9 Chalcopyrite Solar Cells and Modules
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Chalcopyrite-based solar modules are uniquely combining advantages of thin-
film technology with the efficiency and stability of conventional crystalline
silicon cells. It is therefore believed that chalcopyrite based modules can take
up a large part of the PV market growth once true mass production is started.
The efficiency of lab-scale thin-film devices is close to 20% [2], an efficiency
comparable to the best multicrystalline silicon cells. Many scaling-up and
manufacturing issues have been resolved. Pilot production lines are opera-
tional and modules are commercially available. As of 2006, the market share of
chalcopyrite photovoltaic (PV) modules is not yet significant but major prob-
lems that might prevent further commercialization have not been identified.

The first chalcopyrite-based solar cell has been published in 1974 [3]. The
cell was prepared from a p-type CulnSey (CISe) single crystal onto which a
CdS film was evaporated in vacuum. This combination of a p-type chalcopy-
rite absorber and a wide-gap n-type window layer still is the basic concept
upon which current cell designs are based. The typical design, first described
in 1985 [4] is shown in Figs. 9.1 and 9.2. The CulnSe; crystal is replaced by a
polycrystalline thin film of the more general composition Cu(In,Ga)(S,Se)s.
The thick CdS film is replaced by a very thin, typically 50 nm, CdS film
(buffer layer) and a stack of undoped (i-ZnO) and highly doped ZnO (TCO).
Cells and modules are prepared in substrate configuration, i.e., the nontrans-
parent metal back contact is the first film to be deposited onto the substrate
whereas the transparent ZnO front contact is deposited last.

The requirements for ZnO in chalcopyrite-based photovoltaics are derived
from its major functions within the device:

— Formation of the heterojunction
— Lateral current transport
— Passing illumination from the cell surface to the absorber

9.1 Heterojunction Formation

The CdS film used in the first chalcopyrite cell is in some aspects an ideal
heterojunction partner for CISe: the conduction bands are reasonably well
aligned and the lattice constants match. On the other hand, its relatively low
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Fig. 9.1. Schematic cross-section of a chalcopyrite-based thin-film solar cell. Typ-
ical materials for the individual parts of the cell are given in square brackets

Fig. 9.2. Scanning electron micrograph of the cross-section of a typical chalcopyrite
solar cell with Cu(In,Ga)Ses (CIGSe) absorber (substrate now shown). Reprinted
with permission from [1]

band gap (E; ~ 2.4eV) causes significant losses in photocurrent and its con-
ductivity is limited. In an effort to improve transparency and conductivity
of the window layer without loosing the advantages of CdS concerning junc-
tion formation, a very thin CdS film (buffer) was combined with a thick ZnO
film [4]. At the same time, the CdS preparation technique was changed from
evaporation to chemical bath deposition (CBD). Because of the ideal step
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coverage of CBD, the rough absorber surface can be covered completely even
by a very thin film. A cross section of an actual device is shown in Fig.9.2.

It may appear from this description that the ZnO plays a role only in
forming an nn-heterojunction, which is not critical in terms of cell perfor-
mance. However, if the absorber/buffer interface and the buffer itself do not
hold sufficient positive electrical charge to balance the space charge region
of the absorber, the ZnO properties will influence the Fermi-level position
at the pn-junction. It can be shown that this parameter is of crucial impor-
tance concerning device performance [5]. In general, the Fermi-level should be
close to the conduction band of the absorber at the interface in order to min-
imise the density of holes available for recombination. Band line-up, buffer
doping, and interface charge in chalcopyrite-based heterojunctions are under
discussion and may vary depending on materials and preparation techniques.
An example for a situation where the TCO does play a role in interface for-
mation is shown in Fig.9.3a. Here, a different band line-up between buffer
and TCO as well as different doping of the TCO would influence the Fermi
level position at the absorber/buffer junction and, hence, the performance of
the device. There are indications that in most cases the situation is closer
to the examples shown in Fig.9.3¢,b, i.e., that the absorber/buffer interface
and/or the buffer bulk determine the interface Fermi level. In these cases, a
fluctuation in TCO properties will have only a small influence on the interface
recombination rate.

Further models for the chalcopyrite-based heterojunction are suggested
in literature [6-8]. It is postulated that cadmium diffuses into the absorber
surface, converts it to an n-type semiconductor, and causes a buried junc-
tion. It is also postulated that this eliminates interface recombination losses
due to the spatial separation of the pn-junction and heterojunction. However,
calculations reveal that two cases have to be distinguished, none of them nec-
essarily resulting in improved device performance. In the first case, the n-type
layer is too shallow or the donor density is too small to equal the charge in
the p-type absorber. The surface type conversion will have little influence and
the situation is — in principle — still the same as described above and shown in
Fig.9.3a—c. In the second case the n-type layer can hold enough charge, the
band diagram will resemble the situation shown in Fig. 9.3d, and the TCO will
have little influence on device performance. But the holes photo-generated
within the n-type part of the absorber will recombine at the interface to the
buffer layer (where they are minority carriers). In analogy to a conventional
homojunction solar cell with deep emitter and poorly passivated surface, this
reduces the blue response of the cell.

A high barrier in the conduction band due to unfavorable band line-up or
interface charge at the buffer/TCO junction may impede the majority carrier
transport at this nn-junction. There are no indications for a significant barrier
in standard cells but it has been made responsible for the poor performance
of certain cells with alternative Cd-free buffer layers [9].
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Fig. 9.3. Band diagrams of chalcopyrite/buffer/TCO heterojunctions illustrating
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9.1.1 Why Use an Undoped ZnO Layer?

In the standard configuration, the ZnO film next to the CdS is sputtered
from an undoped target or prepared by MOCVD without a dopant gas. It
may also be sputtered from the same doped ZnO target that is used for the
deposition of the conductive layer but with additional oxygen in the working
gas. This film is commonly referred to as i-ZnO, which may be mislead-
ing because native defects cause a fairly high carrier density. Nevertheless,
in view of the considerations made in the previous paragraph, depositing
an i-ZnO film onto the CdS appears to be counter-productive. In addition,
using undoped as well as doped targets increases production cost, in par-
ticular because the undoped ceramic target requires RF-sputtering. Ruckh
et al. [10] have varied the thickness of the sputtered i-ZnO layer between
0 and 250nm and have found no influence on open-circuit voltage and fill-
factor of efficient lab-scale cells. The influence of sputtering parameters such
as total pressure, argon and oxygen flow was also not significant. The authors
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conclude that the i-ZnO does not at all participate in junction formation.
The only effect noted was a higher stability at 200°C in air, i.e., a certain
encapsulation or diffusion-barrier function of the i-ZnO layer. Similar exper-
iments carried out by Kessler et al. confirm that high efficiencies can be
achieved when omitting the undoped ZnO film [11], but presumably only
if the CdS buffer is sufficiently thick [12]. Kessler et al. also report a bet-
ter stability of cells with the undoped ZnO in accelerated ageing (damp heat
test), which agrees with the encapsulation effect found by Ruckh et al. Finally,
Ramanathan et al. report identical parameters of high efficiency cells with
and without i-ZnO, even for the case of thin CdS buffers [13]. The stability
was not assessed.

In spite of the described findings it is generally believed that — at least
on module level — reproducibility and production-yield profit from inclusion
of i-ZnO. It is obvious that the influence of localized flaws in the absorber
film, such as pin-holes, is more severe if those are directly in contact with the
highly doped contact layer [14]. Similarly, if the device properties are slightly
inhomogeneous on a microscopic scale, the i-ZnO may be beneficial in terms of
performance. Such inhomogeneities could be caused, e.g., by lateral bandgap
fluctuations in the absorber film. In this case, the optimum resistivity of the
i-ZnO will depend on the amount of fluctuations present [15].

9.2 Transparent Front Contact

While the ZnO double-layer may play a certain role in establishing the hetero-
junction, its major function is the lateral current transport to the contacts
and the transmission of solar radiation into the absorber, i.e., acting as a
transparent front contact. Unfortunately, high transparency and lowest sheet
resistance are mutually exclusive ZnO properties. A given ZnO preparation
process is therefore best described by plotting the achievable photocurrent vs.
sheet resistance (Fig.9.4). Transparency and resistance can be combined to
give a figure of merit describing the performance of a ZnO film [16].

Small and medium area chalcopyrite solar cells are prepared for lab-scale
testing and some special applications. Here the current collection is typically
assisted by a metal grid deposited on top of the ZnO film, which relaxes the
requirements for ZnO conductance. Depending on the spacing of the grid
fingers, the ZnO can be fairly thin (<0.5um), which is beneficial in terms
of optical losses (see below). General experience shows that nickel makes a
good and stable ohmic contact to highly doped ZnO. Additional metals such
as aluminum are often used on top of a thin nickel film to reduce the grid
resistance. However, large area modules are generally scribed into multiple
cells which are monolithically connected in series and do not use a metal
grid.
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Fig. 9.4. Typical loss of current density as a function of ZnO sheet resistance calcu-

lated for three values of the absorber bandgap (assuming air mass 1.5 illumination,
redrawn with permission from [12])

9.2.1 Monolithic Integration

The connection is made from the molybdenum back contact to the ZnO dur-
ing ZnO deposition (Fig.9.5). The common scheme requires three patterning
steps: an isolation scribe in the molybdenum back contact (P1), an intercon-
nect scribe of the absorber to create a gap, which is later filled by ZnO (P2),
and an isolation scribe of the complete cell structure down to the molybde-
num (P3). While the preferred tool for P1 patterning is a pulsed Nd-YAG
laser, photo lithographic patterning is also possible. After laser patterning
the substrate is subject to wet cleaning with rotating brushes to remove
loose particles. P2 and P3 patterning are carried out by mechanical scribing.
Appropriate tools must be used in order to avoid damaging the underlying
molybdenum film. P2 patterning can be carried out before or after deposi-
tion of the undoped ZnO layer, the latter method may give a better contact
between ZnO and molybdenum in P2.

Optimizing the ZnO requires a balance between conductance, trans-
parency, and manufacturing cost. The series resistance of the device must
be minimized to achieve a high fill factor. It depends on carrier density and
mobility in the ZnO, thickness of the ZnO film, spacing of interconnects (grid
finger spacing in case of cells), and the contact resistance between molybde-
num and ZnO (nickel and ZnO). Higher doping may result in reduced mobility
and higher optical losses, in particular in the long wavelength region (free car-
rier absorption/reflection). Increased thickness also affects the transparency
and increases deposition time and costs. On the other hand, higher ZnO
sheet resistance requires reducing the interconnect or finger spacing which
in turn results in losses of active area. A high mobility is desirable because
it reduces the series resistance without adversely affecting other parameters
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Fig. 9.5. Schematic cross-section of the cell interconnect in monolithic integra-
tion. This figure shows the variant where the P2 scribing is carried out after the
deposition of the i-ZnO. Reprinted with permission from [1]

as long as the mobility can be achieved without costly modifications of the
manufacturing process.

Depending on the composition of the absorber, typical photocurrent den-
sities under full illumination range from 20 (CulnSz [19]) to 40 mA cm ™2
(CISe [20]). Interconnect distance is 5-10mm and causes a loss in active area
of around 10%. The required ZnO thickness is around 1pm. Nonideal ZnO
transparency, series resistance, and loss in active area will cause an overall loss
in module efficiency of about two percentage points compared to small area
test cells prepared from the same materials. Results of a detailed calculation
based on measured ZnO properties and carried out for different photocurrent
densities (chalcopyrite absorber bandgap) can be found in [12]. They show a
clear advantage of wide gap absorbers in terms of module efficiency. A com-
puter simulation has been made available to optimize the module patterning
for a given set of film properties [21]. Figure 9.6 shows data calculated by
Wennerberg [17] using this program. Required input data are the ZnO sheet
resistance and weighted optical transparency for varied thickness (in analogy
to Fig.9.4) as well as cell and interconnect properties. The data used here
may be considered representative of the properties achievable in today’s pilot
production of evaporated CIGSe absorbers and of ZnO films sputtered from a
ceramic target. Experimental verification can be carried out using a straight-
forward method described by Klaer et al. [18]. Results for CulnSs-based test
structures are shown in Fig.9.7.

Given the current development status of ZnO thin films, a metal grid
will result in higher cell or module [22] efficiency because the grid shading
losses can be over-compensated by improved ZnO transparency and lower
series resistance. In spite of this, grids are not used in commercial produc-
tion of modules, presumably due to prohibitive cost, added complexity, and
aesthetical reasons.

The ZnO film plays an important role for module stability in acceler-
ated lifetime testing under damp heat conditions, which forms a part of the
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Fig. 9.6. Calculated optimum interconnect distance and resulting module efficiency
as a function of ZnO sheet resistance. Calculations are based on the properties of
a small area CIGSe-based cell with 14.4% efficiency. Reprinted with permission
from [17]
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permission from [18§]

EN/IEC 61646 certification. The lateral resistance tends to increase, giving
rise to fill factor losses. It is therefore mandatory to optimize ZnO preparation
not only with respect to the as-grown properties but also by taking into
account the degradation in damp heat (see Sect.9.4).
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9.2.2 Optical Losses

Chalcopyrite-based devices generally show rather high photocurrent densities
even without antireflective coating. Hence, apart from the issues described
above, not much consideration has been given to optical losses caused by
the ZnO films. The refractive indices within the device are not too far
apart (ZnO =~ 1.9, CdS ~ 2.4, Absorber ~ 2.9). Reflection at internal
interfaces is therefore not severe. Interference fringes caused by the opti-
cal propagation in the window layer are sometimes noticeable in the spectral
response of the device but only if the absorber is very smooth. Matching
of refractive indices is also close to ideal for encapsulated devices. A sim-
ple single-layer antireflective coating deposited onto test structures with-
out encapsulation will achieve maximum external quantum efficiencies of
more than 95%. Light trapping does not play a significant role. The high
optical absorption in the chalcopyrites together with an absorber thickness
in the range of 2-3um guarantees that the light is completely absorbed
in a single passage through the absorber. This is likely to change in the
future when absorber layers will be made thinner to save on raw materi-
als and production cost. New optical concepts for the chalcopyrite device
are therefore being investigated, including reflecting back contacts [23] and
ZnO front contacts optimized for light-trapping. The quest for record effi-
ciencies in the lab as well as applications where efficiency is of paramount
importance, e.g., applications in space are other motivations to optimize the
optical design [24-26].

9.3 Manufacturing

Since in the chalcopyrite module the ZnO films are the last to be deposited,
the processing must be compatible with the remainder of the cell structure.
This implies in particular that substrate temperatures must be limited to
200-250°C [10] even though better ZnO properties could be achieved at
higher deposition temperatures. Interdiffusion at the absorber/buffer inter-
face has been made responsible for the instability [27] but it is believed that
a detailed study using current state of the art material would be required to
clarify this point.

It is important to realize that the actual film properties depend strongly
on the substrate. A rough substrate (Fig.9.8), such as absorber films from
two-stage preparation [28], leads to a significant increase of the ZnO film
resistance. The use of witness samples based on ideally smooth glass sub-
strates may be misleading. The throughput needs to be fairly high. Actual
and projected module production capacities are ranging from 1 to 50 MWp/a
per facility, which roughly corresponds to cycle times from 30 to below 1 min.
Deposition of ZnO contributes significantly to production costs [29]. In (pilot)
production lines for chalcopyrite-based solar modules, ZnO is deposited by
magnetron sputtering [29-31].
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Fig. 9.8. Scanning electron micrograph of a Zn0O:Al/Zn0O/CdS/CulnS; solar cell.
The larger structures correspond to the grains of the absorber layer

Fig. 9.9. Scanning electron micrograph of a Zn0:Al/Zn0/CdS/CulnS; solar cell
(cross section)
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9.3.1 Chemical Vapour Deposition?!

The film is prepared by reacting diethylzinc (DEZn) with water vapour at
the surface of the substrate heated to moderate temperatures, typically in
the range of 150-200°C [32]. Inert gases are used to carry the reactants
into the deposition chamber. Doping can be achieved by adding diborane
to the atmosphere. Terzini et al. have compared the junction formation
using sputtered and chemical vapour deposition (CVD) ZnO, in both cases
without extrinsic doping, and have not identified significant differences [33].
CVD of ZnO has been used in previous pilot production lines with good
results [34].

9.3.2 Sputtering

ZnO for cells and small modules can be prepared by RF-sputtering, which is
known to yield good film properties [35]. Results of an optimization study can
be found in [11]. Fine-tuning must be carried out using the actual absorber,
buffer layers, metal grids, and antireflective coating in order to optimize the
complete system. The NREL group uses a combination of a 90 nm undoped
and a 120nm doped film for their high efficiency devices [36]. The resistance
is given as 602 sq~! but it is not clear whether this is measured in the actual
device or on witness samples.

For industrial production of large area modules, RF-sputtering of the
doped ZnO is too slow and too expensive. RF-sputtering may still be used
for deposition of the relatively thin undoped ZnO film. The thicker, highly
doped film must be sputtered with DC or MF excitation of the plasma.
DC sputtering from doped ceramic targets is feasible due to progress in
target manufacturing and power supply technology (arc suppression). It is
the preferred technology in pilot lines. Novel production methods have sig-
nificantly reduced the high costs of ceramic targets. Further progress in
target utilization may be possible by using rotating targets. It is conceiv-
able that DC sputtering from ceramic targets will remain the preferred
method when transitioning from pilot production to commercial produc-
tion with higher capacity. Otherwise, reactive sputtering from metal tar-
gets is an alternative process promising high deposition rates and low
cost.

Typical pilot line sputtering systems are in-line systems with dynamic
deposition where the substrate passes one or more targets. The substrates are
additionally heated in some but not in all systems. The systems are partly
derived from those sold otherwise for ITO-deposition in flat panel display

! The CVD processing of ZnO for thin film solar cells is extensively described in
Chap. 6. Details on CVD ZnO in Cu(In,Ga)Se2 thin film solar cells can be found
in Sects. 6.3.1.1 and 6.3.2.1.
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manufacturing. There is no clear preference for vertical or horizontal config-
uration. Reasonable film properties, high throughput, and stable processes
at low cost are obvious challenges to be met. In addition, ZnO deposited
on chamber walls, shields, or even redeposited onto target areas outside the
erosion zones exhibits particularly poor adhesion. ZnO flakes, particles, and
dust may cause pin-holes in the module. Frequent cleaning of the deposition
system may be required and limits its useful uptime.

9.3.2.1 DC Sputtering from Ceramic Targets

Results of a comprehensive study on DC sputtered ZnO for CIGSe-based
modules can be found in [37]. Optical and electrical film properties were
determined for varied target doping (ZnO:Al, ZnO:Ga) and sputtering con-
ditions, in particular the oxygen flow. A normalized photocurrent was cal-
culated from the measured transmission spectra using the spectral response
of a highly efficient CIGSe solar cell. A model curve describing the normal-
ized photo current as a function of ZnO sheet resistance was extrapolated
from the experimental data and used as input for numerical calculations of
module efficiency. It was concluded that — given the properties of the DC-
sputtered ZnO — the optimal interconnect distance is 5mm. An efficiency
within 2% of the optimum was predicted for ZnO sheet resistance ranging
from 7.5 to 20€2sq~!. These values can be achieved with a target doping of
1.6-3.2% (metals ratio) and fine-tuned with the oxygen flow. Dynamic depo-
sition rates of 80 nmmmin~! could be achieved. The authors point out the
strong variations of the conductivity with minima directly opposite to the
target erosion zones (race track) measured on test substrates deposited in
static mode and conclude that this prevents achievement of optimum film
properties in dynamic mode. It was found later that the conductivity profile
under the target depends on the age of the target, i.e., the depth of the race
track [38].

9.3.2.2 Reactive Sputtering

Reactive sputtering, i.e., sputtering from a metal rather than ceramic tar-
get is one of the options investigated for cost reductions. Already in 1996 it
was reported that reactive DC sputtering can achieve the same cell efficiency
as RF-sputtering from a ceramic target [10] even though the static depo-
sition rate (300nmmin~!) was ten times higher using the former method.
The authors point out the importance of tight process control, in this case
plasma emission monitoring (PEM), to obtain the required film properties
at the low substrate temperature permitted by the chalcopyrite-based junc-
tion. Various problems concerning homogeneity, set point drift, and flaking
have been encountered when reactive sputtering was evaluated in the Wuerth
Solar pilot line [39] using a PEM controlled DC/DC dual magnetron process.
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Nevertheless, efficiencies of more than 10% have been reported for full-size
modules, only slightly lower than that of the standard modules prepared using
a ceramic target. Sittinger et al. report on an MF-excited dual magnetron
process using A-sensors for oxygen partial pressure control. The process was
originally developed for thin-film silicon modules where higher substrate tem-
peratures can be used [40]. High efficiency as well as good stability of CIGSe-
based mini-modules could be demonstrated after readjusting the deposition
parameters [41].

9.4 Stability

Outdoor testing of chalcopyrite-based modules has generally demonstrated
excellent stability [42,43]. Owing to the increasing production volume there
is a growing number of installations where the actual performance [44] and
long-term stability can be assessed. Chalcopyrites do not suffer from any form
of light-induced degradation. They are also known for their extraordinary
radiation hardness and for their capability to passivate defects at comparably
low temperatures [45].

Accelerated lifetime testing, especially the damp heat testing procedure
(85°C, 85% humidity, 1000h), which forms a part of the EN/IEC 61646 cer-
tification, has, however, been cumbersome [46]. Partly, this is due to transient
effects which occur during stress tests [47]. These can lead to an apparent
degradation but the efficiency recovers after several days of light-soaking. As
we will describe in the following sections, the exact causes for degradation
are still under investigation; nevertheless, empirical optimization has achieved
modules that have been independently certified [43,47,48].

7ZnO serves different purposes in the chalcopyrite-based solar cells, hence,
a degradation of ZnO properties in damp heat may affect the device perfor-
mance in several ways. If the stability is examined using small individual cells
with metal grid, the observed device degradation is mainly due to some dete-
rioration of the heterojunction itself [49]. The stability of an interconnected
module is in addition also affected by increasing ZnO sheet resistance and
deteriorating interconnect properties and is therefore more severe [50]. Inves-
tigations aimed at identifying the basic degradation mechanisms are usually
carried out by exposing non-encapsulated films and devices to the conditions
according to IEC/EN 61646. It is often silently assumed that the degra-
dation observed under these extremely harsh conditions is governed by the
same physical and chemical effects as the small degradation, which is actu-
ally allowable for encapsulated modules passing the test (not more than 5%
change in efficiency). Experimental results described by different authors are
sometimes contradictory, which indicates that the fundamental mechanisms
are not well understood.
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9.4.1 Module Degradation

Accelerated ageing according to IEC/EN 61646 implies elevated temperature
as well as high humidity. It has been reported that there is a module power
loss already due to storing the module at the elevated temperature (dry
heat) [47]. This power loss could be reversed by prolonged illumination (light-
soaking), whereas the degradation caused by the humidity was irreversible.
Other modules or test structures appear to be perfectly stable in dry heat
and do not exhibit the reversible power loss [51].

A major degradation mechanism of modules is the decrease in fill factor.
This is caused by an increase in the diode quality factor of the cells making
up the module and by an increase in series resistance. The former is related
more to the absorber and heterojunction properties and less to the ZnO prop-
erties. The series resistance increases because the conductivity of the ZnO
drops and because the interconnects are deteriorating. Wennerberg et al. have
assessed the individual contributions to increased series resistance [50]. Klaer
et al. [52,53] have described a transmission-line test structure that allows to
separate the contributions of contact and sheet resistance, respectively. The
test structure is prepared by the same scribing techniques as those used in
module manufacturing.

9.4.1.1 Interconnect Corrosion

Increased series resistance due to interconnect corrosion has two possible ori-
gins: degradation of the Mo/ZnO contact (P2 interconnect via) and corrosion
of the molybdenum which is exposed to the atmosphere in the P3 scribe-line.
Bare molybdenum films on glass corrode rapidly in damp heat and partially
form a transparent oxide. Nevertheless, corrosion of the molybdenum in P3
does not seem to contribute significantly to the module degradation until the
molybdenum in the scribe has oxidized completely, the interconnect is broken,
and the module efficiency is practically zero [54]. It has been reported that
molybdenum corrosion occurs faster when the molybdenum film is mechani-
cally stressed [55]. Nevertheless, total breakdown of the interconnect should
happen only under unrealistically extreme conditions.

Wennerberg et al. argue that degradation of the Mo/ZnO contact resis-
tance (P2 interconnect via) is to blame for most of the increased resistance
[50]. They find that the contact resistance increases by almost two orders
of magnitude, whereas the ZnO sheet resistance increases by only 50% after
500 h. Using locally resolved X-ray emission spectroscopy, Fischer et al. have
found indications that, in P2, the ZnO reacts with molybdenum-chalcogenides
during damp heat. This may explain contact degradation by formation of
compounds with low conductivity [56] (molybdenum-chalcogenides can form
during absorber preparation). Klaer et al. confirm a certain degradation of
the interconnect but conclude that the increase in ZnO sheet resistance is
more significant [52,53]. They find a better stability of the interconnect when
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the P2 scribe is carried out after the deposition of i-ZnO and before deposi-
tion of nT-ZnO. This process sequence results in an Mo/nT-ZnO via rather
than an Mo/i-ZnO/n*-ZnO interconnect. The disadvantage of this sequence
lies in higher manufacturing cost due to the necessity to interrupt the ZnO
deposition and break the vacuum for the patterning step.

9.4.1.2 ZnO Degradation

As described above, there is no general consensus in literature concerning
the relative contributions of contact corrosion and increasing ZnO sheet resis-
tance to increased module series resistance. However, experiments carried out
within a recent joint research project in Germany suggest that degradation
of the ZnO sheet resistance may indeed be the principle cause of damp heat
instability. Large area absorbers provided by Wuerth Solar were diced into
many nominally identical samples and coated with likewise nominally iden-
tical CdS buffer layers. ZnO films were then deposited onto these samples
by several project participants using a range of different sputtering systems
and parameters. The ZnO sheet resistance was measured directly on these
substrates before and after different periods of damp heat ageing (without
any encapsulation). All samples showed a sheet resistance increasing system-
atically with ageing. There was also a clear correlation between the increased
Zn0O sheet resistance and degradation of module test structures prepared
under the same conditions. However, the described effects varied strongly
among the different ZnO layers [38,41]. In general, conditions which favor
the growth of dense films and good step coverage (RF excitation, low pres-
sure, high temperature, moving substrate) tend to yield better stability.

In addition to the deposition conditions, the ZnO microstructure is also
heavily influenced by the substrate. In view of the findings described above it
is not surprising that ZnO films deposited onto smooth substrates are much
more stable than those deposited onto rough substrates. This is best illus-
trated by experiments [57] where polished and texture-etched silicon wafers
were used as model substrates (Figs.9.10 and 9.11).

The free carrier optical reflection of test modules before and after damp
heat indicates that the effective carrier density is not much affected [58].
Hence, the degradation of the ZnO sheet resistance is probably more of a
carrier transport problem. It is, at present, unclear where electron barriers
are located. They may be present at the grain boundaries in general [59].
In this case, the disturbances of the ZnO microstructure (induced by the
substrate but also depending on preparation parameters) are only harmful
because they allow a faster penetration of the humidity into the film. On
the other hand, the disturbed regions may themselves be highly resistive
after damp heat exposure, which forces the current to percolate around these
areas.
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Fig. 9.10. Scanning electron micrograph of a ZnO thin film on a texture-etched
silicon substrate. The ZnO microstructure is disturbed where one pyramid of the
substrate borders the next pyramid
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Fig. 9.11. Resistivity of ZnO thin films as a function of damp heat exposure (no
encapsulation)
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9.5 Nonconventional and Novel Applications

9.5.1 Direct ZnO/Chalcopyrite Junctions

The standard device comprises a thin CdS buffer layer as described above.
It is believed that market acceptance of chalcopyrite-based photovoltaics
could be improved by introducing a Cd-free buffer layer. There may also
be cost benefits in view of the cost associated with (occupational) safety,
handling of toxic waste in production, and recycling of modules at their
end of life. Research has identified Cd-free materials well suited for alterna-
tive buffer layers. They can be deposited by CBD in analogy to the stan-
dard CdS buffer layers or by other processes. In particular, dry processes
are attractive because they offer a better compatibility with the other
process steps used for the remainder of the module. Ultimately, the best
solution would be to omit the buffer layer altogether in favor of a direct
chalcopyrite-sputtered/MOCVD ZnO junction. Here we will limit the dis-
cussion to the state of these latter direct junctions and to ZnO-based buffer
layers (Table 9.1). Results achieved with other materials can be found in the
literature [67,68].

It had been assumed originally that CdS is required for lattice match-
ing and conduction band alignment. It is therefore somewhat surprising that
it is in effect possible to use a ZnO buffer layer. As we have shown else-
where, however, interface recombination can be suppressed to an insignifi-
cant level not only by reducing the interface recombination velocity (which
would require lattice matching) but also by reducing the number of carri-
ers available for recombination [5]. In consequence, an efficient device can
be expected whenever we succeed in positioning the Fermi-level close to the
conduction band at the hetero-interface. In general this can be achieved by a
suitable defect distribution (shallow donors) and band alignment at the inter-
face. Judging from the experimental approaches that have been successful in
terms of device performance, wet chemical surface conditioning, and mixing
ZnO with other compounds seem to play an important role in establishing

Table 9.1. Performance of ZnO/chalcopyrite solar cells without buffer layer

Reference Technology Efficiency (%)

Negami et al. [60] Evaporation of Zn, sputtering of 16.2
(Zn,Mg)O

Ramanathan et al. [61] Partial electrolyte, sputtering 15.3

Bér et al. [62] Partial electrolyte, ion layer gas 15
reaction

Glatzel et al. [63] Sputtering of (Zn,Mg)O 12.5

Olsen et al. [64] Chemical vapour deposition 12

Strohm et al. [65] Sputtering of (Zn,Mg)O 11.5

Lincot et al. [66] Electrodeposition (2mm?) 9.2
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Table 9.2. Superstrate cells

Reference TCO Buffer Absorber Efficiency
Klenk et al. [69] ZnO None CuGaSes Voc > 800 mV
Yoshida et al. [70] ITO Cds CulnSe; 6.6%
Negami et al. [71] ZnO Cds CulnSe, 6.7%
Haug et al. [72] ZnO None Cu(In,Ga)Ses 11.2%
Nakada et al. [73] ZnO None Cu(In,Ga)Ses 12.8%

the described criteria. It is interesting that in the reversed superstrate struc-
ture (see below) direct junctions perform better than those with a buffer
layer.

9.5.2 Superstrates

The conventional cell structure is supported by a substrate onto which the
layers are deposited with the doped ZnO being the final layer. Reversing the
whole structure by depositing first the ZnO followed by the remaining layers
results in a structure where the light enters the cell through the superstrate
(Fig. 9.12). This concept has some potential advantages:

— The ZnO can be deposited at high temperature, resulting in improved
optical and electrical properties and stability. Presumably its thickness
could be reduced resulting in lower cost.

— Since the light enters through the superstrate the encapsulation does not
have to be transparent. Nontransparent foils could be more cost effective
than glass and reduce the module weight.

— Mechanically stacked tandem structures could be realized in a straight-
forward manner by fabricating one part in substrate and the other in
superstrate configuration and then laminating them together.

However, preparing a blocking contact in superstrate structure has been diffi-
cult. Only small area cells have been demonstrated so far and even those show
limited performance (Table 9.2). To achieve optimum properties, the absorber
layer must be prepared at temperatures of about 500°C, which implies that
interdiffusion is significant and may lead to a deterioration of junction and
absorber bulk properties. It is interesting to note that approaches not using
buffer layers have resulted in higher efficiency than those using CdS buffers
prepared by various methods.

9.5.3 Transparent Back Contact

All ZnO/(buffer)/chalcopyrite junctions described so far in this contribu-
tion are blocking junctions as may be expected from the conductivity type
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Fig. 9.12. Schematic cross-sectional views of chalcopyrite solar cell configurations.
Reprinted with permission from [1]

of ZnO (n-type) and chalcopyrite (p-type), respectively. However, in the
absence of technically viable p-type TCOs there is a certain interest also in
making ohmic (nonblocking) contacts to n-type TCO. Experimental results
demonstrate that this is feasible. Replacing the molybdenum film of the con-
ventional structure by a TCO film then results in a cell with a transpar-
ent back contact. Such a structure may be useful in implementing bifacial
or tandem cells, or semi-transparent modules [73] (Fig. 9.12). Again, the
high substrate temperature necessary for absorber preparation is problem-
atic and may lead to a deterioration of transparency and conductivity of the
TCO film. In addition the absorber may be poisoned by elements diffusing
from the TCO film. In many studies ZnO was found to be less suitable
than other materials (such as SnOg or ITO) for this particular applica-
tion [73,74]. It has been demonstrated, however, that a very thin molyb-
denum film deposited onto the ZnO significantly improves the performance
of devices with ZnO back contact. It is believed that the molybdenum is con-
verted to MoSes (a semiconductor with E; = 1.2eV) during deposition of
the absorber [75].

The efficiency for backside illumination (bi-facial cells) is limited because
the carriers are generated outside the field zone in proximity to the poorly
passivated contact (poor blue response). Further optimization of absorber
thickness, diffusion length, and contact passivation appears to be feasible.

The efficiency of wide gap chalcopyrite cells, even on standard nontrans-
parent substrate is too low for the realization of tandem cell. Using a TCO
back contact reduces the efficiency even further. Establishing a high trans-
parency is also not straightforward. Nevertheless, the potential of tandem



434 R. Klenk

cells is reflected in wide-spread research activities. Preliminary prototypes
are described in literature [76,77].

The standard molybdenum contact is characterized by low optical reflec-
tion, which becomes relevant in efforts to reduce the absorber thickness (light
trapping). A study of other metals has not identified clearly promising alter-
natives [78]. Hence, an ohmic contact between TCO and chalcopyrite with
good electrical and optical properties could also be useful in developing a cell
with a high reflectivity metal/TCO back contact.
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