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ABSTRACT

Multi-junction solar cells are considered for various applications, as they tackle various loss mechanisms for
single junction solar cells. These losses include thermalization and non-absorption below the band gap. In this
work, a tandem configuration comprising copper-indium-gallium-di-selenide (CIGS) and hydrogenated amor-
phous silicon (a-Si:H) absorber layers is studied. Two main challenges are addressed in this work. Firstly, the
natural roughness of CIGS is unfavorable for monolithically growing a high quality a-Si:H top cell. Some sharp
textures in the CIGS induce shunts in the a-Si:H top junction, limiting the electrical performance of such a
configuration. To smoothen this interface, the possibility of mechanically polishing the intermediate i-ZnO layer
has been explored. The second challenge that is addressed, is the significant current mismatch in these tandem
architectures. To enhance absorption in the current-limiting top cell, the ZnO:Al front electrode was textured by
means of wet-etching the entire tandem stack. We demonstrated that one can manipulate the morphology of the
random textures by varying the growth conditions of the ZnO:Al, leading to better light management in these

devices.

1. Introduction

Thin-film technologies can have certain attractive characteristics in
terms of weight, shapes, and possible translucence. In search for higher
voltages and efficiencies, much research has focused on multi-junction
thin-film photovoltaic devices. This is not limited to the field com-
prising III-V semiconductors, but also thin-film technology materials
have been extensively researched. Combining a-Si:H with nanocrystal-
line silicon — the micromorph solar cells — has widely been in-
vestigated [1], but also work on (all silicon-based) triple-junction [2]
and even quadruple junction solar cells are found in literature [3,4].
Likewise, multi-junction configurations are considered in the field of
organic photovoltaics [5,6]. Beyond that, merging of different photo-
voltaic technologies in so-called hybrid multi-junctions is also being
explored. Recent development are found in combining one junction of
crystalline silicon with a junction of perovskite [7] or III-V semi-
conductors [8]. In addition, in the field of CIGS such stacks have been
proposed, including combining this junction with various dye sensitized
solar cells [9-11]. In this latter field, an additional incentive is to limit
the use of the relatively scarce Indium. Using multi-junction devices,
thinner CIGS layer can generate higher photo-conversion efficiencies,
due to both higher voltages obtained in thinner absorber layers [12,13],
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as well as the better spectral utilization.

In terms of contact and interconnection design, multi-junction de-
vices can be categorized in two configurations; two-terminal and four-
terminal devices. The challenge for four-terminal multi-junction de-
vices lies in the complex electrical components required for the in-
tegration of these cells in modules and complete systems. The challenge
for two-terminal devices is to accomplish a design in which top cell and
bottom cell are close to current matching while preserving a high value
for the fill factor (FF). Consequently, two-terminal configurations face
the biggest challenges in the design and fabrication of the cells.

This work focuses on two-terminal double-junction devices, where
all layers are monolithically integrated. In these devices, two PV cells
based on semiconductor absorber layers with different energetic
bandgaps are stacked, with the cell based on the widest bandgap ma-
terial facing the front side at which the irradiance is incident. In such a
tandem cell the photons have - on average - less excess energy relative
to the bandgaps, reducing thermalization losses, and thereby resulting
in a more efficient utilization of the solar spectrum.

CIGS is a direct bandgap material with a high absorption coefficient
till close to its band gap around 1.2eV. This makes CIGS a suitable
semiconductor material to function as a bottom cell in these devices.
The amorphous silicon solar cell technology regards a wide bandgap
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material (1.66 eV), is well-developed, and is processed at a temperature
below 200 °C. These properties making a-Si:H a suitable candidate for
use as top cell in this configuration.

The integration of these CIGS and amorphous silicon cells in one
monolithic stack faces several challenges. First of all, in conventional
single junction amorphous silicon and micromorph solar cells illumi-
nation through the p-doped layer is favorable, as these cells are con-
straint by the drift length of the holes. In this novel device structure, the
a-Si:H top cell is to be illuminated through the n-doped layer to align it
with the configuration of the CIGS. Secondly, it is challenging to grow
high-quality a-Si:H layers on the rough CIGS. The relatively sharp
texture results in a-Si:H cell with a high shunt density. In addition, the
amorphous silicon cell is current limiting. Increasing the light absorp-
tion of the top cell can significantly improve the performance of the
tandem cell.

In this work, we demonstrate two approaches to tackle the above
limitations to improve the performance of a-Si:H/CIGS tandem device.
In the first approach, the CIGS cell is smoothened by mechanical pol-
ishing the ZnO interface. The smoother CIGS half fabricate facilitates
the growth of a shunt-free a-Si:H top cell, increasing the V,. and fill
factor of the tandem cells. Very little related research to this metho-
dology of interface smoothening can be found in literature. This con-
cept has previously been demonstrated for micromorph solar cells
where an intermediate i-ZnO layer [14] or nanocrystalline SiO:H
[14-16] has been polished. An extensive study of polishing ZnO built
the framework for this research [17]. Mechanically polishing of layers
on top of CIGS solar cells is unprecedented. Such smoothening approach
induces additional challenges in terms of optimization, due to relative
weak semiconductor-metal bonding.

The second approach is based on texturing of the ZnO:Al front
electrode to enhance the generated photocurrent in the top sub-cell by
forward scattering. Texturing of TCOs is a well-known strategy for light
management in photovoltaic devices [18,19]. In this work, a wet-
etching procedure is used for creating a textured front TCO surface.
When a TCO is subject to an acid, the acid starts to react with the
material, along its surface. Due to the columnar growth of TCOs, the
acid will also penetrate partially along the grain boundaries and voids
and etch the bulk of the material. Due to etching along the increased
surface area at the grain boundaries, a inhomogeneous lateral etching
speed is realized and a textured surface is realized. Likewise, when the
acid penetrates and etches inside the voids, these develop into relatively
larger craters. Wet-etching a TCO using this procedure, creates random
textures that induce light scattering and improve light incoupling. By
varying the type of TCO, deposition parameters, and etchants, one can
alter the type of textures.

2. Methodology
2.1. Fabricating bottom sub-cell

The half fabricate comprises the glass substrate, molybdenum back
contact, CIGS absorber layer, CdS buffer layer and the intrinsic ZnO
(glass/Mo/CIGS/CdS/i-ZnO). A 1 mm thick sodalime glass substrate
was cleaned in five steps. Firstly, it was scrubbed clean using iso-
propanol on tissue, followed by immersion in 4 consecutive baths of
10 min; first an ultrasonic bath of acetone; secondly an ultrasonic bath
of isopropanol, followed by two baths of HNO3 (a 99% HNO; bath at
room temperature, and a 69% HNO; bath at 100 °C). After these steps
the substrates are extensively rinsed with de-ionized water (DI water).

A 420 nm layer of molybdenum was sputtered on this substrate in
two pressure steps. First, a more porous layer to adhere well to the
substrate was deposited, followed by a more dense layer to form a well-
conducting back contact. A 1 um CIGS was deposited using three-stage-
co-evaporation. During the CIGS deposition, the sodium diffuses into
the CIGS layer through natural diffusion from the substrate. The first
stage was processed at 400 °C, stage II and III at 550 °C. No post-
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deposition treatments were performed. The 70 nm CdS was deposited
by 6-min chemical bath deposition at 65 °C, using the precursors thio-
urea and CdSO,4, and NHj3 as a complexing agent.

A 500 nm thick i-ZnO layer was deposited using room temperature
RF sputtering. The substrates were mounted on a moving carrier that
passes by a rectangular sputtering target at 7 cm/min such that during a
single pass about 50 nm of i-ZnO is deposited. For a 500 nm thick i-ZnO,
10 consecutive passes of the carrier were carried out.

2.2. Polishing

The half fabricate (glass/Mo/CIGS/CdS/i-ZnO) with (natural) rough
surface morphology was cut in samples with a size of 2.5 x 2.5 cm. The
samples were mechanically polished using non-dry polishing fluid and a
200 mm diameter chempolishing pad. The rotational speed both the
mounting head and the table was set to 150 RPM, rotating in opposite
directions. The applied downward forces were set to 10N or 20 N, re-
sulting in 16 kPa and 32 kPa pressure, respectively. Using these two
pressures, polishing times were varied. After polishing, the slurry was
removed from the surface by scrubbing with acetone and DI-water.
These smoothened half fabricates have been characterized with an
atomic force microscope and inspected with cross sectional scanning
electron microscopy (SEM).

2.3. Fabrication of the top sub-cell

The top subcells were fabricated in a PE-CVD cluster tool having
dedicated chambers for layers with different types of doping. Firstly, a
30 nm of phosphorus doped hydrogenated nanocrystalline SiOx:H (p-
nc-SiOy:H) was deposited. This was followed by two nanocrystalline
SiOx: H, layers of 7nm and 14 nm in thickness with different doping
concentrations. The first p-nc-SiO4:H layer (with a narrower bandgap)
serves as part of the tunnel recombination junction. The following layer
was a wider bandgap p-layer to serve as hole-collector in the top sub-
cell. After deposition of the amorphous silicon, another 30 nm n-type
nanocrystalline n-nc-SiOx:H was deposited, and the cell is completed by
RF sputtering an ZnO:Al 250 nm front electrode. As a final step, a
300 nm Ag front grid was evaporated on the devices. The short circuit
current of these devices was determined with by EQE, and V,. and FF
with a triple A rated JV tester, calibrated with calibration diodes from
the Fraunhofer ISE institute.

2.4. Texturing of the front electrode

In this work, the ZnO:Al front electrode has been wet-etched to
create a front texturing. Regarding the experimental design, it is crucial
that there is a full area coverage of ZnO:Al, as the 250 nm of ZnO:Al
(after etching) serves as a protective layer, preventing any water and
acid ingression to the cells underneath. The deposition pressures have
been varied between 1.5 pbar, 2.5 pbar, and 3.5 pbar and deposition
temperatures between 100 °C, 125 °C, and 150 °C. Higher temperatures
are unsuitable in this architecture, considering that ZnO:Al is the final
layer to be processed in these devices and higher temperatures would
induce undesired diffusion of cadmium. In all cases etching was done in
a 0.5% HCI bath for 45s. After etching, the sample was rinsed for at
least 3min in DI water. The initially deposited thicknesses of ZnO:Al
were optimized as such that a 250 nm layer of textured ZnO:Al re-
mained after etching. As the etching rate was dependent on the de-
position parameters, the initial thicknesses of the ZnO:Al was varied.

3. Results
3.1. Polishing

The deposition of the 500 nm i-ZnO layer was performed in 10
consecutive passes of the carrier by the sputtering target. This
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Fig. 1. Detail of a SEM cross-section of an i-ZnO layer, showing some wiggle-like struc-
ture due to the deposition conditions.

procedure has an effect on the growth of the crystal structure as shown
in Fig. 1 below. The crystal structure is still showing continuous co-
lumnar growth as is expected for state-of-the art ZnO layer. However,
an interesting artifact is observed induced by the movement of the
carrier relative to the sputtering target. Fig. 1 shows that a wiggle
structure is created.

During the mechanical polishing procedure, it is important to secure
that the i-ZnO layer is not fully removed. A fully removed i-ZnO would
risk a partly or full removal of the underlying CdS layer as well. A
damaged CdS layer would deteriorate the cell performance. Thus, the
removal rate is an essential variable. The removal rate (RR) was esti-
mated using the modified Preston equation (Eq. (1)), compiled by Luo
et al. [20]:

RR = K(P — Bp)v + R.. ™

In this equation the removal rate is expressed in terms of pressure
(P), linear velocity (v) and the following constants; the Preston constant
(K), a pressure constant (Py,), and a removal constant (R.). Gupta et al.
[17] determined empirically that for polishing i-ZnO these constants
should be to be K = 2.6910 4 Pa~1, Py, = 1.23510* Paand R, = 94/
min, respectively. Using these values the initial removal rate was been
estimated to be RR = 209 nm/min.

After polishing, the thickness was determined using SEM. The re-
moval rates have been verified using 500 nm thick i-ZnO layer on
Asahi-VU substrates. In Fig. 2 the cross-sectional SEM images of the
unpolished and polished ZnO are displayed. In addition, an isometric
overview of the polished sample is shown in Fig. 2(c). The dashed line
in Fig. 2(b) indicates the very smooth interface and surface morphology
of the polished interface. Some pinholes are observed in the isometric
SEM image. These pinholes are assumed to reflect the pre-existing voids
in the i-ZnO layer. The removal rate was determined to be
204 + 30.3nm/min, and thus consistent with removal rates reported
in literature [17].

The mechanical polishing process was repeated on a CIGS bottom
cells (glass/Mo/CIGS/CdS/i-ZnO). The surface morphology of these
(un)polished interfaces were characterized using an atomic force mi-
croscope and the obtained RMS roughness is tabulated in Fig. 3 below.
The decaying trends are correlated to the applied pressure and pol-
ishing time. Polishing for 60 s with 20 N downward force resulted in an
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Fig. 3. Decaying trend in RMS roughness with increasing polishing times, using various
pressures. Despite the differences in substrate material and initial RMS roughness, the
minimum RMS roughness found is 6.6 nm and 2.8 nm for 10 and 20 N force respectively.

impressive low RMS roughness of 2.80 nm. From experience, longer
polishing times than 60 s are inadvisable to be used. Longer polishing
times induced some unwelcome edge effects such as peeling off of the
CIGS layer.

Fig. 4 shows cross-sectional SEM images of hybrid tandem devices
that have been fabricated. In Fig. 4(a) a reference tandem cell with a
thick i-ZnO layer is displayed. Many lines appearing can be observed in
the a-Si:H absorber layer of the top cell. These lines represent cracks in
the amorphous silicon. In Fig. 4(b), the i-ZnO is polished, and a very
smooth and flat interface is created. Hardly any inhomogeneity is ob-
served in the post-deposited amorphous silicon layer.

Looking at the external parameters (Table 1 and Fig. 5a) one can see
that especially the V. strongly increased after polishing. We think that
this enhancement is partially induced by the thinner ZnO layer, and
partially due to the better growth conditions for the amorphous silicon.
As the V. of the polished device is very close the summation of the V.
of the single junctions (800-850 mV and 610-630mV for a-Si:H and
CIGS, respectively) and no significant impact is observed in the fill
factor, we conclude that the electrical performance is not significantly
affected and we successfully polished an intermediate interface in these
devices.

Regarding the spectral response of these solar cells (Fig. 5b), it is
observed that polishing the interface significantly increases the inter-
ference. This significantly influences the spectral response of the
bottom cell. However, as this layer is not current-limiting, this does not
reflect in the device performance.

3.2. Textured ZnO:Al

The front electrode ZnO:Al was fabricated in the cluster-tool, with a
stationary substrate holder. Hence, after the incubation phase of this
columnar growth of this layer, a homogenous growth is expected. Fig. 6

Fig. 2. (a) A cross sectional SEM image of the unpolished i-ZnO.
(b) A cross sectional SEM image of the polished i-ZnO. The white
dashed line indicates the polished interface. In Fig. 2(a) and (b)
the white continuous line indicates the interface between the
Asahi-VU and the ZnO. (c) An isometric SEM image of the po-
lished ZnO. The dark spots indicate pinholes in the i-ZnO.
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Table 1
External parameters unpolished and polished tandem devices.

Tandem device Voe (mV) FF (%) Jge (MA/cm?) n (%)
Unpolished 1.33 58.4 9.7 7.50
Polished 1.44 59.5 10.3 8.16

shows a scatter plot of the measured RMS roughness versus the mea-
sured correlation length of the various surface textures of the several
varied parameters. In this figure, the contours indicate the aspect ratio
of the surface texture, which is defined as the ratio between the RMS
roughness and the correlation length. The higher the aspect ratio, the
larger the forward scattering in the visible spectral range can be ex-
pected.

Upon reducing the deposition pressure (star — triangle — square) an
increasing spread of values for the correlation length is observed. We
explain this relation by the fact that a highly energetic precursor can
induce defects and vacancies sub-surface in the bulk of the growing
layer. At higher deposition pressures, the precursor atoms and ions
experience more collisions with the argon atoms on their path towards
the surface. Consequently, the atoms arrive at the surface with less
energy, leading to layers with a higher density.

During the wet-etching process, denser films result in a more
homogeneous lateral etching, due to dominance of etching along the
surface rather than along the grain boundaries. As the films deposited at
lower deposition pressures contain more voids, which the acid can
penetrate along the grain boundaries, leading to more bulk etching and
as a consequence larger features and correlation lengths.

In addition, Fig. 6 reveals the dependence on the substrate tem-
perature during the ZnO:Al deposition. It shows that the higher the
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Fig. 6. RMS roughness and correlation length of different AZO combinations. The contour
plot shows aspect ratio values. The orange circles show 3 different regimes for different
deposition parameters.

substrate temperature, the less the correlation length is affected by
etching. We believe that deposition at higher substrate temperatures
leads to higher mobility of the precursor species at the surface of the
film leading to denser films. Denser films means that the role of bulk
etching versus surface etching is reduced and consequently its effect on
the correlation length.

As a result of these different effects the different processing condi-
tions lead to three different regimes of surface morphology. One regime
with high RMS roughness & large correlation length (I), one regime
with high RMS roughness and smaller correlation lengths (II) leading to
the highest aspect ratio. The last regime corresponds to most of the
dense films that are clustered in Fig. 6 in the parameter space with
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Fig. 5. (a) JV curves of an unpolished tandem cell with a thick intermediate ZnO layer (blue) and a polished solar cell (red) deposited in the same batch (b) EQE and 1-reflection
measurements of a reference single junction CIGS cell (black), a reference tandem architecture (blue) and a polished device (red).
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Fig. 7. SEM images of the 4 outer boundaries of the textured layers. (a) 100 °C and 1.5 pbar (b) 100 °C and 3.5 pbar (c) 150 °C and 1.5 pbar (d) 150 °C and 3.5 pbar.

small correlation lengths and limited RMS roughness (regime III).

These propositions are supported by Fig. 7. The SEM images show
four surfaces of wet-etched ZnO:Al, where the ZnO:Al was deposited at
various substrate temperatures and pressures. The surface morphology
in Fig. 7(a) corresponds to ZnO:Al deposited at both the lowest tem-
perature and pressure (regime I). The dark spots observed in the ZnO:Al
(a) are an indication of the voidy nature of this film. Images 7(b) and
7(c) visually show comparable surface morphology, with significant
less dark spots. The SEM image depicted in Fig. 7(d), supports that
combining a high temperature with high deposition pressure (regime II)
leads to a more compact film and more surficial etching. This is re-
vealed by the textures in this image being significantly more alike or-
iented when compared to the 7(a)-(c).

The best light trapping is expected for textured ZnO:Al with the
combination of highest RMS roughness and a correlation length close to
the thickness of the absorber layer of the top cell (250-300 nm), fa-
voring the ZnO:Al deposited at a pressure of 1.5 pbar at 150 °C. Fig. 8(a)
shows that all textures significantly improve the Js. of the devices.
Additionally, one see that there is some spread in the V,. between the
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different textures. However, this is considered to be due to processing
conditions, supported by the fact that also the ‘as grown’ reference
device also has a fairly limited electrical performance.

For describing the light management qualities of these different
textures it is more valuable to focus on overall device reflection (which
can reduced by better light incoupling) and reduced coherence (in-
dicating better light scattering). Fig. 8(b) shows how three of the tex-
tures (from the different regimes) affect the solar cell reflectance. Data
of several textures is also summarized in Table 2 below. This shows that
it can be concluded that all textures will significantly improve light
incoupling (4 — 5% absolute reduction in averaged solar cell re-
flectance) as well as decrease the coherence of the light. Furthermore,
the texture fabricated from the AZO deposited at 1.5 pbar at 150 °C
(from regime II) outperforms the other textures both in terms of having
the lowest average reflection as well as the smallest standard deviation
of the reflected light, indicating that this texture functions best to re-
duce the coherence of the light.

Fig. 9 shows the EQE and 1-R (where R is reflectance) of tandem a-
Si:H/CIGS tandem cells. One tandem cell has the optimized textured
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Table 2
Averaged solar cell reflection and standard deviation for the as grown reference and
textures from various regimes.

Deposition condition Device reflection (%) Standard
(textured AZO) (averaged 0.3-1 pm) deviation
As grown 16.11 10.75
100 °C - 1.5 pbar 12.24 3.46

150 °C - 1.5 pbar 11.59 2.61

150 °C - 2.5 pbar 12.68 3.90

150 °C - 3.5 pbar 11.78 6.04
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Fig. 9. EQE and 1-R of the hybrid tandem device with a textured front electrode (red),
where the front electrode had been deposited with a deposition pressure of 1.5 pbar with
a substrate temperature of 150 °C, compared with a reference device (black).

ZnO:Al (deposited at 150 °C at 1.5 pbar, indicated in red) and the re-
ference cell has a front ZnO:Al without being exposed to an etching
procedure (blue). Additionally, the parameters of a 1 um single junction
CIGS is displayed for comparison (black). Looking at the 1-R it becomes
apparent that the coherence of the reflected light is significantly re-
duced when the front TCO is textured. This has the most effect in two
spectral ranges. The first range (950-1050 nm), is around the band edge
of CIGS. Please note, this is where the most optical losses appear in
ultrathin CIGS layers. However, as currently the top sub-cell is current-
limiting, this enhancement has no direct effect on the device perfor-
mance. The other range (500-650 nm) significantly enhances the top
cell performance, eliminating the destructive interference dip observed
in the as grown tandem device. In these devices, the textured front TCO
increased the current of the top sub-cell with 7.9% relatively to the
reference. We expect to further improve current matching by further
optimizing the top cell architecture.

4. Conclusions and discussion

We successfully integrated a mechanically polishing step for an in-
termediate i-ZnO layer in hybrid a-Si:H/CIGS tandem solar cells
without damaging the electrical performance. Using this technique,
working hybrid tandem devices have been presented. The RMS
roughness of these polished i-ZnO layers have been reduced from 44 nm
to 2.8 nm. The SEM images show that flattening the bottom half fab-
ricate (glass/Mo/CIGS/CdS/i-ZnO) significantly improves the quality of
the a-Si:H cell as no more cracks in the a-Si:H absorber layer are ob-
served. More than 100 mV increase in V,,. has been measured compared
to the unpolished tandem structure. We attribute this increase to both
reducing the thickness of the i-ZnO and improved growth conditions for
the top sub-cell. Furthermore, these extremely flat interfaces accom-
modate the research for implementation of an intermediate Bragg re-
flector to enhance the photogenerated current in the top sub-cell.
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In addition, a texturing procedure of the front electrode of the a-
Si:H/CIGS tandem solar cell has been developed. We demonstrated that
we can manipulate the surface morphology of these textures by ad-
justing the parameters in the TCO deposition. These textures can suc-
cessfully reduce the device reflectance, and an optical optimum has
been found in 11.59 = 2.61% reflection over a wavelength range of
300-1000 nm. As texturing our devices did not deteriorate the electrical
and optical performance of our devices, we conclude that the front
electrode can serve as a barrier against the acid treatment and water
rinsing, protecting the cells underneath.

The demonstrated procedures are not solely applicable in archi-
tectures considering these type of the absorber layers, but with slight
alterations many different types of multi-junction solar cells can benefit
from these techniques. Therefore, this work can be considered as a
fundamental study that can contribute to work towards high quality
monolithic two-terminal hybrid tandem solar cells.
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