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Abstract

Research on silicon-based tandem heterojunction solar cells (STHSC) incor-
porating metal oxides is one of the main directions for development of
high-efficiency solar cells. In this work, the optical characteristics of a STHSC
consisting of a ZnO/Cu,O subcell on top of a silicon-based subcell were stu-
died by optical modelling. Cu,O is a direct-gap p-type semiconductor which is
attractive for application in solar cells due to its high absorptance of ul-
tra-violet and visible light, nontoxicity, and low-cost producibility. Highly
Al-doped ZnO and undoped Cu,O thin films were prepared on quartz sub-
strates by magnetron sputter deposition. Thermal annealing of the Cu,O layer
at 900°C enhances the electrical properties and reduces optical absorption,
presumably as a result of increased grain size. Hall effect measurements show
that the majority carrier (hole) mobility increases from 10 to 50 cm*/V-s and
the resistivity decreases from 560 to 200 Q)-cm after annealing. A Cu,O absor-
ber layer of 2 pm thickness will generate about 10 mA/cm? of photocurrent
under AM1.5G illumination. The optical analysis of the STHSC involved cal-
culating the spectral curves for absorptance, transmittance, and reflectance for
different thicknesses of the thin film layers constituting the ZnO/Cu,O sub-
cell. The complex refractive indices of the thin films were derived from spec-
troscopic ellipsometry measurements and implemented in the simulation
model. The lowest reflectance and highest transmittance for the ZnO/Cu,O
subcell are obtained for a thickness of approximately 80 nm for both the top
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and bottom AZO layers. The SiN, anti-reflection coating for the c-Si bottom
subcell must be optimized to accommodate the shift of the photon spectrum
towards longer wavelengths. By increasing the thickness of the SiN layer from
80 nm to 120 nm, the total reflectance for the STHSC device is reduced from
12.7% t0 9.7%.
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1. Introduction

Rapid progress of thin film solar cells has resulted in the development of tandem
solar cells based on crystalline silicon with conversion efficiencies beyond the
¢-Si single-junction limit [1] [2] [3]. Such cell concepts are needed to ensure
competitiveness of solar power with conventional energy sources. In recent
years, tandem solar cells have been successfully implemented for various tech-
nologies, including solar cells based on III-V type semiconductors and mono-
crystalline, polycrystalline, and amorphous silicon, dye sensitized solar cells, and
quantum dot solar cells [3] [4] [5] [6]. However, the manufacturing of sili-
con-based tandem heterojunction solar cells (STHSC) with a high efficiency at
low cost has still not been accomplished. This situation might soon be changed
due to the swift development of perovskite thin films as photovoltaic absorbents,
showing a remarkable progress in the last 5 years [7] [8]. Another promising
material for implementation in STHSC is cuprous oxide (Cu,O). This semicon-
ducting metal oxide has a high optical absorption, is non-toxic, and has the po-
tential for low production cost [9] [10]. The theoretical limit of the conversion
efficiency for a solar cell based on Cu,O is approximately 20% under one sun il-
lumination [11]. However, the highest conversion efficiency achieved experi-
mentally is 8.1% for a ZnO/Cu,O solar cell based on thermally oxidized copper
sheets [12], suggesting that further investigation of Cu,O-based solar cells is still
needed in order to realize their full potential in photovoltaic applications.

The objective of this work is to evaluate the optical performance of a ZnO/Cu,O
subcell in a Si-based tandem heterojunction solar cell (STHSC) configuration.
Figure 1 shows a schematic device design of a STHSC, combining a convention-
al crystalline silicon subcell with a ZnO/Cu,O subcell in a mechanical stack of
independently connected cells, Ze. a four-terminal configuration. The relatively
high band gap of Cu,O (F; = 2.1 eV), which is approximately 1 eV higher than
that of crystalline silicon (£ = 1.13 eV), makes it challenging to realize a
low-cost monolithic (two-terminal) tandem configuration. In general, a four-
terminal configuration allows accessing a wider range of material combinations
compared to a two-terminal configuration since there is less constraint on cur-

rent matching for the two subcells.
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Figure 1. Schematic device design of a four-terminal tandem heterojunction solar cell
combining a conventional crystalline silicon bottom subcell with a metal oxide top subcell
based on ZnO and Cu:O layers.

The ZnO/Cu,0O subcell is realized by reactive magnetron sputter deposition of
metal oxides on a transparent glass substrate (quartz), enabling low-energy
photons to be transmitted through the ZnO/Cu,O top subcell for subsequent
absorption in the c-Si bottom subcell. The ZnO/Cu,O subcell, deposited on
glass, could in this architecture serve as the module glass encapsulating the c-Si
subcell, requiring insignificant changes to the design of the bottom cell. A
low-absorbing polymer material such as ethylene vinyl acetate (EVA), which is a
commonly used encapsulant material in commercial solar cell modules, could
serve as the intermediate encapsulant layer.

The optical analysis presented in this work involves using ray tracing methods
to calculate the spectral curves for reflectance, absorptance, and transmittance
for different thicknesses of the thin film layers constituting the ZnO/Cu,O sub-
cell. Such analysis can provide guidelines for layer thickness optimization to en-
sure efficient light management for the STHSC device [13] [14].

2. Adopted Simulation Model

Figure 2 shows a schematic representation of the STHSC simulation model that
was adopted. The device structure includes a quartz glass superstrate, an alumi-
num doped ZnO (AZO) n*-type emitter layer, a Cu,O p-type absorber layer, and
a bottom AZO electrode layer placed on top of a c-Si subcell. An alternative is to
use tin-doped indium oxide (ITO) as bottom transparent conductive oxide
(TCO) layer. However, the optical and electrical properties of AZO closely
match those of ITO, and in addition, AZO is non-toxic and less expensive com-
pared to ITO. The backside nitrogen doped cuprous oxide (Cu,O:N) layer (cf.
Figure 1) which is a heavily doped p+ layer incorporated in order to reduce re-
combination losses for the ZnO/Cu,O subcell, has been omitted in this model.

The Cu,O:N layer is typically quite thin with optical properties that are similar
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Figure 2. Schematic representation of the simulated STHSC device structure. The thick-

ness constraints for the individual layers are indicated.

to those of Cu;O, resulting in a minor influence on the optical characteristics of
the ZnO/Cu,O subcell.

A buffer layer can be inserted between the AZO emitter layer and the Cu,O
layer in order to reduce the band offset at the interface. Zn(O,S), (Zn,Ge)O,
Ga,0;, and TiO; thin films have been employed as such buffer layers [12] [15].
In this model, the buffer layer is omitted since the thickness of the buffer layer is
usually less than ~10 nm and thus will not have a major influence on the optical
characteristics of the ZnO/Cu,O subcell. Furthermore, the encapsulation layer
which is intermediate between the two subcells has also been omitted in the
model. Although this layer typically will have low absorption in the visible and
near-infrared wavelength range, its introduction will result in increased reflec-
tion losses for the STHSC.

For evaluating the effect of the thin film layer thicknesses on the optical cha-
racteristics of the STHSC device we used OPAL 2 developed by PV Lighthouse
[16]. Planar (flat) surfaces were adopted in the simulation model and the inci-
dent optical spectrum was air mass 1.5 global (AM1.5G). The reflectance (R),
absorptance (A), and transmittance (7) were calculated for the wavelength range
from 300 nm to 1100 nm. Here, R is the ratio of the light escaping the front
quartz/AZO interface to the incident light, including reflections from all inter-
faces in the layered structure, A is the ratio of the light absorbed in the AZO,
Cu;0, and SiN; layers to the incident light, and 7'is the ratio of the light that is
transmitted into the c-Si substrate to the incident light. For the quartz glass, the
crystalline silicon substrate, and the silicon nitride anti-reflection layer, tabu-
lated values for the refractive index were adopted [17] [18] [19], whereas for the
AZO and Cu,O layers experimentally determined complex refractive indices
were implemented. The thickness constraints for the AZO and Cu,O layers are
indicated in Figure 2. For the AZO layers, a low sheet resistance is required in
order to provide sufficient lateral transport of charge carriers. Hence the lower
bound for the AZO layer thickness was set to 50 nm. For the Cu,O absorber
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layer, the experimentally feasible thickness range is typically a few micrometers,
due to the relative low deposition rate for the sputtered thin film. The thickness
of the silicon nitride (SiNj) anti-reflection coating for the c-Si subcell was varied

in the range from 50 nm to 200 nm.

3. Experimental Techniques

Cu;0 and AZO thin films were deposited on 10 x 10 x 0.5 mm?® quartz sub-
strates using a direct current/radio frequency (DC/RF) magnetron sputtering
system (Semicore Triaxis). The quartz substrates were cleaned in piranha and
rinsed in deionized water. Subsequently, the substrates were blown dry with ni-
trogen and loaded into the deposition chamber. Cu,O was deposited by reactive
sputtering of a 99.999% Cu target in O,/Ar (6/49 sccm) with a substrate temper-
ature of 400°C. The power density was fixed at 2.2 W/cm?. As-grown Cu,O films
were annealed at 900°C for 3 minutes in vacuum (pressure ~10~" Torr) in order
to enhance the optical and electrical properties. AZO was deposited by
co-sputtering of a 99.99% pure ZnO ceramic target and a 99.999% Al target in
Ar with a substrate temperature of 400°C, yielding an aluminum content of ap-
proximately 4 wt% in the deposited layers. During the magnetron sputtering
deposition, the base pressure was kept below 3.0 x 1077 Torr and the sample
stage was rotated at a constant speed of 12 rpm during the deposition. The opti-
cal properties and surface morphology of the AZO and Cu,O thin films were
analyzed using a Horiba Jobin Yvon UVISEL spectroscopic ellipsometer in the
wavelength range from 300 nm to 800 nm at an incident angle of 70" and a
QUANTA INSPECT F 50 scanning electron microscope (SEM), respectively.
The optical transmittance spectrum in the wavelength range from 300 nm to
1000 nm was measured using a setup with spectrophotometers, a deute-
rium-halogen light source, and an integrating sphere. Room temperature Hall
effect measurements (LakeShore 7604) using the van-der Pauw method were
carried out to determine the carrier mobility, resistivity, and carrier concentra-
tion of the AZO and Cu,O thin films.

4. Results and Discussion

4.1. Refractive Index and Surface Morphology

Figure 3(a) shows the recorded spectroscopic ellipsometry parameters ¥ and A
for a 200 nm thick AZO thin film on quartz, along with the numerical fits to the
measured curves. A Tauc-Lorentz dispersion formula was adopted for modelling
of absorption in the ultra-violet wavelength range due to electronic transition,
whereas a Drude dispersion formula was implemented for modelling free-carrier
absorption in the near-infrared wavelength. The mean squared error (MSE) for
the fit was 4.9. The extracted refractive index n and extinction coefficient 4 for
the AZO layer are shown in Figure 3(b), corresponding well with dispersions
relations previously reported for AZO films [20]. Aluminum doping of ZnO re-
sults in n-type conductivity and the generated free carriers (electrons) increase

the optical absorption in the near-infrared wavelength range. This can be ob-
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served in Figure 3(b), which shows a slightly increasing extinction coefficient
with increasing wavelength for the AZO thin film.

Figure 4 shows the recorded spectroscopic ellipsometry parameters ¥ and A
for a 500 nm thick as-grown and annealed Cu,O thin film on quartz, along with
the numerical fits to the measured curves. The optical constants for Cu,O were
modeled using a Tauc-Lorentz dispersion formula, whereas the surface rough-
ness was modelled by mixing the optical constants of the bulk thin film material
and air. The MSE of the fit for the as-grown and annealed Cu,O thin film was
7.9 and 10.0, respectively.

Figure 5(a) shows the calculated wavelength dispersion of the refractive index
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Figure 3. (a) Measured spectroscopic ellipsometry data ¥ and A, along with numerical fits from model calculation; (b) Refractive
index and extinction coefficient for a 200 nm thick AZO thin film on quartz.
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Figure 4. Measured spectroscopic ellipsometry data (a) ¥ and (b) A for the as-grown and annealed Cu.O
thin film on quartz, along with numerical fits from model calculation.
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Figure 5. (a) Refractive index and extinction coefficient for the as-grown and annealed CuzO thin film

on quartz; (b) Optical transmittance spectra for the as-grown and annealed Cu,O thin film on quartz

along with AZO thin film on quartz.

n and the extinction coefficient & for the as-grown and annealed Cu;O thin film,
as obtained from the numerical fit to spectroscopic ellipsometry data shown in
Figure 4. The extracted dispersion curves render a refractive index and extinc-
tion coefficient for the Cu,O layer that correspond well with dispersion relations
previously reported for Cu,O films [21]. The curves in Figure 5(a) suggest that
both the refractive index and extinction coefficient for the Cu,O layer decrease
in the wavelength region below ~450 nm after vacuum annealing at 900°C. Fig-
ure 5(b) shows the optical transmittance spectra for a 500 nm thick as-grown
and annealed Cu,O thin film on quartz as well as a 200 nm thick AZO thin film
on quartz.

Based on the measured transmittance spectra, a Tauc plot analysis was made
to determine the optical band gap of the AZO and as-grown and annealed Cu,O
thin films [22]. The analysis (data not shown) suggests that the optical band gap
is increased from £, = 2.23 eV for the as-grown Cu,O film to £, = 2.38 eV after
annealing. For the AZO thin film the optical band gap was estimated to £, = 3.72
eV, evidencing the so-called Burstein-Moss effect.

SEM images for a 500 nm thick as-grown and annealed Cu,O thin film on
quartz are shown in Figure 6(a) and Figure 6(b), respectively. The images show
that the average grain size for the Cu,O thin film increases from about 70 nm for
the as-grown film to about 600 nm for the annealed film. The transmittance
properties for the Cu,O layer is enhanced in the visible and near-infrared wave-
length range after annealing (cf. Figure 5(b)), which is likely due to the larger
grain size and a corresponding reduction of grain-boundary scattering [23]. In
general, for thin-film photovoltaic applications it is desirable to have a columnar
grain structure with a lateral grain size that is larger than the thickness of the
thin film [24].

Table 1 shows the values for majority carrier mobility, film resistivity, and

carrier concentration for AZO and Cu,O (as-grown and annealed) thin films on
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Figure 6. SEM image of (a) as-grown and (b) annealed Cu2O thin film on quartz. The size of randomly selected grains is
indicated in the images. The average grain size increases from ~70 nm for the as-grown film to ~600 nm for the annealed
film.

Table 1. Carrier mobility, film resistivity, and carrier concentration for AZO and Cu.O
(as-grown and annealed) thin films on quartz, derived from room temperature hall effect

measurements.
Material Mobility [cm?/V-s]  Resistivity [Q-cm] Carrier concentration [cm™]
AZO 20 5x 107 3x10%®
CuzO (as-grown) 10 560 3 x 10"
Cuz0 (annealed) 50 200 1x10%

quartz. The Hall effect measurements suggest that the electrical properties for
the Cu,O thin film are enhanced after annealing, ie, the majority carrier (hole)
mobility increases from 10 to 50 cm?/V-s and the resistivity decreases from 560
to 200 Q-cm after annealing. These values are comparable to those reported pre-
viously for sputter-deposited polycrystalline Cu,O thin films on quartz [25] [26],
suggesting that the annealed Cu,O thin films are well suited for photovoltaic ap-
plications. The increase in carrier mobility after annealing can, at least partly, be

attributed to the increase in grain size and reduced grain-boundary scattering.

4.2. Optical Modelling

In general, thermalization losses for the STHSC device are reduced if most high
energy photons are absorbed in the top subcell, and consequently, it is advanta-
geous to absorb as much high energy photons as possible in the Cu,O absorber
layer. Figure 7(a) shows the calculated photo generated current versus thickness
for the as-grown and annealed Cu,O layer under AM1.5G illumination. The
calculation shows that an annealed Cu,O layer of 2 um thickness will generate
about 10 mA/cm? of photocurrent. This corresponds to about 80% of the pho-
tocurrent that can be generated for an infinitely thick layer. Figure 7(a) also

shows that the photo generated current is lower for the annealed Cu,O layer
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compared to the as-grown Cu,O layer, due to less grain-boundary scattering.

Figure 7(b) shows the calculated normalized reflectance, absorptance, and
transmittance as a function of wavelength for the device model depicted in Fig-
ure 2. In this simulation, an 80 nm thick front AZO layer, a 2 pm thick Cu,O
layer, and a 75 nm thick bottom AZO layer were implemented in the model. The
curves show that most of the photons with a wavelength below 600 nm are ab-
sorbed in the top ZnO/Cu,O subcell. It can also be seen that in the long-wave-
length range the AZO layers contribute to parasitic absorption, caused by free
carrier absorption.

In addition to serving as a transparent conductive oxide, the top AZO emitter
layer also acts as an anti-reflection layer. Thus its thickness should ideally be cho-
sen to minimize the front reflectance and maximize the long-wavelength trans-

mittance. Figure 8(a) shows the average percentage reflectance, absorptance,
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Figure 7. (a) Calculated photogenerated current as a function of depth for the as-grown and annealed
Cuz0 thin film under AM1.5G illumination; (b) Normalized reflectance (R), absorptance (4), and
transmittance (7) as a function of wavelength for the STHSC structure.
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Figure 8. Average percentage reflectance (Rug), absorptance (Aag), and transmittance (7Ziuvg) for the
ZnO/Cuz0 subcell as a function of thickness for the (a) top and (b) bottom AZO layer.
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and transmittace as a function of thickness for the top AZO layer. In this simula-
tion, the thickness of the Cu,O layer was 2 um and the thickness of the bottom
AZO layer was fixed at 75 nm. The data shows that a thickness of around 80 nm
for the top AZO layer results in high transmittance combined with low reflec-
tance. Increasing the thickness of the top AZO layer beyond 100 nm results in a
reduced transmittance due to the enhanced absorption in the AZO layer in the
long-wavelength range (1> 550 nm).

The average percentage reflectance, absorptance, and transmittance as a func-
tion of thickness for the bottom AZO layer are shown in Figure 8(b). In this
simulation, the thickness of the Cu,O layer was 2 um and the thickness of the
top AZO layer was 80 nm. The lowest reflectance and highest transmittance are
obtained for a thickness of 75 nm for the bottom AZO layer. The thickness of
both the top and bottom AZO layer should ideally be kept low in order to avoid
parasitic losses in the long-wavelength range. However, the thickness of the AZO
transparent electrode also needs to be optimized with respect to the electrical
performance of the solar cell, and typically, a thickness of about 200 nm for the
AZO layer has been adopted for Cu,O-based heterojunction solar cells [12].
Figure 8 suggests that the average transmittance is reduced by about 5% when
the thickness of the top or bottom AZO layer is increased from 80 nm to 200
nm.

The typical thickness of a SiN, anti-reflection coating for a conventional c-Si
solar cell is approximately 80 nm. However, in a STHSC device the energy spec-
trum of photons impinging on the c-Si bottom subcell is different compared to
the conventional case since most short-wavelength photons are absorbed in the
top subcell. Figure 9(a) shows the transmitted and absorbed spectral intensity
for the ZnO/Cu,O subcell. In order for the SiNy layer to act as an effective anti-

reflection coating, its thickness should be increased from the standard thickness

—AM 1.5G spectrum 70

—Transmitted spectrum (b)
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Figure 9. (a) Absorbed and transmitted spectral intensity for the ZnO/Cu.O subcell along with the AM1.5G
spectrum; (b) Average percentage reflectance (Ruwg), absorptance (Aavg), and transmittance (Zavg) for the
ZnO/Cu20 subcell as a function of thickness for the SiNx layer.
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to accommodate the shift of the photon spectrum towards longer wavelengths.
The average percentage reflectance, absorptance, and transmittance as a function
of thickness for the SiN, layer are shown in Figure 9(b). The calculations show
that the lowest reflectance and highest transmittance are obtained for a thickness
of approximately 120 nm for the SiNy layer. By increasing the thickness of the
SiNy layer from 80 nm to 120 nm, the total reflectance for the STHSC device is
reduced from 12.7% to 9.7%.

5. Conclusions

The optical analysis presented in this work focused on calculating the spectral
curves for reflectance, absorptance, and transmittance for different thicknesses
of the thin film layers constituting the ZnO/Cu,O subcell of a silicon-based tan-
dem heterojunction solar cell. Characterization of the sputter-deposited Cu,O
thin films showed that annealing at 900°C enhances the electrical properties and
reduces optical absorption, presumably as a result of increased grain size. Hall
effect measurements showed that the majority carrier (hole) mobility increased
from 10 to 50 cm?/V-s and the resistivity decreased from 560 to 200 Q-cm after
annealing. For a 2 pm thick Cu,O absorber layer about 10 mA/cm? of photocur-
rent will be available for collection current under AM1.5G illumination, corres-
ponding to about 80% of the photocurrent that can be generated for an ifinitely
thick layer. The lowest reflectance and highest transmittance for the ZnO/Cu,O
subcell were obtained for a thickness of approximately 80 nm for both the top
and bottom AZO layers. In a tandem configuration, the optical properties of the
SiN, anti-reflection coating for the c-Si bottom subcell must be optimized to ac-
commodate the shift of the photon spectrum towards longer wavelengths.

In conclusion, the sputter-deposited Cu,O thin films presented in this work
show good potential for application as an absorber layer in a silicon-based tan-
dem heterojunction solar cell. So far, an architecture consisting of planar
(non-textured) layers has been analyzed by optical modelling, providing guide-
lines for layer thickness optimization to ensure efficient light management. The
impact of light trapping schemes on the optical performance, as well as model-
ling of the electrical characteristics of the silicon-based tandem heterojunction

solar cell, will be the subject of further investigation.
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