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a b s t r a c t

Besides their better electronic properties, Cu-rich CuInSe2 solar cells performed worse than the Cu-poor
ones. Dominated by interface recombination which lowers their open circuit voltage, they also exhibit
lower current. They are indeed limited by a high native doping which leads to tunneling enhanced
recombination. In order to decrease this doping, we investigate the effect of the selenium environment
during the absorber growth. We demonstrate that the chemical activity of the Se during the growth
strongly influences both the film microstructure and the solar cell performance via various structural and
opto-electronic characterization on both the absorber and the resulting solar cells: scanning electron
microscopy, energy dispersive X-ray spectrometry, X-ray diffraction in addition to classical current–
voltage and quantum efficiency measurements on the solar cell devices. We show that low Se
environment is beneficial to obtain better Cu-rich solar cells.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Thin film solar cells are considered the second generation of
photovoltaics because of their enormous cost reduction potential
via the greatly reduced consumption of material and energy.
Among the currently available thin film technologies, solar cells
based on chalcopyrite (Cu(InGa)Se2 or CIGS) absorbers show the
highest efficiencies on the laboratory scale as well as in production
[1]. These semiconductors are doped by native defects, like
vacancies and anti-sites. Therefore the doping level is controlled
by the deviation from the stoichiometry, in particular by the ratio
Cu/(InþGa). Usually, high efficiency solar cells use an overall Cu-
poor absorber (Cu/(InþGa)o1) [2]. However, with better electro-
nic properties (lower defect densities, higher mobilities and lower
bulk recombination) [3], chalcopyrite CuInSe2 (CIS) materials
grown under Cu-excess are expected to perform better than the
record solar cells prepared with Cu-poor absorbers. These devices
are, however, dominated by interface recombination which criti-
cally decreases their open circuit voltage (Voc). One other limita-
tion of “Cu-rich” CIS (Cu/Ino1) solar cells that we have
determined is the higher native doping of the material
(42.1016 cm�3) [4]. Such high doping levels lead to very short
space charge regions; however, the longer diffusion length dom-
inates, as it has been demonstrated that the collection lengths of
Cu-rich based solar cells are better than the Cu-poor one which
lead in total to a longer collection length [4]. Thus with better

transport, one could expect better current from Cu-rich based
solar cells. Nevertheless too high doping leads also to a very strong
field in the space charge region. The steeper band bending, due to
smaller space charge region width increases the contribution of
tunnel assisted recombination and thus reduces the open circuit
voltage (Voc). Furthermore, the short circuit current (Jsc) is also
badly affected by this tunneling assisted recombination: the
collection function in the space charge region is no longer equal
to one, and thus the short circuit current of these devices is
decreased. The aim of this work is therefore to find a way to
decrease the doping of this material which will enable to improve
the current and the open circuit voltage of the resulting cells by
suppressing the tunneling enhanced recombination. Up to now the
differences between Cu-rich and Cu-poor CIS have been attributed
to the different Cu content in these materials. However, it is
known that changes in the Se content in the material also have
dramatic consequences for the electronic structure. Deficit or
excess of Se will even cause inversion of the conduction type
[5–7]. Moreover, positron annihilation spectroscopy shows that Cu
monovacancies and Cu–Se divacancies are present in thin film
CIS with high concentration and highlights that the divacancy
is dominant in Cu-poor based device whereas only the Cu-
monovacancy is present for the Cu-rich ones [8]. Since Se-
vacancies are proposed to behave as a donor, at least in equili-
brium [9], the high doping of Cu-rich films is expected to decrease
with an increase of selenium vacancies. Consequently, we expect
to reduce the native net doping concentrations (o1016 cm�3) of
the Cu-rich based solar cell by choosing a suitable Se/metal ratio.
Therefore we present here a comparative study of CIS solar cells,
with absorbers fabricated by coevaporation from elemental
sources under various selenium environments.
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2. Methods

In this work, pure CuInSe2 (CIS) absorbers are grown on soda-
lime glass substrates under Cu-excess by a one-stage coevapora-
tion process. Our PVD (physical vapor deposition) machine is
equipped with a valved source (valve opening from 01 to 3001)
with cracking system which enables to tune the selenium activity.
In order to change only the flux and not the different species of
selenium that are evaporated, the selenium environment was
modified by only adjusting the valve opening. Thus, the selenium
activity in the films was varied by changing the selenium fluxes,
whereas the fluxes of both the Cu and the In sources remained
constant. The bulk temperature of the selenium source was fixed
at 350 1C whereas the cracking zone was maintained at 600 1C.
Therefore the Se flux was varied by opening the valve from 801 to
2801 from 1�106 up to 8�106 Torr (measurement of the flux
5 min after opening of the Se source). Our previous Cu-rich CIS
films [4] were grown with a flux of Se around 4–5�106 Torr, also
measured 5 min after the opening of the valve. As variations of the
substrate temperature during the growth can also affect the
selenium activity via mechanisms like desorption of Se from the
heated film surface, the latter was kept constant during the total
film growth at 540 1C. When grown under Cu-excess the chalco-
pyrite phase becomes stoichiometric and a secondary phase of
Cu2Se forms [10]. Thus the term “Cu-rich” refers to stoichiometric
material grown under an excess in Cu. However, it was shown, that
the electronic quality of the material does change with the Cu-
excess during growth [11]. When making solar cells from “Cu-rich”
Cu(In,Ga)Se2 the Cu2Se phase has to be removed by etching [12]
because it is highly conductive and would short the solar cell.
Thus, after removal of the Cu2Se secondary phase by KCN etching
(10 wt%) during 5 min, we obtained single phase material. Finally,
solar cells with a ZnO:Al/i-ZnO/CdS/CIS/Mo/glass structure were
fabricated. Two series of four samples grown under different
selenium environment were so prepared: one with a high Cu/In
ratio (Cu/InE1.9, measured before etching of the samples) and
one with a medium Cu-excess (Cu/InE1.4). To investigate the
impact of the Se environment on the absorber properties and
ultimately the device performance, the structure and the compo-
sition of the absorbers are investigated by various structural and
compositional methods (X-ray diffraction (XRD), scanning electron
spectroscopy (SEM), energy dispersive X-ray spectroscopy (EDX))
in addition to classical characterization of the cell (current voltage
(IV) and quantum efficiency (QE) measurements).

3. Results and discussion

3.1. CIS film characterization

We determine that the chemical activity of the Se during the
growth strongly influences both the film microstructure and the
solar cell performance. As the two series of samples exhibit exactly
the same trend for both the film and the device characterization,
we show here only the graphs and the evaluation of the set of
samples with a medium Cu-excess.

The absorbers were first analyzed by SEM: the films exhibit
large columnar grain structures, characteristic for Cu-rich CIS
absorbers [13], which enable the transport in the device to
proceed without crossing grain boundaries. However, the cross
section SEM pictures (Fig. 1) did not show any obvious structural
differences between the absorbers as a function of the different
selenium environments. The composition of the films was deter-
mined by energy dispersive X-ray spectrometry (EDX). Interest-
ingly enough, the composition analysis by EDX done on the films
before etching reveals that the Cu/In ratio decreases with increas-
ing Se activity (Table 1). This shows the impact of the Se
environment during the film growth. We suggest that under low
selenium pressures, the CIS film growth which needs 50 at% of Se
is somewhat suppressed. In addition, due to the Cu-excess this
favors the formation of the Cu2Se secondary phase which needs
only 33 at% of selenium, hence the higher Cu/In ratio with lower
selenium fluxes.

Moreover, X-ray diffraction measurements (XRD) reveal
that the texture of the absorbers is clearly affected by the Se activity,
showing the impact of the Se environment on the film growth (Fig. 2
(a and b)). The XRD patterns were measured with grazing incidence
on the unetched absorbers. Low selenium conditions promote the
growth of CIS along the o1 1 24 preferred orientation. Actually the
comparison of o2 0 44 and o3 1 24 to o1 1 24 reflection peak
intensity ratios shown on Fig. 2(b) highlights that these ratios are
lower for the film grown under low selenium flux than the ratio
obtained from the random powder reference. It is interesting to
note that the o1 1 24 orientation is desirable for getting lattice
match between the CIS film and the CdS window layer in the CIS/
CdS based solar cell and therefore a higher solar cell efficiency [14].
On the other hand, a preferred o2 0 44 orientation has been
related with higher efficiency for CIGS devices [15]. We observe
randomly and o2 0 44 oriented films by applying higher Se
fluxes, as confirmed by Fig. 2(b). In addition there are no visible

Fig. 1. SEM cross section views of (a) film grown under low Se flux and (b) film grown under high Se flux (realized on un-etched films).

Table 1
Summary of the performance of solar cells with absorbers grown under different Se environments.

Se activity during growth Cu/In Voc (mV) Jsc (mA/cm²) FF Efficiency η (%) Rs (Ω cm2) Rp (Ω cm2) J0 (mA/cm²) A

Low 1.48 386 37.4 0.59 8.6 0.4 198 3.9�10�5 2.1
Middle 1.3 361 37.3 0.54 7.3 0.44 166 7.5�10�5 2.2
High 1.22 358 36.9 0.53 6.9 0.59 144 7�10�5 2.2
Very high 1.18 339 36.9 0.5 6.2 0.55 150 1.7�10�4 2.4
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peaks related to MoSe2 (2θ¼33.881), this absence is typical for one-
stage coevaporation process whereas it is commonly observed for
CIGS absorbers [16]. The observation of the Mo peak insures
actually that the X-ray went through the complete absorber
thickness. Also, no clear changes of the secondary phase peaks
can be observed.

3.2. P.V. device characterization

In this section we discuss the output parameters of the series of
CuInSe2 solar cells with medium Cu/In ratio grown with different
Se supply levels. Fig. 3(a) shows a comparison of the current–
voltage (IV) characteristics of each solar cell. The photovoltaic
parameters determined from the IV curves of the solar cells with
different compositions are summarized in Table 1. Additionally,
the values of the series resistance Rs and the parallel resistances
Rp, the diode quality factor A and the saturation current J0 were
obtained by fitting the illuminated IV curve with the single diode
model of the ECN I–V curve fitting program ivfit. The program and
the methods used are described in Ref. [17].

From the data presented in Table 1 and the curves in Fig. 3(a), a
significant increase of the device efficiency with the decrease of Se
supply is observed due to a similar trend in the Voc and the fill factor

FF. Following the trend of the Voc, the saturation current J0 decreases
accordingly for a decreasing Se activity. In much the same way, the
loss in fill factor is explained by the degradation of both the series
and the parallel resistances. Intriguingly, this behavior is exactly the
opposite to the Cu-poor ones [18–20]: devices based on Cu-poor
CIGS films grown with higher Se supply demonstrate better char-
acteristics. In the Cu-rich case, the increase of the voltage and the fill-
factor with lower selenium activity point towards reduced recombi-
nation and is a hint, that less tunneling occurs. If we correlate with
the XRD observations, absorbers grown under lower selenium
activity present a o1 1 24 preferred orientation which favor the
lattice match with the CdS buffer layer: this could result in less
interface recombination.

However, as for the Cu-poor based CIGS devices [18], the short
circuit current obtained is largely unaffected by the growth condition
and this is corroborated by the QE data obtained (Fig. 3(b)). The QE
also confirms that the band gap of the absorbers is practically
identical, as after etching the Cu-rich film composition is stoichio-
metric. If we compare these solar cells characteristics with the record
Cu-poor CIS cell (Jsc¼40.6 mA/cm², Voc¼491 mV) [21], the current
and the voltage of the Cu-rich devices are still lower. As far as the
current is concerned, no improvement is observed as function of the
selenium environment and its lower value than the Cu-poor device

Fig. 2. (a) X-ray diffraction spectra for unetched CIS absorber grown under different Se supply, arbitrarily shifted from bottom to top. Peak position corresponding with the
o1 1 24 , o1 0 34 , o2 1 14 , o2 0 44 , o2 2 04 , o3 2 14 and o3 1 24 reflections of CIS, o1 1 04 reflection of Mo and Cu2Se are marked. (b) Comparison of
o2 0 44 and o3 1 24 to o1 1 24 reflection peak intensity ratios for CIS films, grown under different Se activities, as well as the reference powder.

Fig. 3. (a) IV curves and (b) QE curves for solar cells with Cu-rich absorbers grown under different Se environments.
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could again be explained by the tunneling enhanced recombination.
Actually, from Table 1, one can notice that the diode quality factor A
is still higher than 2, which point towards tunneling enhanced
recombination. Thus the collection is once more incomplete in the
space charge region which explains the lower current of the Cu-rich
devices. However, the diode quality factor is decreasing and getting
closer to 2 with decreasing flux of selenium, we may thus with lower
selenium activity decrease the tunneling enhanced recombination
but does not completely suppress this recombination channel. Thus
the selenium environment during the growth of the absorber may
affect the defect distribution and the defect density but not sig-
nificantly enough to confirm a clear decrease in the net doping.

To summarize, we demonstrate a way to obtain better Cu-rich
based CIS solar cells by decreasing the Se activity during the growth
of the film. However, this increase in efficiency is explained mainly
by a higher Voc which results from reduced recombination, likely due
to reduced tunneling in the space charge region. The main goal of
this study was to decrease the net doping of the film by changing the
selenium activity, which is expected to reduce the probability of
tunneling reduced recombination. Nevertheless, no increase of the
current is observed whatever the selenium supply during the
growth. The doping is still too high as evidenced for example by
the diode quality factor A of the cells grown under low Se activity
being still greater than 2, which point towards tunneling enhanced
recombination. However the latter gets closer to 2 with decreasing Se
fluxes: this is promising and further experiments are needed to see
whether the doping of the Cu-rich CIS films could be decreased by
decreasing the selenium activity.

4. Conclusion

In this work, we demonstrate that the selenium activity during
the growth of Cu-rich CIS absorbers strongly influences both the film
microstructure and the resulting solar cell. It can clearly be seen that
a Se deficiency is beneficial to this type of absorber. First, X-ray
diffraction measurements reveal that the texture of the absorbers is
clearly affected by the Se activity and that the preferred o1 1 24
orientation, which enables a better match between the CIS and the
CdS buffer layer, is obtained under low Se fluxes. The IV measure-
ments revealed that the cells with films grown under lower selenium
flux have Voc values greater than those of the cells with films grown
under high selenium environment. This could be traced back to a
better heterointerface with the CdS layer in agreement with the XRD
observations. This leads to reduced interface recombination and thus
to an efficiency increase from 4.3% to 8.6%, with a decrease in
selenium activity. The diode quality factor of these devices is still
greater than 2. This confirms that tunneling enhanced recombination
is not suppressed mainly due to the strong electrical field in the

space charge region, which is induced by a too high doping of the
bulk. Consequently the current of the Cu-rich devices is not affected
by the selenium growth conditions and remain lower than those of
the Cu-poor CIS devices. Still, we observe a decrease of the diode
quality factor with decreasing Se activity, which points towards
reduced tunneling recombination. We demonstrate here that the
selenium activity has a great influence on the Cu-rich absorbers and
is worth further investigation to optimize the growth of these films
for solar cells application.
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