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The limiting factors on the efficiency of current record devices are discussed. Optical and collection losses

are found to have a minor influence. They reduce the short circuit current. Higher losses are due to recom-

bination losses. The defects responsible for Shockley–Read–Hall recombination are discussed, and it is

concluded that Shockley–Read–Hall recombination is not likely the source for the open circuit voltage loss.

However the recombination is increased by inhomogeneities. Inhomogeneities of the band gap can be

excluded, because they are too small to have significant influence. Electrostatic potential variations at charged

extended defects like grain boundaries are however responsible for losses in the open circuit voltage.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

Chalcopyrite solar cells based on Cu(InGa)Se2 absorbers show
the highest efficiencies of all thin film photovoltaic technologies
and appear thus to be the ideal combination of low cost and high
efficiency. Laboratory scale cells have reached certified efficiencies
of 20.3% [1], very close to the efficiency of cells based on multi-
crystalline Si wafers [2]. Modules, 1 m2 large, have reached certified
efficiencies above 14% [3]. A review of the science and technology of
Cu(InGa)Se2 solar cells can be found in [4] and [5].

Orientation on maximum efficiencies obtainable with a given
band gap comes from the consideration of detailed balance first
presented by Shockley and Queisser [6]. They predicted a maximum
efficiency of 30.5% for a band gap of 1.35 eV based on an illumination
by black body radiation of 6000 K. Fig. 1 shows the efficiency calcula-
ted in the same way but based on a AM1.5 spectrum [7]. The absorp-
tion lines in the solar spectrum cause the appearance of two almost
equal maxima: one of 33% at a band gap of 1.35 eV, a second one at
32.8% at a band gap of 1.15 eV. The latter one is very close to the band
gap observed by the low energy edge in quantum efficiency in
Cu(InGa)Se2 record solar cells [1,8]. Therefore all considerations in the
following will assume a band gap of 1.15 eV. Ultimately the open
circuit voltage is limited by the band gap of the semiconductor,
however for a p/n junction the open circuit voltage VOC cannot reach
the band gap because of recombination. The recombination current

becomes obvious in the reverse saturation current j0 of the diode. This
is, of course, a generation current which is the exact balance of the
recombination current that occurs at forward bias [9], e.g. at the open
circuit voltage. Therefore the saturation current is thermally acti-
vated. The relationship between the open circuit voltage and the
reverse saturation current j0 can be derived from the diode equation
under illumination

VOC �
AkT

e
ln

jph

j0

� �
ð1Þ

where A is the diode factor, k is the Boltzmann constant, T the
temperature, e the unit charge and jph the photogenerated current. In
the Shockley–Queisser limit the diode factor A¼1 and the quantum
efficiency QE¼1 for energies above the band gap, i.e. the photo-
generated current depends only on the illumination spectrum n(E)
and the band gap Eg

jph ¼ e

Z 1
Eg

nðEÞdE ð2Þ

With a band gap of 1.15 eV, the maximum photocurrent is thus
42.3 mA cm�2. The reverse saturation current balances the gen-
eration current caused by the 300 K black body radiation nbb300 K(E)
surrounding the solar cell

jmin
0 ¼ 2e

Z 1
Eg

nbb300 K ðEÞdE ð3Þ

This is the minimum achievable saturation current for a solar
cell run at a temperature of 300 K. For a band gap of 1.15 eV this is
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6�10�17 A cm�2, resulting in a maximum open circuit voltage of
887 mV. Based on the ideal diode equation with a diode factor A¼1
this voltage would result in a fill factor FF of 87% [6].

In real Cu(InGa)Se2 solar cells several loss mechanisms are
active, reducing the efficiency from the maximum 33%:

� Optical and collection losses reduce the quantum efficiency below
1 for energies above the band gap, thus reducing the photocurrent.
The effect on VOC and FF is negligible.
� The recombination current is not limited by radiative recombina-

tion but appears to be limited by Shockley–Read–Hall (SRH) reco-
mbination, increasing the saturation current and thus reducing VOC

and FF.
� Even for the case of radiative recombination the saturation

current is increased because of inhomogeneities of the poly-
crystalline absorbers.
� Further reduction in the efficiency is caused by series and shunt

resistances, which mostly influence the fill factor. However in
the recent record cells series resistance is below 0.4 O cm2 and
shunt resistance above 5000 O cm2. Such series resistance
changes the efficiency by less than 0.5% (absolute) and such shunt
resistance reduces the efficiency by less than 0.01% compared to
the ideal value of zero series and infinite shunt resistance. Thus
their influence on the efficiency can almost be neglected and will
not be discussed further in the following.

2. Loss mechanisms

The effects on efficiency and the sources for theses loss
mechanisms will be discussed in the following. The discussion
aims at understanding the efficiency limitations of the highest
efficiency devices. In other devices with lower efficiencies (r18%)
other mechanisms will be present.

2.1. Optical and collection losses

In a real solar cell the quantum efficiency QE is reduced from 1.
The photocurrent is given accordingly by a variation of Eq. (2)

jph ¼ e

Z 1
0

nðEÞQEðEÞdE ð2aÞ

With a quantum efficiency of 1 for energies above the band gap,
as assumed in the Shockley–Queisser limit, a photocurrent of
42.3 mA cm�2 would result for an absorber with a band gap of

1.15 eV. The quantum efficiency of a typical Cu(InGa)Se2 solar cell
is shown in Fig. 2 together with sketches of the most important
loss mechanisms. The quantification of the various losses is taken
from [4]. The metallic grid used in cells reflects the light, so it cannot
reach the absorber. The relative loss in photocurrent is determined by
the relative area of the grid and is typically 4%. It can be reduced to 2%
by optimising the grid structure [10]. The surface of the ZnO reflects
about 9% of the incident light in the relevant spectral range. This is the
largest single loss in the quantum efficiency and can be quite comple-
tely lifted by the use of a MgF2 antireflex coating. The ZnO also absorbs
light at energies above its band gap of 3.4 eV and in the infrared due to
free carrier absorption, reducing the photocurrent by 4%. While the
band–band absorption in the ZnO is fundamental, the free carrier
absorption can be reduced by a better designed TCO. The extend of
free carrier absorption depends on the density of free carriers, on their
effective mass and on the high frequency dielectric constant eN (see
textbooks on solid state optics e.g. [11]). The charge carrier density can
be reduced without compromising the conductivity, if the mobility
can be improved. This may be achieved by using alternative dopants,
e.g. boron [12,13]. The dielectric constant can be manipulated by
changing the polarisability of the material by alloying with high
permittivity oxides [14]. The photocurrent is further reduced, typi-
cally by 2% due to absorption in the CdS buffer. This loss can be redu-
ced by using buffer materials with a higher band gap [15,16]. These
absorption and reflexion losses reduce the external quantum effi-
ciency by preventing photons to reach the absorber. Still, also the
internal quantum efficiency, which describes the quantum efficiency
of photons that do reach the absorber, is lower than one due to incom-
plete absorption and collection. Photons with energies below the
band gap are transmitted. Photons with energies near the absorption
edge are weakly absorbed and can be transmitted by the absorber.
This loss can be minimised using thicker absorbers [10]. But even if
almost all photons are absorbed the generated charge carriers might
not be collected because the collection length, which is the sum of the
space charge width and the diffusion length is shorter than the absor-
ber thickness [17]. This can be improved by a lower net doping, which
would increase the space charge width, and by a reduced degree of
doping compensation, which would improve charge carrier mobility
and diffusion constant by reduced charged defect scattering. Both
measures require a deeper understanding of the doping defects and
their chemical nature than we have today [18,19]. The losses in internal
quantum efficiency account for about 5% loss in the photocurrent.

Fig. 1. Maximum efficiency for a p/n junction illuminated by an AM1.5 spectrum as

a function of the semiconductor band gap.

Fig. 2. Quantum efficiency of a typical Cu(InGa)Se2 solar cell. The loss areas of

several optical and collection losses are sketched: (a) grid shading, (b) surface

reflexion, (c) ZnO absorption, (d) CdS absorption, (e) insufficient absorption and

collection.

S. Siebentritt / Solar Energy Materials & Solar Cells 95 (2011) 1471–14761472



Author's personal copy

The recent record cells were made with a CdS buffer, a conven-
tional ZnO window and anti-reflective coating. Therefore a total
loss in photocurrent of 15% can be expected, adding up the numbers
above. This results in a photocurrent of 36 mA cm�2, very close to
the current density observed in the recent record cells [1,8]. If these
optical and collection losses were the only loss mechanisms active,
the efficiency of the solar cells would reach 28%, compared to the
currently achieved 20%. Using an improved TCO or by improv-
ing the collection length the efficiency could be improved by 1–2%
absolute, each. Thus solving these problems could bring the efficiency
to about 23–24%, based on current record efficiencies.

2.2. Recombination losses

However, more loss mechanisms are active in the device that do
not affect the short circuit current but the open circuit voltage and
the fill factor. The Shockley–Queisser limit assumes recombination
to take place in the neutral zone and by radiative recombination
only. In this case the reverse saturation current is given by jmin

0 in
Eq. (3). As directly seen from Eq. (1) j0 has a dramatic and direct
influence on VOC. Cu(In,Ga)Se2 solar cells are complicated hetero
junction multilayer structures. Therefore recombination beyond
the radiative mechanism and thus an increase in j0 are expected to
reduce the efficiency. The importance of an increased j0 for the
efficiency losses has been pointed out before [20], however without
a detailed discussion of the sources. Several recombination mecha-
nisms besides the radiative recombination in the neutral zone are
possible: non-radiative Shockley–Read–Hall type recombination,
which is strongest in the space-charge region, where the densities
of electrons and holes are comparable, and interface recombina-
tion. All non-radiative recombination currents increase the satura-
tion current above jmin

0 . The dominant recombination mechanism
can be determined by temperature dependent IV measurements
[21,22]. In state of the art Cu(In,Ga)Se2 devices the dominating
recombination mechanism appears to be non-radiative recombi-
nation in the space-charge region [22–24]. All measured devices,
including the recent record cells, therefore show saturation cur-
rents far above jmin

0 . From the experimentally observed saturation
currents and diode factors the recombination limited open circuit
voltage can be calculated from Eq. (1). In these calculations the real
photocurrent of 36 mA cm�2, obtained under optical and collection
losses as discussed above, is taken into account. With the recom-
bination limited open circuit voltage and the experimentally
obtained diode factor, the recombination limited fill factor can
be calculated from the diode equation [6]. Table 1 compares the
values calculated for the recent record devices with the experi-
mentally observed ones. The actual experimental open circuit volt-
ages are very close to the recombination limited values. The fill
factors are slightly smaller than the recombination limited values.
This is attributed to the effects of series and shunt resistances
which are not taken into account here. The recombination limited
efficiency obtained from the photocurrent under optical and collec-
tion losses and from the recombination limited open circuit voltage
and fill factor is 21% in both cases. The additional 1% loss in the real

devices is attributed to resistance losses. Thus both recent record
cells are limited by non-ideal recombination, i.e. an increased satu-
ration current. If this recombination could be shifted to radiative
neutral zone recombination with a diode factor close to 1 and a
saturation current close to jmin

0 the efficiency could be improved by
7% absolute to the 28% which are obtained after optical and
collection losses. Thus much more can be gained by improving
the saturation current than by lifting the optical losses. Therefore it
is necessary to take a closer look at the recombination mechanisms.

2.3. The role of defects and grain boundaries for SRH recombination

Non-radiative Shockley–Read–Hall (SRH) recombination occurs
via defect states in the band gap. The recombination is higher for
states near the gap centre than for states near the band edges (see
any textbook on semiconductor physics, eg. [25,26]). Several states
have been discussed as being responsible for the recombination
losses in Cu(In,Ga)Se2 solar cells. In admittance spectroscopy [27]
two defects have been indentified which are usually labelled N1
and N2. For N1 it is heavily disputed [28,29] whether it reflects a
defect at all; if it is a defect it is shallow and will not contribute
much to recombination. N2 is found at 250–300 meV above the
valence band independent of the Ga content of the Cu(In,Ga)Se2

[30] and has been associated with VOC losses [31]. However, the N2
has not been observed in recent state of the art devices, as is demo-
nstrated by a large number of admittance investigations where the
N2 is not detected [29,32–34]. Thus in devices with efficiencies
above about 15% the N2 defect is below the detection limit of admi-
ttance spectroscopy which has been estimated [5] to 1014 cm�3,
therefore, the N2 is not very likely to be responsible for the recom-
bination which limits the efficiency of the record devices. Another
defect has been found by photo capacitance measurements at
800 meV above the valence band [35]. Nonetheless, it has been
argued that it is benign in low Ga content Cu(In,Ga)Se2, as is used in
the record devices, because it is close to the conduction band in
theses alloys. Furthermore, it has been shown to exhibit metastable
behaviour and to be eliminated by white light illumination [36].
Therefore, also the 800 meV defect is not a likely candidate for the
recombination centre limiting the efficiency of the recent record
devices. It should be noted, that defects in the gap centre, i.e. about
0.6 eV above the valence band are difficult to detect by admittance
spectroscopy because this requires high temperatures or low
frequencies, usually beyond the experimentally accessible range.
On the other hand, the photo capacitance measurements [35] are
expected to detect any considerable defect density of states around
mid gap, which they did not. Therefore it appears, that none of the
known defects is responsible for the recombination losses.

SRH type recombination in the space-charge region not only
increases the saturation current, but also increases the diode factor.
A¼2 is valid for recombination via states exactly in the gap centre,
and A-1 for recombination centres closer to any of the band edges
[26]. It is interesting to note, that one of the recent record devices
[8] has a diode factor of A¼1.14, closer to 1 than any previous
device. In this case it would be expected that SRH recombination
takes place via a rather shallow state, like the N2. Whereas the
other record device [1] shows a diode factor of A¼1.38, in this case
SRH recombination would occur via deeper defects. However,
which defects those should be, remains unclear.

A special location for SRH recombination are the grain bound-
aries [37], which can be expected to display a large density of
structural defects, like strained or dangling bonds. The density of
charged defects at grain boundaries in CuGaSe2 was found to be
1012 cm�2 [38]. Assuming grain sizes of about 1 mm, this translates
into an average defect density of 1016 cm�3. If those defects are
spread out in energy they may escape detection by admittance

Table 1
Saturation currents and diode factors as observed in record devices from NREL [8]

and ZSW [1].

Exp. j0

(A cm�2)

Exp.
A

Calc. VOC

(mV)
Exp. VOC

(mV)
Calc.
FF

Exp.
FF

NREL 2�10�12 1.14 697 690 83 81

ZSW 4�10�11 1.38 737 730 81 78

From these values the recombination limited VOC and FF are determined. Experi-

mental VOC and FF are given as well.
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spectroscopy or photo capacitance measurements, but would still
be active as recombination centres. On the other hand, it has been
argued that a barrier in the valence band [39] at the grain boundaries
keeps the holes away from the grain boundaries and prevents
recombination [40]. Device simulations [41,42] have shown, that a
barrier of more than 300 meV might actually help improve solar cell
efficiency to the efficiencies of grain boundary free absorbers. Grain
boundary barriers of comparable amounts have indeed been found
experimentally [43]. It was shown, that these barriers are tunnelled
through by the carriers. The influence of tunnelling on the recombina-
tion effectiveness of grain boundaries has not been considered so far.
Nevertheless, the probability to find the charge carrier at the grain
boundary, where the defect density is higher, is considerably reduced
even in the situation of tunnelling. Thus the barrier is expected to
significantly reduce the recombination probability at the grain bound-
ary. Thus, none of the known bulk defects nor the grain boundaries
appear capable of causing a significant amount of SRH recombination.

2.4. The role of inhomogeneities for radiative recombination

On the other hand, it has been argued [44,45] that even in the
case of radiative recombination the presence of inhomogenei-
ties, as inevitably present in polycrystalline devices, will greatly
increase the saturation current and therefore reduce the open
circuit voltage. Two different types of inhomogeneities have to be
considered in these polycrystalline absorber materials: band gap
variations and electrostatic fluctuations. They are sketched in Fig. 3.
Band gap variations can be caused by variations of the composition,
causing the band gap to vary on various length scales, from within
grains to across several grains [46,47]. Naturally, this creates
recombination paths across energy differences smaller than the
average band gap Eg , thus increasing the saturation current. In the
case of electrostatic potential fluctuations the band gap is every-
where the same; the energetic position of the valence and con-
duction band vary in parallel. Then the effective recombination will
also take place across smaller effective band gaps than the average
one, as can be seen by taking into account that a parallel variation of
the band edges will limit the possible splitting of quasi-Fermi levels
(Fig. 3). The quasi-Fermi cannot be split further than the local effective
band gap, simply because if they moved into the bands, they would
enter the energies of high density of states and thus orders of magni-
tude higher charge carrier concentrations would be necessary to shift
them further. Thus in both cases the saturation current is increased
because the (effective) band gap in Eq. (3) is decreased.

To model the exact influence of such fluctuations on the satura-
tion current, both fluctuations are described by a Gaussian distribu-
tion of the energies of the valence and conduction band, described by
the energy width of each distribution: sEg for the band gap variation

[45] and sel for the electrostatic fluctuations [44]. In real absorbers
both variations will appear simultaneously, resulting in a total width

of the fluctuations:s¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

Egþs2
el

q
[44]. Integrating over the distribu-

tion of radiative recombination paths with different energy differ-
ences results in a greatly increased saturation current [44]:

j0 ¼ j00 exp �
Eg

kT
þ

s2

2ðkTÞ2

 !
ð4Þ

Since the minimum saturation current is given by recombina-
tion across the average band gap Eg , this can be written for the case
of purely radiative recombination as:

j0 ¼ jmin
0 ðTÞexp

s2

2ðkTÞ2

 !
ð4aÞ

Experimentally, the band gap variations can be accessed by
spatially resolved photoluminescence measurements [48]. The stan-
dard variation of these fluctuations has been found to be sEg¼8 meV
in state of the art absorbers, which result in efficiencies above 17% [49].
These variations can be due to compositional variations, i.e. areas with
higher band gap have a higher Ga content. In a recent investigation of
the spatially resolved photoluminescence of pure CuGaSe2, where no
compositional variations are possible, band gap variations between
3 and 5 meV have been found [50]. Three different types of thin films
have been investigated: polycrystalline films, epitaxial films with
cracks and epitaxial films without cracks. The results are summarised
in Table 2. The cracks in some epitaxial layers occur when the strain in
the layer becomes too strong so that the film cracks. Along the cracks
the strain is released, between the cracks the tensile strain is still high.
Higher band gaps were observed along the cracks, where the material
is unstrained; and lower band gaps are observed in the areas where
tensile strain is still relevant. This is in accordance with photolumi-
nescence measurements at differently strained films [51] and films
under hydrostatic pressure [52]. The films with cracks i.e. varying
strain show the highest band gap variation. The band gap variation in
the polycrystalline films is similar and is therefore attributed to strain
variations as well, which can be very well expected in a polycrystalline
film where grains of different orientation touch at grain boundaries.
The band gap variation observed in high quality polycrystalline
Cu(In,Ga)Se2 film of 8 meV [49] is therefore to the larger part caused
by strain variations and only to the smaller part caused by composition
variations. The strain variations are certainly unavoidable in poly-
crystalline films. However, the demonstrated band gap variations in
state of the art absorbers are very small, below 10 meV. It has been
shown that band gap variations below 25 meV hardly change the
efficiency [45]. Therefore variations in the band gap can be excluded as
the source for the high saturation current, limiting the efficiency of the
record devices. Thus the energy variations of the band edges are only
given by the electrostatic fluctuations s¼sel.

There are several sources for electrostatic potential variations.
At low temperatures Cu-poor chalcopyrites are subject to potential
variations caused by a high degree of compensation, i.e. a high
density of charged donors and acceptors which is not screened by
free carriers [53]. Still, it can be expected that these potential
variations are screened by free carriers at room temperature. This is
confirmed by recent temperature dependent photoluminescence

Fig. 3. Radiative recombination channels in inhomogeneous semiconductors.

(a) band gap fluctuations, the anticorrelated behaviour is specific for Cu(In,Ga)Se2

and not a general feature of semiconductors (b) electrostatic potential fluctuations.

The recombination channels shown occur over different effective energy differ-

ences. Also shown are the limits for the splitting of the quasi-Fermi levels DEF.

Table 2
Band gap variation observed by spatially resolved photoluminescence in different

CuGaSe2 films.

Sample rEg (meV)

Polycrystalline 5

Epi without cracks 3

Epi with cracks 6
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measurements [54]. Therefore, electrostatic potential variations
caused by compensation cannot be expected to have a significant
influence on the solar cell efficiency at room temperature. Other
sources for potential variations are grain boundaries and disloca-
tions. Twin dislocations, also described as S3 grain boundaries,
have been shown to be uncharged, i.e. they do not cause electro-
static potential variations [55]. Grain boundaries of different orienta-
tions, however, do show a variation of the electrostatic potential
because of charged defects in the grain boundary [43]. Recently it was
shown that the charges can be negative or positive on different grain
boundaries within the same film [56]. The electrostatic potential
variations at grain boundaries have been found to amount to about
100 meV by various methods [37]. Using Eq. (4a) with the experi-
mentally observed j0 for the recent record devices, the amount of
electrostatic potential variation that causes this saturation current
can be determined. For the NREL device [8] s¼118 meV is obtained,
for the ZSW device [1]s¼134 meV. This is within the range observed
for electrostatic potential variations at grain boundaries [37]. Other
sources for electrostatic variations are charged dislocations. Very little
experimental or theoretical effort has been put into the investigation
of dislocations in Cu(In,Ga)Se2, yet. They appear with a rather high
density around 109 cm�2 in epitaxial films [57]. In high quality
polycrystalline films, dislocations are found with a considerably lower
density of 106–107 cm�2 [58]. However, in the surface region of 19%
efficient devices a high density of dislocations above 1010 cm�2 has
been found [59]. No information is available on the detailed structure
or the charge state of such extended defects. But apparently, their
density can be much higher than the density of grain boundaries and
their charge state may have a similar influence on the electrostatic
fluctuations as grain boundaries. Thus, the explanation for the increa-
sed saturation current might very well not be SRH recombination
in the space-charge region, but radiative recombination across an
effective band gap which is reduced by electrostatic fluctuations.

Additionally, electrostatic potential variations will increase the
diode factor. Electrostatic fluctuations caused by grain boundaries
(or other charged extended defects) cause a variation of the barrier
or the built-in potential along the junction (Fig. 4.). The lateral band
bending across a grain boundary is reduced close to the junction
since the conductive TCO can be considered a constant potential
surface. Such variations of the junction barrier have been considered in
detail for Schottky junctions. One model assumes a stochastic fluctua-
tion of the barrier with a Gaussian distribution of barrier heights [60].
It gives the diode factor A in dependence of the barrier fluctuation,
which corresponds in the case of electrostatic fluctuations to sel

A¼
1

1�ððselÞ
2=2kTeUbiÞ

ð5Þ

where Ubi is the built-in potential or the maximum barrier. Another
model assumes the barrier to vary in patches with a lower barrier [61].
In this case the diode factor A depends differently on the barrier varia-
tions:

A¼ 1þ
2sel

3eUbi
ð6Þ

To get an estimate on the influence of electrostatic variations
around grain boundaries a lowest estimate for the built-in potential
Ubi is used: the ideal open circuit voltage of 887 mV. Assuming elec-
trostatic variations of 100 meV, as typically found by various experi-
mental methods for grain boundaries [37], the fluctuating barrier
model (Eq. (5)) results in A¼1.3, whereas the patchy barrier model
(Eq. (6)) results in A¼1.07. Taking the NREL record device as an
example, one model predicts a diode factor too high, the other one too
low. This indicates that in general the influence of electrostatic fluc-
tuations onto the diode factor have to be taken into account, but a new
model is needed taking into account linear patches from grain bound-
aries and point like patches from dislocations.

From Eq. (1) it may seem favourable to obtain a large diode factor.
However, any mechanism that increases the diode factor, either by SRH
recombination or via inhomogeneities will much more increase the
saturation current and thus finally decrease the open circuit voltage.

To gain more information whether in fact the saturation current
is not increased by SRH recombination but by electrostatic fluctua-
tions a detailed analysis of the temperature dependence of the
saturation current (Eq. (4)) and the diode factor (Eqs. (5) and (6))
will be very helpful.

3. Summary and outlook

The efficiency of current record devices is limited by optical and
collection losses and by recombination losses. In devices equipped
with an anti-reflective coating the optical and collection losses add
up to an absolute loss in efficiency of 5%. Using a better adapted
window material the absorption losses in the ZnO in the infrared
could be avoided. By optimising space-charge width and diffusion
length the collection losses could be minimised. The later requires a
better knowledge on defects. Both measures together could improve
the efficiency by about 3% absolute. These measures would improve
the short circuit current. To improve the open circuit voltage and the
fill factor of the solar cell the mechanisms of recombination and the
influence of inhomogeneities have to be understood. In case the satu-
ration current can be reduced close to its minimum value, the efficien-
cy could be improved by 7% absolute. It is generally thought that the
saturation current is increased by SRH recombination in the space-
charge region, however in high efficiency devices no defects can be
detected that could act as recombination centres. Grain boundaries do
probably not increase the over-all recombination probability because a
barrier in the valence band keeps charge carriers from reaching the
defects at the grain boundary. However, fluctuations in the electro-
static potential, caused by charged extended defects, like grain bound-
aries and dislocations, will also have the effect of increasing the satura-
tion current and the diode factor. Band gap variations can be excluded
because their amount has been experimentally shown to be small.

To improve the understanding of the recombination mechanism
more needs to be known about charged extended defects and how
to control their charge state. The investigation of the temperature
dependence of the saturation current and the diode factor of state
of the art devices may help to test whether in fact the recombina-
tion is caused by electrostatic fluctuations. The influence of the
electrostatic variations on the diode factor via junction barrier
variations should be studied in more detail.

While this may not be the final step towards efficiencies of 28%,
to improve the efficiency of Cu(In,Ga)Se2 solar cells it appears

Fig. 4. A sketch of the band bending at the junction in the presence of an

electrostatic potential variation, caused e.g. by a grain boundary. The x-direction

is parallel to the junction, y is into the absorber. The 2-dimensional energy surface of

the conduction band is sketched. Note, that the band bending at the grain boundary

is lower at the junction with the buffer, because the ZnO interface (not shown) can

be considered a constant potential surface. The Fermi level plane is just flat, the

plane of the valence band follows the same pattern (band gap variations are

excluded).
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certainly necessary to find ways to reduce the extend of electro-
static fluctuations.
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