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The article presents the results of a SnO> layer deposition, selected for its properties to
function as either a recombination layer or an electron transporting material (ETM) layer in
a potential silicon/perovskite tandem solar cell. The layer was deposited using an atomic
layer deposition (ALD) method to ensure uniform coverage on the rough surface of etched
silicon nanowires. The deposition process was monitored using test samples on glass by
assessing surface roughness with an atomic force microscopy method and a total
transmission through UV-VIS spectroscopy. The test layers were further characterised to
estimate thickness using ellipsometry. The target layers, deposited on the porous surface of
etched silicon nanowires, were examined using high-resolution scanning electron micro-
scopy and transmission electron microscopy to evaluate the material microstructure, layer
adhesion to the substrate, and the accuracy of ALD deposition on highly porous structures.

1. Introduction

The development of photovoltaic (PV) installations is
continuous and undeniable. This includes ongoing
technological development, cost reduction, and increased
awareness of the benefits of renewable energy. It is
estimated that over 90% of commercial solar cells on the
market are made of silicon [1]. Crystalline silicon (c-Si)
dominates due to a high efficiency of modules, a high
content of silicon in the Earth’s crust and a non-toxicity of
its constituent elements, as well as a long-term reliability
[2]. In recent years, the energy conversion efficiency in
silicon solar cells has been constantly increasing thanks to
the emergence of new device designs such as passivated
emitter and rear cell (PERC) [3] or tunnel oxide passivated
contact (TOPCon) [4]. Moreover, using interdigitated back
contact (IBC) cells allows for avoiding losses resulting
from surface shading [5]. However, the increase in the
efficiency of a c-Si cell is limited by technological
possibilities to 27% due to external recombination losses,
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optical losses, and the presence of resistance [6]. Moreover,
Auger recombination indicates that the efficiency of
a silicon PV cell is limited to a theoretical efficiency limit
0f29.5 % [7].

One method of increasing the power of PV devices is to
absorb solar radiation using more than one photoactive
material selectively. Combining many structures that can
act as a solar cell in a monolithic system leads to forming
a tandem cell. In such a cell, the material with a higher band
gap energy constitutes the upper tandem cell (usually in
thin-film technology), and the lower cell is mostly silicon-
based [8, 9]. In this way, it is possible to effectively absorb
high-energy (short wavelength) photons by a high band gap
cell, and the rest of the unabsorbed radiation encounters a
cell with a lower band gap energy. This enables a wide solar
spectrum and minimizes the thermalization process [10].

A monolithic tandem solar cell combines two sub-cells
connected by an interconnecting layer (ICL) which plays a
key role in charge carrier transport and recombination
between sub-cells, directly influencing the device efficiency.
Properly designing a functional layer is based on under-
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standing the involved mechanisms, optoelectronic proper-
ties, and layer thickness [11-13].

The selection of an appropriate recombination layer
must be dictated by the knowledge of its optical and
electrical parameters. The SnO; layer is characterised as
a well-conductive layer with a wide range of applications
in tandem solar cells [14]. Mostly, the SnO, is used as an
electron transport layer (ETL) alone [15] or doped [16].
However, scientific works are indicating that a thin SnO»
layer deposited using an atomic layer deposition (ALD)
method successfully functions as an independent recom-
bination layer [17] is an element of a recombination bilayer
[18], or serves as a buffer layer coexisting with the recom-
bination layer [19, 20].

The presented results are fully related to the topics
published in previous publications. A structure of silicon
wires has been developed, which serves as a scaffold for
atandem PV structure, but initially, the wires were
intended to act as a surface texture for solar cells by
reducing the reflection of solar radiation from the front
surface of the silicon wafer. This treatment allows for
an increase in the absorption of photons necessary for the
PV effect by expanding the surface and the texturization
itself changes the morphology of the surface from
relatively smooth to rough. The research was carried out
using a metal-assisted etching method (MAE) [21].
Further on, a variant of using silicon wires as a direct
scaffold for the perovskite absorber in a tandem cell was
also adopted [22]. Therefore, due to the dual function of
the substrate, a compromise was made between reducing
solar reflection and the operational possibilities of
applying subsequent layers in a tandem cell. The accepted
compromise is using wires with a height in the range of
300-500 nm.

With an established methodology for fabricating
a porous nanowire structure and incorporating perovskites
into a tandem cell configuration, efforts were undertaken to
develop a recombination layer. This layer serves as a critical
interface, integrating two absorber materials into a functional
tandem device. Looking at the structure of the wires, the
spaces between them are narrow and long. This means that
all chemical deposition methods do not work, leaving voids
(air bubbles) in the structure or not allowing the same layer
thickness over the entire surface to be obtained.

The attempt to obtain conductive recombination layers
was performed using physical methods. For example, an
indium tin oxide (ITO) layer was applied to the same wire
structure using magnetron sputtering [23]. Examination of
the silicon microstructure with wires and sputtered ITO
layer showed that the applied layer completely covers the
wires and also the spaces between the wires. Unfortunately,
it forms the shape of a “match” which means that it is
thicker in the upper part of the wire. This effect increases
as the ITO layer thickens. Therefore, the authors attempted
to obtain a layer using the ALD method on the same silicon
nanowire substrate. The authors have previously employed
this method with success in fabricating an anti-reflective
layer [24]. Due to economic and availability reasons, the
SnO; layer was selected.

In this study, the authors use the ALD technique to
investigate the feasibility of depositing an optoelectronic
layer of SnO: onto a silicon nanowire structure.

2.  Materials

A single-crystal p-type silicon substrate was used for the
work. A detailed description of silicon etching by the MAE
method and the reagents used was included in previous
publications on the researched topic [21]. For further work,
silicon substrates of etched wires with lengths of 300—
500 nm were used and obtained during etching times of 20 s.

A SnO; layer was deposited using the ALD method in
a Picosun R-200 (Espoo, Finland) reactor. Compounds like
tin chloride (SnCls) were used as a precursor. In each case,
deionized water was used as a reagent. For the selected
compound, the thermal ALD parameters were used with a
deposition temperature of 300 °C with pulse lengths of 0.1
and 5s, creating precursor and water, respectively. The
purge step with N of 5 s flowing was used between pulses
to remove the remains of precursors and reaction by-
products. Different sets of number of cycles of individual
thin films were prepared. The number of cycles for a single
SnO; thin film was in the range of 1000-2500 times.

3. Results

The research focuses on the possibility of depositing a
functional layer in the form of SnO, on a porous silicon
surface using the ALD method. The analysis of the
deposited layers was conducted in two distinct phases. The
initial phase focused on evaluating surface roughness,
thickness, and optical properties of test samples deposited
on microscopic glass substrates. This approach was
employed to isolate and assess the intrinsic properties of
the deposited layer, independent of any interactions with
the underlying silicon wire structures. In the subsequent
phase, a microscopic analysis was used to examine the
microstructure of the layer deposited on the proposed
substrate which comprised etched silicon wires.

The SnO; layers were examined in terms of the rough-
ness obtained by the deposition method. For this purpose,
the layers were deposited on microscope glasses, and their
topography was examined using an atomic force micro-
scopy (AFM) method. The results are presented in Fig. 1.

The surface topography of the analysed samples was
evaluated using a Park System XE100 atomic force
microscope (Park Systems, Suwon, South Korea) in a non-
contact mode, covering areas of 2 x 2 pm?. Both 2D images
and their corresponding 3D representations were registered,
alongside basic roughness parameter calculations. The
cantilever vibration frequency during the test was
maintained at 300 kHz. Subsequently, the acquired data
was processed using the Park Systems XEI 4.3.1 program.

All test samples showed low roughness. The roughness
can be higher in the initial phase of the ALD growth
compared to later stages as the film thickness increases. At
the beginning of the ALD process, atoms deposit onto the
substrate surface, which may be uneven or contain defects,
leading to increased roughness. However, these variations
occur on a subatomic scale. As the process progresses,
subsequent ALD cycles gradually smooth out the surface,
potentially reducing roughness as the film thickness grows.
This effect is particularly noticeable in materials with non-
uniform early deposition stages, or the substrate has
significant surface imperfections. This is consistent with the
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Fig. 1. AFM image of SnO: test layers deposited in a) 1000,

b) 1500, c) 2000, d) 2500 cycles on the microscopic
glass substrate.

results obtained from atomic force microscopy, as confirmed
by the roughness data presented in Table 1, which shows
the roughness parameters R, and R4 as surface values from
2 pm to 2 pm.

Table 1.
SnO:z layer roughness values estimated using the AFM method.
1000 1500 2000 2500
Roughness
cycles cycles cycles cycles
Ra [nm] 1.754 1.598 1.488 1.362
Rq [nm] 2.130 1.948 1.923 1.758

The results in Table 1 confirm the low roughness of the
layers deposited on the glass substrate using the ALD
method. The same test layers on the same substrate were
examined for their optical properties. Figure 2 shows the
total transmission for SnO, layers depending on their
thickness.
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Fig. 2. Dependence of total transmission as a function of
wavelength for different thicknesses of test SnO: layers
deposited on the glass substrates.

The optical characteristics of the thin films underwent
an analysis using a UV-VIS 220 Evolution spectrophoto-
meter from Thermo Fisher Scientific (Waltham, MA,
USA). Spectral measurements were conducted within the
range of 250-950 nm. Transmittance was determined using
an ISA-220 integrating sphere accessory.

SnO; layers show a very high transmission coefficient
for the tested wavelength range. When comparing the total
transmission values to the reference sample, i.e., micro-
scope glass, no significant decreases in transmission are
noted. A clear decrease in transmission in the wavelength
range of 300-350 nm results from the lack of transmission
of short-wave radiation through the glass which was the
substrate. The visible absorption of the layers themselves is
observed in the wavelength range of 350—550 nm where the
transmission values are lower than for the reference sample
and the values decrease with the layer thickness increase.
Above 550 nm, the total transmission is only slightly lower
than the reference sample. This means that the optical
properties of the SnO, layer allow it to be used as an
element of a tandem solar cell. The perovskite cell will first
absorb the radiation falling on such a tandem. Considering
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the average band gap energy values for perovskites, radiation
with a shorter wavelength, up to approximately 800 nm,
will be absorbed. In this situation, the long-wave radiation
directed to the silicon cell cannot be lost as aresult of
absorption in the recombination layer (here SnO).

The final stage of the test samples examination was
thickness modelling using the ellipsometric method. Test
samples on glass substrates were measured using an SE 800
Sentech ellipsometer due to thickness examination chal-
lenges in porous samples, especially when using optical
and microscopic methods. The results are presented in
Table 2.

Table 2.
SnO: layer thickness values were estimated using the
ellipsometric method.

1000 1500 2000 2500
cycles cycles cycles cycles
Thickness [nm] 4.62 8.61 12.86 18.20

1000 cycles

1500 cycles

— 1 um

2000 cycles

2500 cycles

Fig. 3. SEM micrographs showing four different SnO: layers
(with several deposition cycles equal to 1000, 1500,
2000, and 2500) deposited on a substrate consisting of
wires etched in 20 s.

The next research element was to examine the SnO,
layers deposited on the silicon nanowires substrate. The
microstructure was assessed to visually check whether the
applied layer is homogeneous and whether it fills the spaces
between the wires. The surface morphology was examined
using the scanning electron microscopy (SEM) technique
using a QUANTA 200 3D Dual Beam (FEI). For a detailed
study of the microstructure, a transmission electron micro-
scopy (TEM) technique was used with Tecnai G2 F20
(200 kV) equipped with a field-emission gun (FEG) and an
HAADEF detector.

Firstly, SEM micrographs were taken. Figure 3 shows
four types of samples differing in SnO; thickness. All layers
were deposited on the same-prepared substrates made of
silicon wires.

The deposited SnO, layers are homogeneous and do not
tend to increase in thickness at the top of the wires. There
are no visible discontinuities or voids in the applied layer.
However, the SEM technique should be treated here as
a general one showing that the layer is suitable for further
testing with more sophisticated methods.

Therefore, the FIB technique prepared thin films, so-
called lamellas for TEM observations, and TEM imaging
was performed. Two samples, the thinnest (1000 cycles)
and its twice equivalent (2000 cycles) layers were selected
for the tests to check the presence of a layer fully covering
the wires. The results are shown in Fig. 4.

TEM micrographs, performed in the bright field (BF)
mode, revealed that the SnO; layer completely homogene-
ously covers the wires, and most importantly, the presence
of the layer in the lower part of the wires was confirmed.
The thin layer is advantageous when there are small spaces
between the wires. Figure 5 compares both samples to
illustrate the difference in layer thickness depending on the
number of deposition cycles.

1000 cycles

2000 cycles

Si 9 ~SnO;

Fig. 4. BF-TEM micrograph of the SnO: layer deposited in 1000
and 2000 cycles placed on a substrate consisting of wires
etched in 20 s.



G. Kulesza-Matlak et al. / Opto-Electronics Review 33 (2025) e152685 5

The comparison, visible in Fig. 5, shows that the thick-
ness of the layer deposited in the 1000 cycles mode is
approximately 5 nm, while 2000 cycles of deposition allow
obtaining a layer twice as thick, equal to 10 nm. The base
of the wires is shown in Fig. 5 as a critical location (due to
the possibility of depositing the layer at the deepest point
of the rough structure), but the thickness at the top of the
structure is identical.

1000 cycles

2000 cycles

Fig. 5. HR-TEM micrograph of the SnO: layer deposited in
1000 and 2000 cycles placed on a substrate consisting of
wires etched in 20 s.

4.  Conclusions

On a substrate of silicon nanowires, chemically etched
using the MAE method, a SnO, layer was deposited using
the ALD method. The presented layer can act as
a recombination or interconnecting, as well as a buffer
layer in a silicon-perovskite tandem solar cell. Four layers
differing in numbers of deposition cycles equal to 1000,
1500, 2000, and 2500 were tested.

The test samples were characterised by surface rough-
ness, layer thickness, and optical properties. As a result of
the AFM studies, all samples exhibited low surface
roughness, decreasing with increasing layer thickness.
The R, parameter varies between 1.754 and 1.362 nm, and
Rq between 2.130 and 1.758 nm. The thickness of the test
films deposited on glass, estimated using the ellipsometric
method, was 4.62, 8.61, 12.86, and 18.20 nm for samples
deposited over 1000, 1500, 2000, and 2500 cycles,
respectively. Depending on the thickness of the SnO,
layer, its optical properties were examined, which are
characterized by high transmission in the wavelength
range above 550 nm, i.e., for radiation that should be
effectively transmitted to the lower cell, in this case,
silicon. The total transmission in this range is approxi-
mately 90%.

Studies of the microstructure of silicon with wires and
a deposited SnO» layer showed that the layer completely
covers the wires in the spaces between the wires
uniformly without changes in thickness in the upper or
lower part of the wire. The thickness of the thinnest SnO,
layer (1000 cycles) is estimated at approx. 5 nm, while the
layer applied in twice the number of cycles is twice as
thick, equal to 10 nm.

The presented research should be treated as an opti-
mistic introduction to further tests of the layers
themselves from an electrical perspective, as well as the
fulfilment of the functionality assigned to them in the
entire tandem structure.
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