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We have investigated the use of n-type amorphous silicon (n-a-Si) films as the electron
transport layers (ETL) in perovskite (PVK) solar cells, aiming at the application to
PVK/Si tandem solar cells. The use of n-a-Si as the ETL in MAPbI3 PVK solar cells was
attempted, and the power conversion efficiency (PCE) of fluorine-doped tin oxide-
(FTO-) based solar cells was improved due to an improvement in coverage on FTO with
thicker n-a-Si, but the external quantum efficiency in the short wavelength region was
decreased due to parasitic absorption of n-a-Si. The use of indium tin oxide with a flat
surface resulted in a PCE of 1.25% for the solar cells with 10-nm-thick n-a-Si. This work
indicates that n-a-Si is a potential ETL candidate for PVK solar cells and provides
strategic guidance for the future vacuum-integrated process of PVK/Si heterojunction

tandem solar cells, which can be feasible for efficient mass production.
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I. Introduction

The power conversion efficiency (PCE) of Si heterojunction (SHJ) solar cells using
single crystal silicon (c-Si) and amorphous silicon (a-Si) is 26.7%,'"® which is close to
the theoretical efficiency limit of c-Si solar cell (29.4%).? Due to the small bandgap
(~1.12 eV) of c-Si absorber, the part of photon energies larger than c-Si bandgap is
converted to thermal energy instead of electrical energy, which causes a thermalization
loss. ” A tandem solar cell with a top cell consisting of a wider bandgap material on a c-
Si bottom cell can reduce the thermalization loss. Perovskite (PVK) materials with
advantages of high absorption coefficient, long diffusion length, low excitation energy,
and tunable bandgap (1.18-2.3 eV) could be a promising candidate for the top cell
material of the tandem solar cell with a PCE of >30%.31)

So far, most of PVK solar cells have been fabricated with a TiO, film as an electron
transport layer (ETL). However, thermal annealing of TiO> of >450 °C?°-2) may degrade
the passivation quality of a-Si on a c-Si surface in the SHJ bottom cell with a thermal
tolerance of ~200 °C, resulting in a reduction of open-circuit voltage (Voc). 22 Moreover,
the disadvantages of TiO2 ETL such as solution-based coating method as well as having
a property of high sensitivity against ultra-violet illumination®? lead to difficulties in the
fabrication of large-area and stable tandem solar cells. Additionally, a commonly used
TiO; film as the n-type ETL in PVK cells comprises the drawbacks, including the low
conductivity and electron mobility, which are unfavorable for efficient electron collection
and transport.?? Therefore, the development of ETL materials is highly required for
developing the PVK solar cell industry.

In this study, we have investigated the n-type a-Si (n-a-Si) formed by catalytic chemical
vapor deposition (Cat-CVD), and used it as the ETL in the PVK cell. Cat-CVD n-a-Si
with a bandgap of 1.7-1.8 eV, low thermal budget process (~250 °C), and less sensitive
to illumination due to low hydrogen concentration’® is expected to obtain high-
performance and high-stability PVK/SHJ tandem solar cells. Furthermore, the study of
PVK cells with Cat-CVD n-a-Si ETL will provide guiding information to the vacuum-
integrated process of PVK/SHJ tandem solar cells, which is feasible for mass production.

We report our initial results on the characterization of the PVK cells with Cat-CVD n-
a-Si as ETL and MAPbI; as absorber. We particularly present the effect of n-a-Si thickness
as well as substrate morphology on the resultant PVK cells performance.
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2. Experimental methods
2.1 Deposition of Cat-CVD n-a-Si

n-a-Si films were formed by Cat-CVD, in which precursor gases of silane (SiH4),
phosphine (PH3) and hydrogen (Hz) were introduced into a vacuum chamber at a gas
pressure (Pg) of 2 Pa, and then decomposed by reacting with a tungsten catalyzing wire
heated at 1800 °C and subsequent gas-phase reactions.?¢?® Substrate temperature during
the deposition of n-a-Si films was set at 250 °C, while deposition durations were varied
from 8 to 300 s to obtain n-a-Si films with thicknesses of 5-100 nm. The flow rates (FR)
of SiH4, H», and PH3 gases were fixed at 20, 50, and 1.53 sccm, respectively. The

conductivity of the n-a-Si films was ~2E—3 S/cm.

2.2 Fabrication of PVK cells with Cat-CVD n-a-Si ETL

Figure 1 shows the cross-sectional schematic of a planar PVK cell with Cat-CVD n-a-
Si as ETL. n-a-Si films with thicknesses from 5 to 100 nm were deposited on glass
substrates coated by FTO or ITO as a transparent electrode. The MAPbI3 solution, which
was synthesized by dissolving 1 M Pbl, and 1 M CH3NH;3I in DMF:DMSO (1:4) mixed
solvent and stirring at 70 °C for 60 min, was then spin-coated on the n-a-Si using
antisolvent technique (chlorobenzene solution) and then heated on a hotplate at 100 °C
for 60 min. Thickness of the MAPbI3 film was ~300 nm, and their optical bandgap was
estimated to be ~1.6 eV from their optical transmittance spectra (not shown). Finally, a
250-nm-thick spiro-OMeTAD hole transport layer (HTL) and 100-nm-thick gold (Au)
electrodes were sequentially deposited on MAPbI; film by spin-coating and thermal
evaporation, respectively. A PVK solar cell with a TiO>» ETL was also fabricated as a
reference cell. The details for the formation process of MAPDbI3, spiro-OMeTAD and TiO»

can be referred elsewhere.?% 2! 2%

2.3 Characterization

Surface morphology and cross-section of the PVK cell were observed by field emission
scanning electron microscopy (SEM) (S-4800, Hitachi High-Tech). The current density—
voltage (J—V) curves were obtained by measuring the cells under one-sun light with an
active area of 0.09 cm?. The external quantum efficiency (EQE) of the cells was evaluated
using a monochromatic xenon arc light system (SMI-250JA, Bunkoukeiki).
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3. Results and discussion

Figure 2 shows the current—voltage (/-F) characteristics of the devices with a structure
of Al/n-a-Si/FTO/Al, in which the thickness of n-a-Si films was varied from 5 to 100 nm.
Linear I~V curves are obtained for all the devices. This indicates that Ohmic contact was
formed at the n-a-Si/FTO interface at a deposition temperature of 250 °C, without an
additional annealing process. It should be noted that /- characteristics of the devices
with the n-a-Si films with thicknesses of 5 to 50 nm are similar to one of the devices
without n-a-Si film. Therefore we assumed that there were leakage currents due to a direct
contact between Al and FTO electrodes. This issue will be discussed later. In addition, we
also confirmed an Ohmic contact between n-a-Si and ITO.

Figure 3 shows J—V characteristics of the solar cells with n-a-Si and TiO> on FTO, and
10-nm-thick n-a-Si on ITO electrodes with forward and reverse bias scans. We fabricated
and measured ten cells for each condition, and the best performance cell was plotted.
Performance parameters of the solar cells were summarized in Table 1. For all the cells,
higher efficiency was obtained during the reverse direction scanning, while the efficiency
decreased during the forward direction scanning. The large hysteresis seen in the J—V
curve of the PVK solar cells might be attributed to the presence of trap defects, caused by
the excess ions and the grain size of PVK, at and near the interface between PVK and
carrier transport layers.>*3! In the case of the reference cell with TiO2 as ETL, it has been
confirmed that by improving interface quality of PVK and carrier transport layers the
hysteresis could be significantly reduced, and the PCE could be increased to 18.43%.%"

When n-a-Si was used as the ETL, performance of the cells with FTO electrode was
improved by increasing thickness of the n-a-Si film. As the thickness of the n-a-Si film
increased from 5 nm to 100 nm, the Jsc in the reverse scan increased from 0.049 to 4.2
mA/cm? and V. from 0.35 to 0.92 V. As a result, PCE increased from 0.0040 to 1.16%.
On the other hand, the cell with 10-nm-thick n-a-Si on an ITO electrode showed the
highest PCE of 1.25% in the reverse scan, which was better than the cell with 100-nm-
thick n-a-Si on FTO electrode.

Figure 4(a) shows the cross-sectional SEM image of the cell with 50-nm-thick n-a-Si
on FTO electrode. n-a-Si could not fully cover the rough surface of FTO, and there are
direct contacts between the MAPbI3 and FTO (see diagrams in Fig. 4(d)). On the other
hand, in the sample with TiO2 coating on FTO shown in Fig. 4(b), the direct contact
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between MAPbDI; and FTO is not observed, because the thickness of the film is about 200
nm and the TiO; precursor solution could easily spread on the rough FTO surface. In the
case of incomplete coverage, direct contact between MAPDbI3 and FTO is expected to
result in lower Vo, Jsc, and FF. In other words, it is expected that the coverage is improved
by increasing the thickness of n-a-Si, and the power generation performance is
significantly improved. On the other hand, the use of thicker n-a-Si increases the series
resistance and parasitic absorption,***> and further improvement of efficiency is difficult
on the structure with large roughness. The cross-sectional SEM image of the solar cell
with ITO shown in Fig. 4(c) shows that on the ITO electrode with a flat surface, even n-
a-Si films with a thickness of 10 nm can be formed with good coverage, and the efficiency
is considered to be equivalent to that of the cell with 100-nm-thick n-a-Si on FTO.

Figure 5 shows the EQE spectra of MAPDI;3 solar cells fabricated with 10-nm-thick n-
a-Si on ITO and 50-nm- and 100-nm-thick n-a-Si on FTO as ETL. In both spectra, the
absorption edge is found around 800 nm, which is consistent with the estimated bandgap
energy of ~1.6 eV. The EQE in the short wavelength region below 600 nm is reduced in
the cell with FTO electrode. This is thought to be due to parasitic absorption in the thick
a-Si film. 3> On the other hand, the cell with the flat ITO electrode has sufficient
coverage even with 10-nm-thick n-a-Si, which leads to less parasitic absorption and
resulting improvement in the EQE in the short wavelength region.

One of the reasons of the cells fabricated using n-a-Si films with sufficient coverage
and Ohmic contact with ITO but have lower PCE than the cells with TiO, as ETL is
explained using the band diagram shown in Fig. 6, which is based on the literature. *® The
conduction band minimum (CBM) levels of n-a-Si and TiO; are —4.0 eV and —4.1 eV,
respectively. *¢3®) Both materials are about 0.1-0.2 eV lower than the CBM of MAPbI;
and electrons can be easily injected from MAPbI3, enabling them to function as ETL. On
the other hand, the valence band maximum (VBM) position of n-a-Si is only 0.3 eV lower
than the VBM level of MAPDI3, and the hole blocking effect is expected to be weak. We
believe this is the reason for the lower Jsc and V.

However, our simulation results with the AFORS-HET simulation tool, which will be
published elsewhere, show that PCE of the cells with n-a-Si as ETL is more than 12 % at
carrier concentration as low as 2.5x10' ¢m™ and defect density as high as 10?° cm™.
Therefore, other reasons for obtaining the low PCE of the cell with n-a-Si should be
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considered, such as the poor interface between n-a-Si and MAPbI3;. How to improve the

efficiency of the PVK cell is currently under investigation.

4 Conclusions

MAPbDI; based PVK solar cells with n-a-Si as the ETL are fabricated and evaluated.
The performance of the cells with FTO electrodes improves with increasing n-a-Si
thickness due to the improvement of the coverage of the rough surface of the FTO. In the
case of ITO electrodes formed on flat glass substrates, the surface of ITO can be fully
covered even with 10-nm-thick n-a-Si. As a result, the highest PCE of 1.25% could be
achieved. The use of n-a-Si with an £, of 1.8 eV results in large parasitic absorption and
insufficient hole blocking. For further study, it is necessary to investigate how to widen

the bandgap of n-a-Si to suppress the parasitic absorption and to enhance hole blocking.
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Table 1. Performance of PVK solar cells with Cat-CVD n-a-Si and TiO; as ETLs on
FTO and ITO electrodes.

Scan PCE Jse Voc

ETLs TCO direction (%) (mA/cm?) V) FF

Forward 10.47 19.92 0.86 0.61
200 nm TiO; FTO

Reverse 13.23 19.95 0.95 0.69

Forward 0.00 0.02 0.25 0.27
5 nm n-a-Si FTO

Reverse 0.00 0.05 0.35 0.24

Forward 0.03 0.24 0.42 0.29
10 nm n-a-Si FTO

Reverse 0.06 0.45 0.49 0.25

Forward 0.06 1.01 0.53 0.06
50 nm n-a-Si FTO

Reverse 0.19 1.22 0.73 0.21

Forward 0.52 4.46 0.69 0.17
100 nm n-a-Si  FTO

Reverse 1.16 4.17 0.92 0.30

Forward 0.01 0.05 0.35 0.51
10 nm n-a-Si ITO

Reverse 1.25 3.50 0.87 0.41
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Figure Captions

Figure 1 (Color online) Schematic cross-sectional structure of a PVK solar cell with n-a-

Siasan ETL.

Figure 2 (Color online) /-V characteristics of devices with a structure of Al/n-a-
Si/FTO/Al, in which the thickness of n-a-Si varied from 5 to 100 nm. The inset shows the

devices’ structure.

Figure 3 (Color online) J-V characteristics of PVK solar cells with n-a-Si and TiO> on
FTO, and 10-nm-thick n-a-Si on ITO electrodes with forward (dash line) and reverse bias

(solid line) scans.

Figure 4 (Color online) Cross-sectional SEM images of PVK solar cells with (a) 50-nm-
thick n-a-Si on FTO/textured glass, (b) 10-nm-thick n-a-Si on ITO/flat glass, (¢) 200-nm-
thick TiO2 on FTO/textured glass, and (d) diagrams illustrating uncovered areas of FTO
with 50-nm-thick n-a-Si, full covered ITO and FTO with 10-nm-thick n-a-Si and 200-
nm-thick TiO», respectively.

Figure 5 (Color online) EQE spectra of the PVK solar cells with 50-nm- and 100-nm-
thick n-a-Si on FTO, and 10-nm-thick n-a-Si on ITO electrodes.

Figure 6 (Color online) Band diagrams of (a) TiO2/MAPbI3/spiro-OMeTAD and (b) n-a-
Si/MAPbDI3/spiro-OMeTAD
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