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Abstract: Tandem solar cells, based on perovskite and crystalline silicon absorbers, are promising
candidates for commercial applications. Tin oxide (SnO,), applied via the spin-coating method,
has been among the most used electron transfer layers in normal (n-i-p) perovskite/silicon tandem
cells. SnO, synthesized by chemical bath deposition (CBD) has not yet been applied in tandem
devices. This method shows improved efficiency in perovskite single cells and allows for deposition
over a larger area. Our study is the first to apply low-temperature processed SnO, via CBD to a
homojunction silicon solar cell without additional deposition of a recombination layer. By controlling
the reaction time, a tandem efficiency of 16.9% was achieved. This study shows that tandem
implementation is possible through the CBD method, and demonstrates the potential of this method
in commercial application to textured silicon surfaces with large areas.

Keywords: tin oxide; chemical bath deposition; perovskite/silicon; tandem solar cells

1. Introduction

Perovskite solar cells (PSCs) have come to be an attractive thin-film photovoltaic (PV)
technology over the past decade, with power conversion efficiencies (PCEs) of up to 25.5%
reported for single-junction devices [1] PSCs are characterized by a perovskite material
sandwiched between an electron transport layer (ETL) and a hole transport layer (HTL).
These PSCs can be divided into normal (n-i-p) and inverted (p-i-n) types according to the
deposition order on the substrate. To date, the highest published efficiencies for single-
junction PSCs have been reported for n-i-p architecture. Most high-efficiency perovskites in
the n-i-p configuration use tin oxide (5SnO;) as an ETL or a titanium dioxide (TiOy) bilayer
composed of dense TiO, and mesoporous TiO, as the ETL [2,3]. Among them, SnO, is
particularly promising due to features such as a wide bandgap with light transmittance,
high electron mobility, adequate chemical stability, and relative simplicity [4]. Unlike TiO,,
it is widely used as an ETL in tandem devices to which PSCs are applied because it can
be processed at a low temperature [4]. These SnO, deposition technologies include spin-
coating, chemical bath deposition (CBD), atomic layer deposition (ALD), and sputtering.
Table 1 shows the results of the n-i-p PSCs reported so far when SnO; was applied as
the ETL using various deposition techniques. The Korea Research Institute of Chemical
Technology (KRICT) reported the highest efficiency of PSCs at 25.2% power conversion
efficiency by applying SnO, as an ETL using the CBD method [2]. Jiang et al., reported a
23.6% efficiency of a PSC by applying SnO, as an ETL using a spin-coating method [5].
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Table 1. Various reported methods of normal (n-i-p) type single-junction perovskite solar cell (PSC) fabrication, using tin

oxide (SnO;) electron transport layers (ETLs).

Voc Jsc FF Eff. Stabilized

Method Device Structure @mV) (mA/cm2) (%) %) PCE (%) Institute
CBD FTO/Sn0O, /perovskite/spiro/Au 1194 25.09 847 254 25.2 KRICT [2]
Spin-coating ITO/Sn0O, /perovskite/PEAI/spiro/Au 1179 24.9 814 23.56 23.32 ISCAS [5]
FTO/SnO, /PCBM:PMMA /perovskite/
ALD PMMA/spiro/Au 1080 25.06 755 2044 20.35 AMI, EPFL [6]
Sputtering FTO/Sn0O, /perovskite/spiro/Au 1080 23.7 79.0 20.2 19.8 OIST [7]

CBD—chemical bath deposition; ALD—atomic layer deposition.

CBD and spin coating have the common advantages of a simple process and an inex-
pensive technique, but CBD not only shows superiority in conformity and reproducibility
compared with the spin-coating method, but also has scalability, enabling large-scale fabri-
cation. Despite such high efficiency reports and advantages, monolithic perovskite/silicon
tandem solar cells with CBD have not yet been reported, as shown in Table 2. This may
be because the process is limited due to the synthetic atmosphere of SnO, in the CBD
method. The precursor solution for depositing SnO, not only has sufficient solubility
in an acidic environment, but also does not form an incomplete secondary phase in an
environment with a pH close to 1. In general, indium tin oxide (ITO) has weaker acid
resistance than fluorine-doped tin oxide (FTO), so an FTO substrate is used when manu-
facturing a perovskite single-junction solar cell using the CBD process. However, in order
to fabricate tandem, because the top cell is manufactured after thinly depositing ITO as a
recombination layer, the recombination layer may be damaged during the process in the
acidic atmosphere.

Table 2. Various materials and methods reported for n-i-p perovskite/silicon two-terminal tandem solar cell fabrication.

. Voc Jsc FF Eff. Stabilized Active Area .
Materials Method (@mV) (mA/cm?) (%) (%) PCE (%) (cm?) Institute
1676 16.1 78 21 205 4
1658 15.6 68 17.6 17.1 16 UNSW [8]
1740 16.2 78 219 2158 16 UNSW [9]
1732 16.5 81 23.1 23 4 UNSW [10]
1785 14.0 79 19.9 18.1 0.16 HZB/EPFL [11]
510 Soin-contin 1703 15.3 79 206 18.0 0.03 PKU [12]
2 P & 1710 15.5 71 18.8 N/A 0.13 NKU [13]
1780 17.1 74 2.8 N/A 0.13 NKU [14]
1750 16.9 74 219 N/A 0.13 NKU [15]
1830 15.9 70 204 N/A 0.13 NKU [16]
1930 16.9 74 242 N/A 0.86 NKU [17]
1920 17.0 78 254 N/A 05 NKU [18]
1690 15.9 77.6 209 212 0.17
PCBM Soin-coatin 1701 16.1 70.1 19.2 19.2 1.22 EPFL [19]
P 8 1718 16.4 73.0 206 205 143 EPFL [20]
1780 14.7 80.4 21 0.15 FAU [21]
ALD 1580 115 75 13.7 1 MIT/Stanford [22]
1700 17.2 79 232 229 1
T.gonipad 1763 17.8 78.1 245 24.1 1 ANU [23]
! g Omeso Evaporation 1837 152 77.3 216 21.6 0.25 Fraunhofer [24]
12 Sputter 1643 15.3 65 16.3 16 143 EPFL [25]
Spin-coating 1750 17.6 74 2.8 225 1.0 ANU [26]
1751 16.8 77.5 28 2 0.25
Ceo Evaporation 1777 16.5 74.4 21.8 212 143 EPFL [27]
1769 16.5 65.4 19.1 18 12.96
Ceo anchored Sputter 1828 19.5 75.9 27.1 27 0.1 KAUST [28]

a-NbOy

PCBM—(6,6)-phenyl-C¢; butyric acid methyl ester.



Energies 2021, 14, 7614

30f10

(a)

In this study, we implemented the first n-i-p tandem by depositing SnO, using the
CBD method. In addition, we deposited the top cell directly on the bottom cell without
depositing a recombination layer in order to exclude the cell degradation factor due to
the acid-resistant atmosphere. First, we compared and analyzed the surface morphology
according to the reaction time when SnO, was formed on silicon with CBD. Then, we con-
firmed the interface between silicon and SnO, by depositing SnO, using spin coating and
the CBD method on the silicon bottom cell and compared the morphology and reflectivity
of SnO; on silicon. From these results, we demonstrated for the first time the possibility of
applying the CBD method to tandem.

2. Materials and Methods
2.1. Fabrication of the Silicon Bottom Cell

N-doped FZ c-5i (silicon) wafers (15.24 cm x 15.24 cm (6 in.), (100) orientation, 270 pm,
3 ()-cm) with both sides polished were used. The wafers were cleaned using the standard
Radio Corporation of America (RCA) cleaning procedure. To form a front junction with a
sheet resistance of 120-130 ()/sq, a silicon oxide (SiOy) barrier was deposited on the back
surface using plasma-enhanced chemical vapor deposition (PECVD). Additionally, a boron
emitter was formed using boron tribromide (BBr3) in a liquid propane furnace at 985 °C.
After removing the borosilicate glass and SiOx barrier using a dilute hydrofluoric acid
(DHF) solution, we grew a thin SiOx (<2 nm) tunneling oxide structure on both surfaces
by dipping the wafers into a hydrogen peroxide (H,O;) solution at 80 °C for 10 min.
Subsequently, 300 nm phosphorous-doped polysilicon was deposited on the tunnel oxide
using the low-pressure chemical vapor deposition equipment. To eliminate the SiOx/n+-
poly-Si layer on the p+-emitter surface, a silicon nitride (S5iNx) barrier was deposited on
the back surface to protect the back-surface layer using PECVD. The sample was etched by
dipping in a tetramethylammonium hydroxide (TMAH) solution and a DHF solution. As
a result, the structure was p+-Si(emitter) /n-silicon(base) / SiOx /n+-poly-Si.

In addition, to improve the passivation quality, SiNy was deposited on the back
surface using PECVD, and aluminum oxide (Al,O3) was deposited on both sides using
atomic layer deposition (ALD). After depositing SiNx on the front surface, the sample
was annealed at 550 °C for 15 min in a nitrogen (N,) atmosphere using rapid thermal
processing (RTP). After hydrogenation, the SiNy/Al;Oj3 film was removed using DHF to
deposit the perovskite top cell. Finally, silicon cell was cut to 2.5 cm x 2.5 cm to fabricate a
tandem device. The process schematic for the bottom cell is shown in Figure 1a.

(b)
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Figure 1. Experimental procedure for fabricating monolithic perovskite/silicon tandem solar cells. (a) Preparation of the

silicon bottom cell and (b) perovskite top cell.
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2.2. Fabrication of the Perovskite Top Cell
2.2.1. Materials

Cesium iodine (Csl), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), thio-
glycolic acid and urea were procured from Sigma-Aldrich. The tin colloid precursor
(tin (iv) oxide, 15% in H;O colloidal dispersion) was purchased from Alfa Aesar. The
2,2',7,7'-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene (spiro-OMeTAD)
was purchased from LumTec. The formamidinium iodide (FAI) and methylammonium
bromide (MABr) was purchased from Greatcell solar. The lead iodine (Pbl,) and lead
bromide (PbBr;) was purchased from TCI. The ethyl ether was purchased from Duksan.
The hydrogen chloride (HCI) was purchased from Samchun.

2.2.2. Methods

In this study, two different coating methods were used to fabricate the SnO; layer. We
employed spin-coating using a commercial water-based SnO, nanoparticle solution. A
UV-ozone (UVO) treatment was performed for 30 min to enhance the wettability of the
silicone surface, and the solution was spin-coated on a silicon bottom cell at 3000 rpm for
30 s and annealed at 150 °C for 15 min. To fabricate the SnO, layer using CBD, we prepared
the following precursor solution: 5 g urea was dissolved in 400 mL deionized water,
followed by the addition of 100 uL thioglycolic acid and 5 mL HCI. Finally, SnCl,-2H,O
was dissolved in the precursor solution at a concentration of 0.012 M and stirred for 3 h.
The substrates were placed vertically in a glass bath filled with the final solution, and
deposition was performed in a laboratory oven at 70 °C for 4, 8, and 24 h. The treated
substrates were rinsed in a sonication bath of deionized water for 15 min, dried in a dry air
stream, and annealed at 150 °C for 1 h.

To fabricate the perovskite layer, a 1.7 M Csgg5FAggMA( 15Pbl; 55Br( 45 precursor
solution was prepared by dissolving CsI, FAI, Pbl,, MABz, and PbBr; in 0.72 mL of DMF
and 0.18 mL of DMSO solution. The perovskite layer was spin-coated onto the SnO, layer
at 5000 rpm for 15 s. During spin-coating, 1 mL of ethyl ether was applied dropwise
to the substrate to form the intermediate phase. The intermediate phase substrate was
annealed at 100 °C for 13 min to crystallize into the perovskite phase. To fabricate the
hole-transport layer, spiro-OMeTAD was dissolved in chlorobenzene (90.9 mg/mL). The
fabrication method of the spiro-OMeTAD solution was prepared as described in our
previous report [29] and was spin-coated onto the perovskite film at 2000 rpm for 30 s.
A buffer layer of 10 nm MoOx was deposited on top of the spiro-OMeTAD, followed
by 170 nm ITO deposited by magnetron sputtering at room temperature of about 20 °C.
Layers of 100 nm Au were deposited on the ITO as the electrodes. Herein, the electrode
was designed so that the active area is 0.1cm? on the 2.5 cm x 2.5 cm substrate. Therefore,
the active area of our tandem devices is 0.1 cm?. The process schematic for the bottom cell
is shown in Figure 1b.

2.3. Characteristics

The J-V characteristics of the photovoltaic cells, including open-circuit voltage (Voc),
short circuit current (Jsc), and fill factor (FF), were obtained using a Xe lamp solar simulator
(WACOM WXS-155510 class AAA) with a voltage setting time of 200 ms. The optical
properties of the sample, such as its reflectance, were measured using an ultraviolet-visible
(UV-Vis) spectroscopy (JASCO V-670 UV /Vis NIR spectrophotometer).

3. Results and Discussion
3.1. Comparison of Morphology According to Chemical Bath Deposition (CBD) Reaction Time

An experiment was conducted to confirm the surface shape according to the reaction
time using the SnO, formation reaction time as a variable. All silicon substrates polished
on both sides were prepared by removing the native silicon oxide (SiOx) with dilute
hydrofluoric acid (DHF) solution as recommended by Radio Corporation of America (RCA)
cleaning. Then, the tin (Sn) precursor for tin oxide (SnO,) deposition was prepared using a
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tin (II) chloride dehydrate (SnCl, 2H,0O) solution in a certain fraction of acid atmosphere.
SnO; is formed through the following reaction formula [30]:

Sn** +20H"~ — Sn(OH), (1)
Sn(OH), — SnO + H,O ()
SnO — SnO, ®)

In the tin chloride (SnCl,) aqueous solution, Sn exists as Sn%* or Sn** ions. OH ™ ions
are attached to these ions to form an intermediate phase of Sn (OH); or Sn3(OH)4. Through
this mesophase, it becomes SnO, nucleation. Thus, the intermediate phase serves as a
nucleation site for the formation of SnO,. Figure 2 shows the surface scanning electron
microscopy (SEM) images of SnO, formed on a silicon substrate through the reaction time.
As shown in the SEM image, the size of the SnO; particles on the silicon increased as the
chemical bath deposition (CBD) time increased. As the reaction time increased, the number
of nuclei with a critical size per unit volume increased, and the nucleation rate increased.
However, as shown in Figure 2¢, when the reaction time increased, not only the particle
size increased, but also cracks occurred on the deposition surface due to the increase in
the thickness of SnO;. These results show the trend according to the reaction time of SnO,
deposition and show that the desired morphology can be achieved.

(a) (b) (c)

Figure 2. Scanning electron microscopy (SEM) image of tin oxide (SnO;) morphologies deposited by
chemical bath deposition (CBD) onto silicon substrates at (a) 4, (b) 8, and (c) 24 h.

3.2. Interface between Si and SnO, via TEM

Next, the characteristics at the interface with silicon during the SnO, deposition were
compared. Through the transmission electron microscopy (TEM) analysis, the SnO, /Si
interface in the spin-coating and CBD method was compared, and the trend according
to CBD time was confirmed. Figure 3a is the result of TEM analysis of the interface with
silicon when SnO, was deposited by spin coating, and it was confirmed that 1.85 nm of
SiOx was present. However, in the case of deposition using the CBD method, SiOx was
confirmed to be 1.27 nm for a 4 h reaction and 1.97 nm for an 8 h reaction. First, when
the spin-coating method was applied, the thickness of SiOy was confirmed to be greater
than that of CBD for 4 h, which seems to be due to the presence or absence of the UVO
process. Because all silicon substrates used in this study were processed after cleaning,
the silicon surface has hydrophobic properties. However, the SnO, solution becomes
hydrophilic because the precursor is diluted in deionized water (DI). Therefore, in the case
of the spin-coating method, the UVO treatment must be performed on the silicon surface to
form a uniform, high-coverage film. At this time, it seemed that SiOx was formed thicker
than the CBD method because SnO, was deposited in a state where 5iOy was formed on
the surface due to ozone. Second, the difference according to the reaction time of CBD
was confirmed, and the thickness of SiOy at the interface increased as the reaction time
increased. It is assumed that Sn (OH), is converted to SnO, to generate H,O, and this H,O
served as a source for SiOx growth. Therefore, it is concluded that as the reaction time
increased, not only did the thickness of SnO; but also the thickness of SiOy at the interface
as silicon increased. In a tandem device, because vertical resistance is an important factor,
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it is crucial to design it so that tunneling through thin SiOy is possible. This result revealed
the effect of the deposition method and time on SiOx thickness.

(a (b) ()

Figure 3. Transmission electron microscopy (TEM) analysis of the Si/SnO, interface under various
conditions: (a) spin-coating tin oxide (SnO;) and (b) chemical bath deposition (CBD) at 4 h and (c)
8 h.

3.3. Comparison of Morphology and Reflectivity of CBD and Spin-Coated SnO,

We conducted an SEM analysis of the morphology of the silicon surface following
SnO, deposition by spin-coating and CBD. Each surface was prepared with a thickness of
approximately 30 nm (Figure 4a,b). With spin-coating, small SnO, particles formed sparsely
on the silicon substrate, and a low fractional coverage was observed. On the contrary, with
CBD, larger SnO; particles were formed on the silicon substrate, resulting in almost full
coverage. This result indicates that the contact area between SnO, and perovskite can vary
depending on the method of fabrication. Since the increase in contact area helps to extract
electrons from the perovskite light-absorbing layer and transfer them to the electrode, it
can be inferred that the morphology of the SnO; film affects the electrical behavior of the
tandem device [31,32].

(b) ()

45

40

—— Silicon_Spin-Coated SnO,
—— Silicon_CBD SnO,
35

.Reflectance (%)

30

25 T T T T
700 800 900 1000 1100 1200

Wavelength (nm)

Figure 4. Scanning electron microscopy (SEM) images of SnO, deposited onto silicon substrates using (a) spin-coating SnO,
and (b) chemical bath deposition (CBD) at 4 h. This sample was analyzed for reflectivity as well; (c) the reflectance curves of
5SnO; in the wavelength range of 700-1200 nm.

We compared reflectance values between surfaces to evaluate their optical properties
(Figure 4c). In the wavelength range of 700-1200 nm of the bottom cell, the reflectivity of
CBD-5nO, was lower than that of spin-coated SnO,. Considering the incident direction of
light, it can be determined that relatively more light is absorbed by the silicon solar cell
through reduction in reflection in the long wavelength region. Therefore, we can determine
that CBD SnO; is more suitable for tandem solar cells than spin coating SnO, based on the
above analysis results.
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3.4. Tandem Cell

To compare the photovoltaic properties of SnO, with different deposition methods,
SnO;-based monolithic perovskite/silicon was fabricated. Figure 5 shows the LIV mea-
surement results of the tandem solar cells and the corresponding device structure. All
parameters demonstrated relatively high values in the CBD-based tandem device. These
results are consistent with our previous analysis results. In addition, in order to increase
the reliability of our results, we additionally implemented a tandem device and created
a histogram through it, which is shown in Scheme S1. Through the histogram result, it
was confirmed that when CBD SnO, was applied, it was possible to realize a tandem
device with statistically higher efficiency than when the spin-coated SnO, was applied.
In particular, through the histogram, it was confirmed again that there is a performance
improvement in the FF aspects. We judge that this improvement is the result of minimizing
the formation of SiOx which can increase vertical resistance. The slope of the open circuit
voltage point of the J-V curve shown in Figure 5a further supports this judgment. We
can intuitively confirm that the slope at the open circuit voltage point is smaller when
SnO, by CBD is applied. This means that the series resistance of the tandem device is
relatively small when CBD SnO, is applied. This is consistent with the SiOx thickness
trend confirmed through TEM analysis.

(a) (b)
18
Au ] Au
16 ITO
— MoOx
€ 14f HTL
<
£ 12F perovskite
2 10}
n . ] $no,
c Perovskite/Si tandem device (0.1cm?) "
[ 8 : p+emitter
a Spin coated SnO, CBD SnO,
-
c - _ "
@ 6F Vv, _=152mV V,.=1527 mV n-Si
5 i Joe=16.0mA/Cm?  J,_ = 16.6 mA/cm?
= o = %
5L PCE=14.0% PCE =16.9 P doped poly
Ag
0 L = \AAAANNANANANANAN
0.0 0.5 1.0 15
Voltage (mV)

Figure 5. Monolithic perovskite/silicon solar cells with an active area of 0.1 cm?. (a) J-V curves of
tandem cells using SnO, deposition by spin-coating and CBD. (b) Schematic of a perovskite/silicon
tandem solar cell (not to scale).

This is the first study to report a tandem solar cell with SnO, applied using the CBD
method. Our results support the potential of this process technology to replace spin-coating,
which is not suitable for application to large surfaces or commercial use. It can also be
applied to the rough surface of silicon owing to the characteristics of bath deposition. In
future studies, we plan to fabricate monolithic perovskite/silicon tandem solar cells on
a textured surface using commercially available silicon wafers grown by the Czochralski
method.

4. Conclusions

Tin oxide, which can be realized by a low-temperature-solution process, has high
potential as an electron transport layer of multi-junction solar cells as well as perovskite
single-junction solar cells. Therefore, in this study, we compared the properties and
functionality of silicon surfaces with SnO, applied by nanoparticle spin-coating or CBD.
Through this, we confirmed that the thickness of SiOx at the Si and SnO, interface can be
effectively minimized when SnO, with an optimized chemical bath deposition reaction
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time is applied. This means that CBD SnO, can suppress the formation of SiOx which can
increase the vertical resistance of the tandem device. In addition, we confirmed that the
reflectance in the wavelength range of 700-1200 nm can be minimized when CBD SnO,
is applied rather than SnO, nanoparticle spin-coating. This means that when CBD SnO,
is applied, lighter in the long wavelength region absorbed by the silicon solar cell in the
tandem structure which can be transmitted to the silicon solar cell.

These analysis results suggest that the optimized CBD SnO; is electrically and opti-
cally more advantageous when applied to perovskite/silicon tandem solar cells. Therefore,
we implemented a tandem solar cell in which CBD SnO; is applied as an electron trans-
port layer of the perovskite solar cell and at the same time acts as a bonding layer that
monolithically connects the perovskite solar cell with the silicon solar cell. Through this
approach, it was possible to demonstrate a perovskite/silicon tandem solar cell with im-
proved performance in terms of Jsc and FF compared with when the nanoparticle SnO,
was applied. This attempt is the first study to apply SnO, by CBD to n-i-p configuration
monolithic perovskite/silicon tandem solar cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14227614/s1, Scheme S1: Histogram of monolithic perovskite/silicon solar cells with an
active area of 0.1 cm?, in which SnO, is fabricated by chemical bath deposition and spin-coating,
respectively.
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