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Abstract-This work focuses on the chalcopyrite CulnSe2 as 
a model for the more complex but also more widely used thin
film material Cu(ln,Ga)Se2' Both materials are characterized by 
a very broad existence region that allows Cu-poor as well as 
stoichiometric growth. Although Cu-poor solar cells are more 
studied and commercially available, Cu-rich CulnSe2 exhibits 
qualities that make it the superior material. But due to an 
inherently high doping and interface problems, it has not been 
possible to take advantage of these. On the other hand it has 
been shown in previous studies, that forming a Cu-poor surface 
layer on Cu-rich grown CulnSe2-absorbers can greatly improve 
the open-circuit voltage of these solar cells. Surface treatments 
will be discussed, that are comprised of an indium and selenium 
co-deposition stage with the goal to form the Cu-poor layer 
by copper migration. They were performed on a new Cu-rich 
material, which is characterized by a low Se environment during 
growth. Through this it was possible to reduce the doping 
level greatly, which results in reliably delivering devices with 
high currents. Making them excellent candidates for interface 
optimization, that mainly effects the open-circuit voltage. Thus 
it became possible to produce high efficiency Cu-rich devices. 
There is still room for improvement though, as the devices show 
absorption losses in a wavelength region in accordance with a 
remainder of InSe on top of the CIS surface. Optimization of 
the process is a straightforward approach to remove this layer 
and shows potential for even greater efficiencies. Still the striking 
point is, that the here presented solar cells, are already as efficient 
as the Cu-poor devices, that have been published by our group. 

Index Terms-thin-film devices, photovoltaic cells, current
voltage characteristics, capacitance measurements, surface treat
ment. 

I. INTRODUCTION 

As a high-efficient, low-cost thin-film material, the chal
copyrite Cu(In,Ga)Se2 is a widely used photovoltaic material. 
This study focuses on the ternary CuInSe2(CIS) which shares 
a lot of characteristics with the quaternary material. The phase 
diagrams of these solids display a broad existence region, 
which spans from copper deficiency to stoichiometry[I]. A 
Cu-poor growth process has been established as the norm for 
solar cell manufacturing; however there are studies into the 
subject of Cu-rich grown chalcopyrites, which show a number 
of advantages that make this the superior semiconductor 
material[2]. Still the general observation is that efficiencies 
of Cu-rich solar cells are lower compared to record Cu-poor 
devices[3], due to decreased open-circuit voltages and short
circuit currents. 
Decreasing voltages can be attributed to interface recombi
nation [4], while the loss in current has been attributed to 
tunneling recombination inside the space-charge region(SCR), 
caused by a high doping level and in spite of a better collec
tion length[5]. The dominance of interface recombination can 
solely be explained by a too high doping level[6]. 
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A surface treatment was proposed previously[7][8] and con
sists of the deposition of a thin In-Se layer, that is transformed 
into a Cu-poor CIS surface layer between the buffer and 
absorber by copper migration from the bulk. This allows to 
counter the reduction of open-circuit voltage. Our previous 
work [9]shows that conditions with lowered Se during growth 
can already drastically improve solar cell performance of Cu
rich grown absorbers by reducing the high doping densities 
to a level comparable to the Cu-poor material. The lowered 
doping makes it possible to reliably gain higher currents, a 
feature that was not given for the standard process, where 
currents in between different batches would vary greatly. Also 
the open circuit voltage improved a bit for absorbers grown 
with lower Se fluxes. By utilizing absorbers made in the 
new low Se process and treating them in a similar fashion 
as those studies, it becomes possible to verify the results 
with samples that display improved bulk properties over the 
standard process. It is the first step to revealing in-depth the 
mechanisms that lower the Cu-rich solar cell performance. 
Furthermore current-voltage measurements are presented to 
expand on the hypothesis that tunneling is the governing factor 
[5] that decreases the short-circuit current of Cu-rich devices. 

II. SAMPLE PREPARATION 

The CuInSe2 absorbers have been manufactured in a I-stage 
co-evaporation process utilizing a Molecular Beam Epitaxy 
(MBE) System. Growth parameters were chosen to be highly 
Cu-rich with only a small flux of Se to acquire optimum 
quality absorbers[9] for surface improvement. The Culln ratio 
of the acquired cells was around 1.8-1.9 as measured by 
Energy Dispersive X-Ray spectroscopy(EDX). 
The drawback of a growth process under copper excess is 
the formation of a secondary CuxSe surface layer, which has 
to be removed by a selective KCN etch before the actual 
surface treatment. After this etching the resulting absorbers 
are then stoichiometric. It was established in the previous 
section that these low Se conditions yield a favorably low 
doped chalcopyrite. 
The treatment is subsequently carried out by reintroducing 
the samples into the MBE system where they get heated to 
the process temperature from the backside before indium and 
selenium are co-deposited on them. Depending on the process 
they are afterwards warmed up further in a Se atmosphere 
without In to anneal them. Various treatment conditions have 
already been tested in previous works; different annealing tem
peratures with a low process temperature [7] and a direct de
position process at higher temperatures without annealing[8]. 
In this work we tried to further optimize the treatment and 
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Fig. 1. Room-temperature current-voltage curves of the samples under a 
standart 1.5A.M. spectrum. 
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Fig. 2_ Temperature dependance of the open-circuit voltage of a treated and 
an untreated sample_ 

tested different In-Se deposition times. 
Temperatures for treatment and annealing were in accordance 
with these works chosen to be rather low (less than 300°C) 
to minmize Cu migration into the In-Se surface. Even though 
migration is desired to form the layerit has to be taken care to 
prevent the absorbers to become Cu-poor in its entirety. By this 
it is possible to form a Cu-poor surface without changing the 
bulk too drastically, thereby achieving the goal of improving 
the interface while keeping the good transport properties of the 
still Cu-rich absorber. Two different approaches were carried
out; a low temperature In-Se deposition at 200°C with a 
subsequent annealing step at 300°C to form a CIS surface layer 
and a second process at 300°C to allow Cu migration and thus 
form this layer directly while depositing. Different annealing 
and deposition times were tested, to produce In-Se layers of 
differing thicknesses. Table I summarizes the different applied 
treatment processes, which are further discussed in this work. 
The treated cells plus their untreated absorbers without further 
modification were finished by a chemical bath deposited CdS 
buffer layer and electron beam sputtered ZnO window layer, 
topped with AI:Ni contacts. 
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III. MEASUREMENT RESULTS 

Current-voltage measurements (see fig. 1) were performed 
under a standard 1. 5A.M. spectrum to show the effect of the 
treatment on the basic solar cell parameters. It was observed 
in the previous works that the treated cells show improved 
open-circuit voltages (see Table I), with a maximum gain 
of 0.1 V, due to the improved hetero interface between Cu
poor CIS surface and CdS buffer [7]. Associated with this is 
also a shifting of the main recombination path. The activation 
energy of this process can be obtained by plotting the open
circuit voltage over temperature and extrapolating the linear 
high temperature part to OK. A value equal to the band gap 
energy means the recombination is taking place in the bulk, 
while a smaller value points to the majority happening at the 
hetero interface [4]. If done in this fashion for the untreated 
sample the extrapolation yields a value of 0. geV, whereas 
after treatment the intercept is shifted above 1. 0eV, which 
can be seen for the long annealed one in in fig. 2. Since 
all the samples exhibited a gap of 1. 01eV (as obtained from 
quantum efficiency measurements) it becomes apparent, that 
the recombination shifts from the interface in the reference 
sample to the bulk in the treated samples. 
However for some of the cells the currents are reduced rather 
drastically, especially the long annealed device exhibits this 
behavior. While a reduction has also been observed in the 
previous works [7][8], it seems more pronounced in some 
of the present cells. Furthermore the untreated device which 
was studied in the previous works exhibited an unusually high 
current that was not reproducible since. This has been changed 
by introducing the low Se environment cells, with whom it 
became possible to repeatably produce high current Cu-rich 
cells. 
It was shown in those works that it is not electrical losses 
that are responsible for this reduction of the current, but 
tunneling enhanced recombination in the SCR, resulting in a 
drop of the quantum efficiency over the whole wavelength 
range. The temperature dependent current-voltage measure
ments however, show that this is not the case here. By 
modelling the measured curves with the ECN program IVFit 
[10] the diode n quality factors were extracted(see table I). 
A diode quality factor above 2 that is increasing with sinking 
temperature is an indicator for tunneling[ll]. It is striking, that 
while the untreated device is slightly above this threshold, the 
treated devices are all below it. This is a great improvement 
over the previously studied samples [9]. Therefore we can 
conclude that these samples are not affected by tunneling 
enhanced recombination, resulting in the observed high gains 
in open-circuit voltage. Furthermore for the untreated device 
it can be said, that while it still shows the telltale signs of 
tunneling enhanced recombination, it is already well improved 
over the standard Cu-rich devices and their collection is not 
anymore limited by this, resulting in a high current. As 
discussed previously, this can be attributed to the reduced 
doping densities of the absorber from a low Se growth process. 

The question why there is a reduction in current for the sam-
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TABLE I 
RESULTS OF CURRENT-VOLTAGE MEASUREMENTS 
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Fig. 3. External quantum efficiency measurement results of the studied 
samples. 

pIes B and D can be answered by external quantum efficiency 
measurements, as summarized in Fig. 3. As mentioned before 
the band gaps of the absorbers could be estimated by the onset 
of absorption at high wavelengths[12]. The untreated device 
exhibits a high collection over the whole spectrum, which can 
be attributed to the lower doping due to the Se environment. 
The treated samples however show a reduction at lower wave
lengths of varying magnitude. In comparing these samples to 
the untreated one it becomes apparent that this reduction sets 
in between 900nm and 1000nm. The decline is likely due 
to absorption in a remaining InxSe layer on top of the CIS, 
as this has been observed previously[7]. The modification of 
InxSe most closely fitting here would be InSe, with a bandgap 
of around 1. 26eV [13]. The unannealed device exhibits this 
behaviour, which has been observed before for samples where 
the In-Se was deposited at 200°C without annealing[7] but 
for longer deposition times. Even though the deposition time 
was decreased for the sample without annealing, apparently 
the Cu did not have enough time to transform the whole layer 
into a Cu-poor CIS, and therefore some InxSe remains on top. 
Therefore it is concluded that the subsequent annealing step is 
mandatory to minimize the remaining layer. Also for very thick 
layers, it is either impossible to fully transform them or they 
need way longer annealing times. This can be seen in sample 
D, which shows the worst losses of all the studied samples, 
even though it was annealed for 15min. It is possible that the 
Cu migration has a maximal penetration depth, leaving an InSe 
cap behind for thick treatments. Auger electron spectroscopy 
measurements are under progress to confirm this again for the 
new treated samples. 
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FF Eff. 10 RSh Rs n 

% mA/cm2 fl/cm2 fl/cm2 

0.55 8.3 2.5 . 10-5 385 0.33 l.9 
0.68 13.0 3.9 . 10-6 115 0.48 l.8 
0.68 13.5 7.9 . 10-6 435 0.61 l.9 
0.67 10.2 1.1 . 10-6 294 0.46 1.7 

As mentioned before a common problem for Cu-rich devices 
has been the intrinsically high doping level and this could be 
solved by a low Se environment during growth[9]. Therefore 
capacitance-voltage (CV ) measurements were performed to 
quantize this and to check that this has not been affected. They 
were evaluated by using the slope of the Mott-Schottky plot at 
small forward biases to remove the capacitance contribution 
of deep defects[14]. In accordance with Scofield[15] it was 
taken care that only data points where the measured phase 
angle between capacitance and conductance is above 20° were 
considered. As presumed[9] the doping level of the untreated 
cell "A" was already rather low (2. 5 . 1O-16cm-3), and was 
even better for the treated cell "D" (9. 0 . 1O-15cm-3). From 
the doping density the SCR width was calculated from the 
capacitance[12], it showed an increase from 180nm in the 
untreated sample to 300nm for sample "D". From this it is 
concluded that the goal to grow a lower doped surface layer 
on top of the absorber was achieved. 

IV. CONCLUSION 

The surface treatments which have been proposed in the 
previous works have the same beneficial impact on the open
circuit voltages of the new, improved absorbers. The recom
bination is shifted away from the interface by the treatment 
and thus has no detrimental effect on the voltage anymore. 
However after treatment the current has seen a reduction for 
some of the devices. It could be shown conclusively, that in 
case of the new low Se devices, reduced doping densities 
can be achieved. The diode quality factors reveal that while 
tunneling might still be present in the untreated sample, it has 
vanished after the right treatment. Even where it is still present 
it is not as prevalent as in previous devices, where it limited 
the current. 
The previous studies had already demonstrated by Auger 
measurements[7], that a remainder of In-Se on the surface 
can reduce the quantum efficiency. Since the deposition times 
in this study were longer than previously, it is clear that 
the treatment discussed here also leads to current reduction. 
Further optimization by tailoring of the process to the new 
samples is still possible, for example a subsequent etching 
step to remove the remainder of InSe. On the upside so far the 
loss in current was more than counterbalanced by an improved 
interface, this is indicated by higher voltages and fill factors 
and ultimately an efficiency increase of more than 5therefore 
putting it on-par with previously published Cu-poor devices of 
our group. This shows that the new low Se, Cu-rich material 
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has the potential to achieve very high efficiencies and that 
Cu-rich devices can indeed be as good as Cu-poor ones. 
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