conditions, that is an increase

with time of the PV parameters values before saturation, after about 20 min. These maximum values are

not definitive since the SC returns to its initial state after about several hours. C–V profiling performed

before and after the SC illumination exhibits a light soaking assisted charge redistribution within the

absorber. This redistribution has been improved by thermal annealing at 200 1C. This improvement is

correlated with a decrease in defects density, measured with sub-gap photocurrent.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

Chalcopyrite thin-film solar cells based on CIGSe absorber
material have attained solar cell conversion efficiency close to 20%
at laboratory scale [1]. One of the objectives in the field of CIGSe
technology in the next years is to improve or at least to maintain
the efficiency of these cells by replacing the classical CdS buffer
layer by wider band gap and Cd free materials. With zinc-based
buffer layers, prepared by chemical bath deposition (CBD), the
potential to lead to high efficiencies solar cells and modules has
already been demonstrated [2–5]. Recently it has been reported
that using the CBD Zn(S,O,OH)/rf-ZnMgO buffer combination in
CIGSe based solar cells it is possible to reach efficiency levels of
15–16% (higher than that of the reference cells with CdS, giving
14–15%) and a very high reproducibility [6,7]. However in order to
reach optimal cell efficiencies post-treatments such as air
annealing at 200 1C and light soaking for up to 20 min are
generally needed. For industrial applications, a better under-
standing of the underlying mechanisms is still needed. In this
work we have carried out a systematic study of metastability by
performing electrical measurements before and after the post-
treatments procedures. We have performed C–V profiling char-
acteristics before and after the measurement of PV solar cell

performances. In order to follow the metastability, the measure-
ment of PV parameters has been carried out several times before
reaching their optimal values. We have shown that these values
have been enhanced by air annealing at 200 1C. In order to get a
better understanding of mechanisms responsible for this
enhancement, we have studied the sub-gap photocurrent (SGP)
before and after this thermal annealing.

2. Experimental

CIGSe/CBD-Zn(S,O,OH)/rf-ZnMgO/ZnO:Al solar cells were pre-
pared; the CIGSe layers were co-evaporated at Wurth Solar on
glass/Mo substrates. The Zn(S,O,OH) layers were deposited by the
chemical bath deposition (CBD) technique in a similar way as the
CdS buffer layer [6]. The Zn1�xMgxO layers were deposited by rf
magnetron sputtering using a target with x¼0.26 [7]. Details on
cells preparations are given in Refs. [6,7].

The electrical properties of cells are characterized by J(V)
measurements at 25 1C under illumination (AM 1.5 global
spectrum, 1000 W/m2). Typical post-treatments were thermal
annealing at 200 1C for 15 min in air followed by light soaking
during the solar cell performances measurements. The capaci-
tance–voltage profiling measurements [8] were performed at high
frequency, using a HP4284A precision impedance analyzer.
The SGP signal was measured with the intensity modulated light
at 80 Hz using a lock-in amplifier technique. The SC was
illuminated with monochromatic light in the wavelength range
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800–1500 nm. The measured ac photocurrent was normalized
with the ac photon flux.

3. Results and discussion

Fig. 1a shows the AM 1.5 J–V characteristic evolution with time
till saturation of a non-thermally annealed SC. We observe that
the SC starts with bad PV performances concerning the short-
circuit current Jsc and the fill factor (FF) essentially, whose
evolutions with time are plotted in Fig. 1b. Optimal values of
these PV parameters are reached after about 15 min of light
exposure. The salient feature is the S shape of the J–V curve,
characteristic of a barrier strongly impeding the transport of
photogenerated carriers, an effect stronger than that of a mere
series resistance.

Fig. 2 shows the same characteristics as in Fig. 1, for a solar cell
submitted initially to a thermal air annealing at 200 1C for up to
15 min. We note that, on one hand, the metastability affects
essentially the fill factor, on the other hand, the stability is
reached rapidly and the final values of PV parameters are globally
improved. Indeed, we have found for the same SC that the optimal
conversion efficiency varies from 10.4% for the non-annealed state
to 14.7% for the annealed one. Note that Jsc increased significantly
in the process from 25 mA/cm2 asymptotic value to 30 mA/cm2,
and the S shape of the I–V curve at the initial stage of the light
soaking treatment has evolved into curves characteristic of those
of a large series resistance.

More than 20 solar cells of the same run have been studied,
presenting an increase of Jsc up to 25% with thermal annealing. For
both annealed and non-annealed states, modifications originating
from the light soaking are reversible—the SC goes back to its initial
state after one night in the dark at room temperature. Yet the
changes incurred through the thermal annealing are irreversible.

For the non-annealed state we have also investigated the
temperature dependence of the metastability kinetics under light
soaking, by measuring the PV parameters time variation at different
temperatures, starting from 200 K up to room temperature. Results
for the fill factor (FF) and the conversion efficiency are shown in
Fig. 3. From this figure we observe that the same saturation value of
the conversion efficiency is reached after about 20 min at room
temperature and after 90 min at 250 K. We also note that this
improvement is nearly quenched for the lowest temperature.

In order to get better understanding of the charge redistribu-
tion under light soaking and after thermal air annealing effects on
the solar cell properties, we have investigated the charge density

profiles of the absorber, first, before and after light soaking and
second, after thermal air annealing, by performing C–V profiling
measurements.

Fig. 4 shows the net charge density obtained from C–V

measurements using a standard analysis [8,9] within the
absorber for three states: (i) before light soaking, (ii) after light
soaking and (iii) after light soaking and air annealing. It has to be
noted that this distribution, with a significant increase near the
junction (i.e. at forward bias before the turn-on) and a dip slightly
after the extension of the SCR is typical of chalcopyrite solar cells.
From this figure we observe a high density of charge
accumulation close to the buffer–absorber interface before light
soaking. This accumulation, which is due to defects located next
to the interface, induces a strong band bending and may allow
interface recombination that could be eventually tunneling
assisted (this latter point deserves however further
investigations). This explains the low Jsc and FF values at the
first time of illumination. After light soaking, we note a decrease
of the accumulated charge with a charge homogenization
tendency. This contributes to extend the electric field within the
absorber layer and then to improve the free photogenerated
charge collection.

After both thermal air annealing and light soaking, we observe
a complete vanishing of the accumulated charge. The resulting
profile is essentially linked to a net doping of the absorber with a
quasi-uniform distribution. With this distribution, we are in the
situation where the strong band bending is replaced with quasi-
ideal parabolic bands, which means that there are less or no
interface recombination mechanisms and then better solar cell
PV performances. From quantum efficiency (QE) measurements,
we could also gain some insight on the way light soaking or
thermal annealing improved the solar cells. However, precise
QE measurements with a good wavelength step resolution
(e.g. less than 20 nm) could not be performed in this work
because this necessitates more than half an hour experiment
duration, during which the sample starts to return to its initial
state. Nevertheless we performed rapid measurements with only
a 100 nm step resolution, which show clearly that the improve-
ment of the QE values expands on the whole spectrum taken
between 400 and 1100 nm. This result shows that light soaking or
annealing has not only decreased the density of recombination
centres close to the interface but also that the carriers collection
efficiency has been improved due to an increased space charge
region width.

This result is correlated with the temperature dependence of
Voc as shown in Fig. 5. We have found that the ordinate intercept
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Fig. 1. AM 1.5 time dependent J(V) characteristics of a CIGSe/CBD-Zn(S,O,OH)/rf-ZnMgO/ZnO:Al solar cell (a) and time variation of the corresponding short-circuit Jsc

current density and fill factor (FF) (b), before thermal air annealing.
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