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a b s t r a c t

The superior transport and lifetime properties of Cu-rich chalcopyrite semiconductors are discussed. The
reason why solar cells are made from Cu-poor absorbers in spite of their inferior properties is the CdS/
absorber interface which leads to high recombination in the case of Cu-rich absorbers. We report on Cu-
rich solar cells with a Cu-poor surface, which have reached 13.1% efficiency.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Cu-rich and Cu-poor Cu(In,Ga)Se2 solar cells

Cu(In,Ga)Se2 solar cells have reached the highest efficiencies of
all thin film photovoltaic technologies, in the lab as well as in
industrial production [1]. The lab record cells [2,3] as well as
industrial modules [4–6] use non-stoichiometric absorbers [7]. The
ternary semiconductors CuInSe2 [8] and CuGaSe2 [9] together with
their alloy Cu(In,Ga)Se2 [10] have a remarkably large existence
region, extending far into the Cu-poor region, i.e. [Cu]/[In]<1.
These compositions are used to make solar cell absorbers. In view
of the phase diagram this appears astonishing since the large
existence region is made possible by the introduction of defects
into the semiconductor [11]. Material grown under Cu-excess, i.e.
[Cu]/[In]>1 in the overall composition, leads to the formation of
stoichiometric chalcopyrite with [Cu]¼[In]¼25%, where the Cu-
excess goes into a Cu selenide secondary phase. Thus the semi-
conductor grown under non-Cu-poor conditions is almost stoi-
chiometric and contains considerably lower defect concentrations.
Until recently there have not been any published reports on Cu(In,
Ga)Se2 solar cells made from Cu-rich or stoichiometric absorbers.
However, it was well known that their efficiency is low, usually
below 10%. To answer the question why Cu-poor absorbers result
in better solar cells a comprehensive study of a large number of
Cu-rich and Cu-poor Cu(In,Ga)(S,Se)2 has been conducted by Rau
et al. [12]. They found that all Cu-poor solar cells, independent of
the [In]/[Ga] ratio or the [S]/[Se] ratio, show an energy difference
of the main recombination channel which equals the bandgap, and
that all Cu-rich Cu(In,Ga)(S,Se)2 cells showed an energy difference
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of the recombination smaller than the bandgap. This is explained
by a difference in the hetero-interface of these solar cells [13]: in
Cu-rich solar cells the main recombination path is located at the
hetero-interface between the absorber and the CdS buffer and/or
the buffer and the window [14], whereas solar cells based on Cu-
poor absorbers are dominated by recombination in the bulk of the
absorber, either in the space charge region or in the quasi-neutral
region. Usually this difference is traced back to the presence of an
ordered-defect-compound [15] (ODC) at the surface of the Cu-poor
absorbers [16]. The ODC has a wider bandgap than the chalcopyr-
ite itself [17–22]; particularly the valence band is lower than in
the bulk of chalcopyrite [23,24] which will keep the holes from
reaching the hetero-interface and will thus prevent recombina-
tion. The model of the ODC layer at the surface is based on the
observation that the surface composition of a chalcopyrite film is
given by [Cu]:[In]:[Se]¼1:3:5 [15], which is the composition of the
ODC phase CuIn3Se5, and on the observation of a wider surface
bandgap than the bulk bandgap in Cu-poor Cu(InGa)Se2 [23,25]
which was found to extend about 200 nm into the absorber [26].
However, recently a number of investigations by angle resolved
photoemission and by high energy photoemission [27–30] have
found evidence, that no ODC exists at the surface of Cu-poor Cu(In,
Ga)Se2 films, but instead a monolayer exists which is completely
Cu-free. Furthermore, no evidence was found for a Cu-poor phase
of any spatial extension by various methods detecting the compo-
sition with high spatial resolution, like transmission electron
microscopy [31] or atom probe tomography [32,33]. Raman
measurements find only evidence of the ODC when [Cu]/[In]
<0.8, lower than that used in good solar cells [34]. Thus it appears
as a fact, that the Cu-rich chalcopyrite solar cells are dominated by
interface recombination while Cu-poor ones are not, which
explains the higher open circuit voltage of the latter. However
the reason for this different interface behaviour is not completely
clear. This is certainly a reason to take a closer look at the much
less investigated Cu-rich solar cells. Additionally, the transport
properties of Cu-rich Cu(In,Ga)Se2 are better than in Cu-poor
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material, as we will discuss in detail in the following. Therefore it
can be expected that eventually Cu-rich solar cells might be even
better, if it is possible to solve the interface problem. In the first
part of this review we discuss the known differences between Cu-
rich and Cu-poor chalcopyrite material, before summarising our
results on solar cells with a Cu-poor surface and a Cu-rich bulk.
Finally, we will discuss the properties of pure Cu-rich solar cells
and tackle the question as to why not only their open circuit
voltage but also their short circuit current is lower compared to
Cu-poor cells. For the solar cells we concentrate on pure CuInSe2
without any Ga to have a simpler system to study.
2. Comparing Cu-poor and Cu-rich CuInSe2 and CuGaSe2

Although Cu-poor chalcopyrites result in better solar cells, the
transport and the bulk recombination properties of Cu-rich mate-
rial are more favourable for solar cells. This is already obvious from
the phase diagram [8–10], as discussed in the introduction: Cu-
poor chalcopyrite is really Cu-poor chalcopyrite, which must
contain a large number of defects, most likely Cu-vacancies and
InCu or GaCu antisites, to allow the Cu deficiency. Cu vacancy
densities above 1020 cm−3 have been found in Cu-poor CuInSe2
[35], whereas in Cu-rich material the chalcopyrite is stoichiometric
and the Cu excess forms a Cu-selenide secondary phase. Thus
chalcopyrite grown under Cu-excess contains a much lower defect
concentration.

This becomes obvious in low temperature photoluminescence
(PL) measurements [36–38]. Fig. 1 shows the PL spectra taken at
about 10 K for CuInSe2 and CuGaSe2 with varying Cu/III ratios. In
both cases Cu-rich films show excitonic emissions (labelled EX)
and up to three donor–acceptor transitions (labelled DA), which
can be used for defect spectroscopy [36–43]. Excitonic emission is
an indication of high crystal quality [44–47]. The similarity of the
spectra is due to the fact that the same shallow doping defects are
present in CuInSe2 and CuGaSe2 and its alloys [38,48,49]. In Cu-
poor material, however, no excitonic emission is observed and the
defect related transitions become broader, more redshifted and
more asymmetric with increasing Cu-deficit. This is caused by
fluctuating potentials due to a high degree of compensation
[50,51]. Although in both cases the fluctuating potentials are flat
at room temperature because of the screening by free carriers [52],
the high degree of compensation, which manifests itself by the
asymmetric redshifted luminescence at low temperature, will still
Fig. 1. Low temperature photoluminescence spectra of CuGaSe2 (a) and CuInSe2 (b) wit
closest to stoichiometry. EX: excitonic transition, DA: donor–acceptor transition. Taken fr
legend, the reader is referred to the web version of this article.)
be present at room temperature and above. Thus a high con-
centration of charged defects (donors and acceptors) is present in
Cu-poor chalcopyrites, which will deteriorate the transport prop-
erties, particularly the mobility.

Transport properties are usually studied by Hall measurements.
Solar cells are made of polycrystalline material where the lateral
mobility is limited by grain boundary barriers [53,54]. However,
the transport within one grain, i.e. within the direction of the
photocurrent, is determined by the bulk mobility which can be
determined by Hall measurements on epitaxial films. The room
temperature mobility of CuGaSe2 has been measured in epitaxial
films of different compositions. The mobility was found to
decrease dramatically as soon as the material becomes Cu-poor
[55]. Temperature dependent measurements of the mobility for
different Cu-rich CuGaSe2 epitaxial films found a general decrease
of the mobility with decreasing Cu-excess [56]. The high degree of
compensation in Cu-poor CuGaSe2 is also confirmed by studying
the composition dependence of the carrier concentration. CuGaSe2
is always p-type; [57,58] the room temperature hole concentration
is above 1016 cm−3 for Cu-rich material and decreases dramatically
with decreasing Cu-content below stoichiometry [55]. This is due
to a lower net-doping, i.e. the difference between acceptor and
donor densities, due to increased compensation.

Although a huge number of studies on Hall measurements on
CuInSe2 were published in the 70s and 80s of the last century
hardly any information is available on the mobility or the doping
level with respect to non-stoichiometric material. Most of these
early investigations were performed on stoichiometric material; it
was found that annealing under Se deficient atmosphere leads to
n-type conduction, and annealing under Se atmosphere to p-type
conduction (see e.g. [57,59,60]). The first study on the influence of
the Cu/In ratio was performed on thin films and found a strong
decrease in the net-doping, when reducing the Cu/In ratio and n-
type behaviour in some of the Cu-poor films [61]. However, the
Cu-rich films in this study were not etched to remove the highly
conducting Cu selenide phase; so, the transport properties of the
Cu-rich films are dominated by this secondary phase. One study on
single crystals finds a lower net-doping, higher degree of com-
pensation and lower hole mobility in Cu-poor material compared
to stoichiometric CuInSe2 [62]. A recent study finds a decrease of
the net-doping with decreasing Cu-content in Cu-poor CuInSe2
films [63]. Own [64] and other [65] attempts to measure hole
transport properties of single crystalline Cu-poor CuInSe2 were
hampered by the fact that the Cu-poor samples were n-type, most
h varying Cu/III ratio, most Cu-rich on top; in both cases the blue spectrum is the
om [87] with permission. (For interpretation of the references to color in this figure



Fig. 2. Net-doping of CuInSe2, including deep defects, obtained from Mott–
Schottky plots as a function of Cu/In as measured by energy dispersive X-ray
emission (EDX).

Fig. 3. (a) A logarithmic plot of the absorption spectra of three different Cu-rich
(blue, green, red) and one Cu-poor (black) epitaxial films together with a
simulation (dashed line) of the (E−Eg)1/2 behaviour of a direct semiconductor.
(b) Plot of the square of the absorption coefficient of the same films as in (a),
allowing the differentiation between band–band absorption and absorption into
Urbach tails. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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likely due to insufficient Se supply during growth. No n-type
behaviour is observed in any Cu-poor CuInSe2 or Cu(In,Ga)Se2
solar cell absorbers, because they are prepared under Se-excess
[66,67]. Mott–Schottky type evaluation of the capacitance–voltage
(CV) data of polycrystalline CuInSe2 films, as shown in Fig. 2, [68]
indicates a higher net doping in Cu-rich material, in agreement
with the Hall measurements on CuGaSe2, discussed above. It has to
be kept in mind, though, that the data shown in Fig. 2 are not only
the net-doping density but contain most likely also contributions
from deeper defects. Thus, although a detailed Hall study is
missing, the information available points to a similar behaviour
of p-type CuInSe2 as that of CuGaSe2 with lower hole mobility and
lower net-doping in Cu-poor material. Additionally, the exactly
parallel behaviour of the PL spectra indicates also that the results
from CuGaSe2 can be transferred to CuInSe2. Thus we expect also
for CuInSe2 a higher compensation together with a higher total
defect concentration and lower net-doping, as well as lower hole
mobility of the Cu-poor material compared to the material grown
under Cu-excess.

Further evidence for a higher defect density in Cu-poor CuInSe2
and CuGaSe2 compared to Cu-rich material is available from
positron annihilation data, from absorption data obtained from
optical transmission and PL measurements and from investigating
the quasi-Fermi level splitting. These measurements are discussed
in more detail in the following. Further classical methods to study
defects are capacitance spectroscopy and modulated photocurrent
spectroscopy. However, the vast majority of studies concentrate on
Cu-poor material, since this is the material solar cells are made of
so far. Only recently a comparison of the type of defects that occur
in Cu-rich or Cu-poor material has been performed [69,70]. But no
study comparing defect densities in Cu-rich and Cu-poor chalco-
pyrites is available.

A comprehensive positron annihilation study was performed
on CuInSe2 and CuGaSe2 bulk crystals and epitaxial films with
compositions varying from Cu-poor to Cu-rich [71]. Positron
annihilation is sensitive to vacancies. Information on vacancy
densities is available from the Doppler broadening spectrum. It
was found that in CuGaSe2 the double Se–Cu vacancy is dominat-
ing with increasing density when the [Cu]/[In] ratio decreases. In
CuInSe2 the Cu vacancy is the dominating vacancy defect for
material grown under Cu-excess, with a trend of decreasing
density with increasing Cu-excess. Cu-poor CuInSe2 also shows
the Se–Cu double vacancy and a higher defect density than Cu-rich
CuInSe2. Both materials show the same trend of increased defect
density with decreasing Cu excess.

The absorption spectrum around the bandgap of a semicon-
ductor can be obtained from transmission and reflexion measure-
ments. In thin films this requires a transparent substrate which is
not always available. The absorption spectrum can also be
extracted from room temperature photoluminescence spectra
[72–74]. In a comprehensive study [35] on epitaxial and poly-
crystalline CuInSe2 films with varying Cu/In ratio it was found that
the bandgap of Cu-poor CuInSe2 is—contrary to common belief
(see e.g. [75])—about 50 meV smaller than the bandgap of CuInSe2
grown under Cu-excess. A similar trend has been found in
polycrystalline CuGaSe2 [76]. It has been argued, that because of
the larger defect density in Cu-poor material the Urbach tails are
larger and therefore fake a smaller bandgap. However, as demon-
strated in Fig. 3, clear distinction is possible between the bandgap
and the effect of the Urbach tails. In an ideal semiconductor crystal
absorption is only caused by band–band absorption, which follows
an (E−Eg)1/2 dependence in a direct semiconductor [77]. However,
disorder and defects cause states within the bandgap of the ideal
crystal which can be described by exponential tails of states
extending from the band edges [44]. Fig. 3a shows a logarithmic
plot of the absorption coefficient of four different epitaxial CuInSe2
films: three Cu-rich ones and one Cu-poor one. The linear
behaviour of the logarithm of the absorption coefficient indicates
the presence of Urbach tails. Already here it can be seen that the
Urbach energy of Cu-poor CuInSe2 is larger than that of the Cu-rich
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ones, indicating again higher defect density in Cu-poor material.
Also indicated in Fig. 3a is a simulation of the pure band–band
absorption of a direct semiconductor, following a (E−Eg)1/2 depen-
dence. It is very clear that a fit to the absorption into extended
band states at higher energy is clearly different from the absorp-
tion into localised tail states. This becomes even clearer in Fig. 3b,
where we show a plot of the square of the absorption coefficient
that allows the determination of the bandgap from a linear
extrapolation of the straight part near the edge of the extended
states. The bandgap of the Cu-poor film is smaller than the
bandgap of the Cu-rich films, although its absorption into Urbach
tail states is higher. Thus it is experimentally possible to clearly
differentiate between band–band absorption and absorption into
tail states. Thus it is also possible to determine the band gap and
the Urbach energies separately. While the bandgap energies of
Cu-poor CuInSe2 are slightly smaller than Cu-rich material, as
discussed before [35,78], the Urbach energies are higher in Cu-
poor material, as demonstrated in Fig. 4. Cu-rich CuInSe2 has
Urbach energies around 10 meV, well below the thermal energy at
room temperature. For Cu-poor films the Urbach energy increases
up to 17 meV. Polycrystalline material contains more defects than
single crystalline epitaxial films; this becomes evident in some-
what higher Urbach energies. Thus again from the absorption
spectra higher defect density of Cu-poor material becomes
evident.

If there is a higher density of defects in Cu-poor material, it is
very likely that there is more recombination in the bulk of the
material. This is investigated by comparing the quasi-Fermi level
splitting between different materials. The quasi-Fermi level split-
ting is obtained from the high energy slope of the room tem-
perature PL spectra [74]. An essential prerequisite for such inves-
tigations is a calibrated reproducible excitation; otherwise the
comparison between different materials is not possible. Under the
same excitation material with a lower recombination rate will
exhibit a larger splitting of the quasi-Fermi levels since the density
of photo generated charge carriers will be higher. All these
investigations are done in steady-state. In both polycrystalline
and epitaxial CuInSe2 films with bare surfaces it has been found
that the quasi-Fermi level splitting under 1 sun excitation is higher
by about 150 meV in Cu-rich material than in Cu-poor CuInSe2
[79]. These investigations were performed on aged absorbers. In
fresh absorbers (measured within minutes of breaking the pre-
paration vacuum or inert atmosphere) the difference is smaller,
but still significant: Cu-poor CuInSe2 shows a quasi-Fermi level
Fig. 4. Urbach energies determined from an exponential fit to the absorption tails
for epitaxial and polycrystalline films. Absorption spectra are determined from PL
measurements.
splitting, which is about 50 meV lower than that in Cu-rich
CuInSe2 [80]. Since the degradation of Cu-poor CuInSe2 is con-
siderably faster and stronger, the difference in aged absorbers is
higher. The influence of higher Cu-excess is even observed within
one sample. In Cu-rich epitaxial chalcopyrite films the Cu-excess
forms several μm large CuxSe crystallites on the surface of the
sample. These crystallites can be etched away. But still, a map of
the quasi-Fermi level splitting shows the positions of previous Cu
selenide crystals as positions of higher quasi-Fermi level splitting.
This has been investigated in detail for CuGaSe2 epitaxial
films [81]. The low temperature PL mappings of these films show
at the positions of the previous Cu selenide crystals the finger
print spectra of very Cu-rich material, with a dominating DA2
luminescence (cf. Fig. 1). This indicates that even within one
sample, the presence of the Cu selenide secondary phase leads
locally to a higher Cu-excess during growth and to a reduction of
the recombination rate after etching the secondary phase away.

All the available data points to a higher defect density in Cu-
poor CuInSe2 and CuGaSe2 compared to material grown under Cu-
excess. This observation involves shallow defects which influence
the doping and deep defects which impact the recombination rate.
Concerning the doping level, the increased density of states in Cu-
poor material leads to a higher degree of compensation and a
lower net-doping. The higher compensation together with the
over-all higher density of defect states causes a higher density of
charged defects which increases the amount of scattering for the
charge carriers and reduces their mobility. The higher density of
deep defects in Cu-poor material leads to a higher recombination
rate and thus shorter minority carrier lifetimes. All these effects
give rise to the expectation that the transport properties and
photo-carrier lifetimes should be better in Cu-rich absorbers and
should thus lead to a better current collection and finally better
solar cells when using Cu-rich absorbers in Cu(In,Ga)Se2 solar cells.
That Cu-rich solar cells are hampered by interface recombination
has been discussed above. In the following we will describe our
attempts to combine the good transport and life-time properties of
Cu-rich absorbers with the favourable interface properties of Cu-
poor material.
3. CuInSe2 solar cells based on Cu-rich absorbers

In the following we concentrate on pure CuInSe2 without Ga to
reduce the degree of complexity. Adding Ga will be the next step.
The absorbers of our CuInSe2 solar cells are prepared by a co-
evaporation process [68,78,82]: Cu-rich ones in a one-stage
process, where all the fluxes are constant throughout the process,
and Cu-poor ones either in a one-stage process as well or in the
well known three-stage process [83]. Cu-rich absorbers are etched
in KCN prior to making them into solar cells. As discussed above in
general Cu-rich devices are limited by interface recombination. We
observe the same in our CuInSe2 solar cells: by extrapolating the
temperature dependent measurements of the open circuit voltage
the activation energy of the recombination rate of the dominating
recombination path in the solar cell is determined. In all our Cu-
rich cells we find values considerably lower than the bandgap,
whereas in Cu-poor cells, no matter whether they were made by a
one-stage or by a three-stage process, we find activation energies
equal to the bandgaps [68,78,82]. This confirms the previous
observation that Cu-rich solar cells are dominated by interface
recombination. The problematic interface could either be the
absorber–buffer interface or the buffer–window interface [14].
The investigation of the quasi-Fermi level splitting of fresh and
aged and treated absorbers gives clear evidence, that the recom-
bination takes place at the absorbers buffer interface [80].
For fresh and aged absorbers with a bare surface we find higher
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quasi-Fermi level splitting in the Cu-rich absorbers, i.e. less
recombination; however as soon as a CdS buffer layer is applied
to the absorber the quasi Fermi level splitting in Cu-rich absorbers
is lower than in Cu-poor ones, i.e. the recombination rate is higher
in Cu-rich absorbers with a CdS interface. This difference could be
due to a higher interface bandgap at the interface of the Cu-poor
absorbers, due to the presence of an ODC, as discussed above. The
difference however could also be due to an unfavourable Fermi
level pinning at the interface of the Cu-rich absorbers, or a
favourable Fermi level pinning at the interface of the Cu-poor
absorbers, which is absent on Cu-rich absorbers. Another possible
reason for the higher rate of interface recombination is tunnelling
assisted recombination due to the steeper band bending in Cu-rich
absorbers due to the higher net-doping. Whatever the reason for
the increased interface recombination in Cu-rich CuInSe2 solar
cells is, it appears possible to combine the advantages of superior
transport property and recombination rate of Cu-rich CuInSe2 with
the better interface of Cu-poor CuInSe2 by making the surface of a
Cu-rich absorber Cu-poor.

A Cu-poor surface on a Cu-rich absorber has been achieved by
preparing a Cu-rich absorber by a one-stage process, etching the
absorber in KCN to remove the Cu selenide secondary phase. After
etching the absorber is placed back into the vacuum chamber and
In and Se are evaporated onto the surface. In several cases the
treated absorber has been annealed inside the vacuum chamber
under Se pressure. Deposition and annealing times and tempera-
tures have been varied to find the optimum treatment [78,82,84].
Cu-rich absorbers, having undergone this surface treatment, will
be labelled surface treated in the following. The idea behind this
treatment is the following: the elevated temperatures during
deposition and/or annealing cause diffusion of Cu atoms into the
In–Se layer; by this the In–Se layer is transformed into Cu-poor
CuInSe2 and the surface of the CuInSe2 layer also becomes Cu-
poor, while the rest of the absorber stays stoichiometric. As
discussed below in more detail, this can be achieved, provided
that the treatment temperatures are not too high. Fig. 5 shows the
IV curves, comparing one of our best Cu-poor CuInSe2 solar cells
with a good Cu-rich solar cell and the best result, so far, of a
surface treated absorber. The solar cells achieved efficiencies of
13.5%, 9.5% and 13.1%, respectively. The absorber of the Cu-rich
solar cell has been etched in KCN prior to solar cell finishing, as in
all solar cells based on Cu-rich absorbers shown here. The first
thing that becomes obvious is the typical difference in open circuit
voltage between the Cu-poor and the Cu-rich solar cell: 488 mV
and 404 mV, respectively. The lower open circuit voltage of the Cu-
rich solar cell is attributed to interface recombination. The solar
cell based on the surface treated absorber recovers the open circuit
voltage of the Cu-poor one. With 499 mV it is even a bit higher
Fig. 5. IV characteristics of a Cu-poor, an untreated Cu-rich and a treated Cu-rich
solar cell.
than the open circuit voltage of the Cu-poor absorber, but we
believe that this difference is within error. Thus, it appears that the
surface treatment has recovered the favourable properties of the
interface in Cu-poor CuInSe2. This is confirmed by determining the
activation energy of the rate of the dominant recombination path
by extrapolating the temperature dependence of the open circuit
voltage: the surface treated solar cells have an activation energy
equal to the bandgap [78]. This indicates that in fact the treated
surface forms an interface with the CdS that behaves like the
interface of a Cu-poor absorber. To check whether the surface has
in fact become Cu-poor CuInSe2 and whether the bulk is still
stoichiometric, photoluminescence (PL) measurements have been
performed at the surface of treated absorbers and at the back side
of these absorbers after mechanically removing them from the
substrate [78,82]. The PL spectra can be used as a finger print to
estimate the Cu/In ratio of the material, see Fig. 1. Since the
detection depth of our PL measurements which are excited by a
514 nm wavelength laser is a bit more than 100 nm and absorber
thicknesses are 2–3 μm, the PL spectra on each surface will
represent the material on either surface. As soon as the treatment
temperature exceeds 200 1C the surface of the absorber shows a PL
spectrum typical for Cu-poor CuInSe2 with a single broad and
asymmetric emission, giving another confirmation that the treat-
ment results in a surface that consists of Cu-poor CuInSe2. On the
other hand, as long as the treatment temperature stays below
400 1C the backside of the absorber shows a Cu-rich PL signature,
with excitonic emission. These results indicate that under the
correct treatment conditions the bulk of the absorber keeps its Cu-
rich characteristics while the surface becomes Cu-poor, allowing a
combination of the favourable properties of both types of material.

The IV characteristics shown in Fig. 5 indicate clearly that the
short circuit current of the Cu-rich solar cell and the surface
treated solar cell are lower than the short circuit current of the Cu-
poor solar cells. This trend is generally observed and is in contra-
diction to the superior transport properties discussed above. The
higher mobility and longer bulk life time of minority carriers result
in a longer diffusion length. This should increase the collection
length of the solar cells, which can be considered the sum of the
space charge width and the diffusion length [85]. Thus a higher
current is expected for the Cu-rich solar cells. One point to take
into account here is the higher net-doping level that is present in
Cu-rich absorbers and leads to a shorter space charge region.
Assuming a simple parallel plate capacitor relationship for the
capacitance, the space charge width can be determined from
capacitance measurements at high frequency, where contributions
by traps can be largely excluded. Considerably lower space charge
widths were found in Cu-rich cells than in Cu-poor cells [68,82].
Cu-poor CuInSe2 shows typically space charge widths around
500 nm, at least when prepared by the three-stage process,
whereas Cu-rich CuInSe2 solar cells have space charge widths
around 200 nm. Nevertheless, this shorter space charge width can
account for less than 300 nm difference in the collection length
and the advantage due to higher mobility and minority lifetime is
expected to be much more than that. The collection length can be
determined by fitting the long wavelength part of the quantum
efficiency when the absorption spectrum is known [85]. This has
been done for a number of Cu-poor and (untreated) Cu-rich
absorbers, prepared by a one-stage process [68]. The Cu-poor
solar cells already have an excellent collection length above 2 μm.
The Cu-rich ones, however, have collection lengths of more than
3 μm; in this case the collection lengths are limited by the
absorber thickness and not by the actual collection properties.
This observation confirms again the superior transport and
life time properties of Cu-rich material. To understand why the
current in Cu-rich solar cells is still lower one needs to take
the high net-doping of Cu-rich CuInSe2 into account (see Fig. 2).
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The higher doping level leads to a shorter space charge width and
thus to steeper bands. Steeper bands make tunnel assisted
recombination much more probable. A SCAPS simulation [86]
allowing for tunnelling transport shows an almost constant loss
factor of 0.9 over the whole quantum efficiency spectrum of the
absorber, when increasing the doping level from 1.1016 cm−3 to
5.1016 cm−3 [68]. Thus the tunnelling assisted recombination
within the space charge region in Cu-rich solar cells is so strong
that the collection function [13] inside the space charge region
becomes smaller than 1. This can immediately also explain the
lower activation energy for the rate of the recombination path in
Cu-rich absorbers. Thus the lower short circuit current of Cu-rich
solar cells is due to tunnelling assisted recombination which is due
to the high doping level of the Cu-rich absorbers. The schematic
band bending model comparing Cu-poor and Cu-rich solar cells is
shown in Fig. 6a, and the resulting schematic collection function in
Fig. 6b. The higher doping in the Cu-rich case (blue lines) leads to
steeper bands allowing tunnelling into interface states (black
arrow). This reduces the collection probability even within the
space charge region below one, such that in spite of a longer
collection length the integral of the collection function becomes
smaller in the Cu-rich case (blue line) than in the Cu-poor case
(red line).

Thus, what prevents the Cu-rich solar cells from exhibiting in
fact better currents than their Cu-poor counterparts is the high
doping level. In Cu-poor Cu(In,Ga)Se2 it is well known that the
doping level is increased by Na diffusing from the glass. Thus
attempts have been made to reduce the doping level in Cu-rich
CuInSe2 by growing on glass with a diffusion barrier. However, the
intrinsic doping level in Cu-rich CuInSe2 is already so high, that the
presence or absence of Na has no influence [68]. Thus, the key to
make use of the superior transport and life time properties of Cu-
rich CuInSe2 will be to find a way to reduce their doping level by
adapting the growth conditions.
Fig. 6. (a) Band model of a Cu-poor (red) and a Cu-rich (blue) CuInSe2 solar cell,
taking the higher doping of the Cu-rich absorber into account. The horizontal arrow
symbolises the tunnel recombination process possible with high doping.
(b) Collection function of Cu-poor (red) and a Cu-rich (blue) solar cell. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
4. Summary

We have shown that Cu-rich CuInSe2 and CuGaSe2 have
transport properties and recombination properties which would
make them better absorbers for solar cells than the Cu-poor
material. However, besides the well-known effect of interface
recombination which reduces the open-circuit voltage, the current
is limited by tunnelling enhanced recombination which is due to
the high doping level. Still, investigation of solar cells made from
Cu-rich absorbers shows that in fact the collection length is longer
in Cu-rich material. To combine the advantages of Cu-rich and Cu-
poor material we have developed a surface treatment process.
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