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ABSTRACT: Perovskite solar cells (PSCs) based on a planar structure have 0
recently become more attractive due to their simple manufacturing process and |
relatively low cost, while most perovskite solar cells employ highly porous TiO, as
an electron transport layer in mesoporous devices offering higher energy
conversion efficiency (PCE). In planar structural devices, non-radiative
recombination effects of the absorber layer and the electron transport layer
cause potential loss and lower PCE. We created an efficient electron transport layer
by combining low-temperature Ni-doped SnO, with SDBS as a surfactant (denoted
as Ni:Sn0O,). Doping Ni* into low-temperature solution-processed SnO, increased

the power conversion efficiency of PSCs from 17.8 to 19.7%.

B INTRODUCTION

The perovskite solar cells (PSCs) have been reported with
rapid progress in power conversion efficiency, ranging from 3.8
to 25.5%, and have become prevalent in the past several years
owing to their high efficiency, ease of manufacture, and low
cost.' > Typically, PSCs with regular device configurations
consist of a transparent electrode, an electron transport layer
(ETL), a perovskite absorber, a hole transport layer, and a back
contact electrode.”” In planar PSCs, the ETLs need to be very
dense and smooth surfaces for electron extraction and hole
blocking to prevent holes from absorbing layers from reaching
transparent electrodes.® Recently, numerous materials, such as
TiO,, Sn0O,, ZnO, Zn,SnO,4, WO,, etc., have been reported as
ETLs. Among them, SnO, can be used at low temperature
(~150 °C) and has exhibited better optical and electrical
properties, band ailment to perovskite, and stability than the
other materials, making it a strong candidate for highly efficient
PSCs.”"?

Doping organic chemicals into ETLs either turns the Fermi
level of the ETL to match the conduction band of the
perovskite or modifies the perovskite/hole transport layers,
thereby enhancing the crystallization and grain size of the
perovskite layer.'>~'> Consequently, doping is an effective and
convenient approach to developing and improving both the
perovskite and ETL by reducing the trap defects in the photo-
absorber and ETL, which improves the separation of charge
and transfer for the efficient performance of perovskite solar
cells.

In 2016, Xiong et al. reported that magnesium-doped SnO,
as ETL layers lowered the levels of the conduction band,
improved the interfacial contact, dramatically reduced the free
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electron density, and enhanced the cell’s PCE to 14.55%.'
Moreover, Ren and colleagues developed effective ETLs using
a low-temperature process with a niobium dopant and found
that a high PCE of 17.57% of Nb-doped SnO,-based devices
originated from better surface morphology to increased
electron mobility, enhanced electron extraction, and electrical
conductivity.'” In addition, lithium-doped, gallium-doped,
antimony-doped, and yttrium-doped SnO, ETLs have also
been investigated.'* ™'

It is evident that doping ETLs with metal aliovalent cations
is an effective approach for enhancing the properties of ETLs
and improving the PCEs of devices. However, very few studies
have been conducted on Ni-doped SnO, ETLs for perovskite
solar cells. Previous studies of Ni-doped SnO, have been
devoted to improving the photocatalytic properties, resulting in
a narrower optical bandgag owing to the substitution of Sn
sites by Ni* ions in Sn02.2 Ni* cations can penetrate into the
Sn0O, lattice and substitute Ti cations. In addition, the Ni-
doped SnO, chemical co-precipitation approach decreases the
average particle size of the nanoparticles with increasing
amounts of doping Ni, which is expected to result in a
smoother surface of the ETL in PSCs.”” Generally, Ni*-doped
SnO, ETLs are expected to further improve the photovoltaic
performance of PSCs compared with other doped ETLs.
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Figure 1. (a) Schematic drawing illustrating the perovskite solar cell device structure based on the Ni:SnO, ETL. (b) Energy-level diagram of the

SnO,- or Ni:SnO,-based solar cells.

In a previous study, we demonstrated that electron transport
in SnO, can be effectively enhanced with surfactant sodium
dodecylbenzene sulfonate (SDBS) at a low concentration.”* In
this work, we describe how we developed an ideal Ni-doped
SnO, as an ETL by combining SnO, with the SDBS surfactant.
The PCE of the Ni:SnO,-based device improved from 17.8 to
19.7%, compared to commercial SnO,. Better electron
mobility, greater electrical conductivity, and quicker electron
extraction are the features that have improved the optical and
electrical properties of the electron transport layer.

B RESULTS AND DISCUSSION

The SnO, ETLs were spin-coated with SnO, precursor
solution at ambient temperature and then thermally annealed
in air for 30 min at 150 °C. Figure la represents the SnO, ETL
fabrication method as well as the device structure of planar
PSCs that uses undoped or doped SnO, to collect and
transport electrons from the absorber layer to the TCO. The
Ni:SnO, ETL was prepared by directly dissolving Ni-
(OCOCH;),-4H,0 in a commercially available SnO, colloidal
solution. A two-step deposition process was then used to create
the perovskite layers. Figure 1b shows that a band diagram of
the cell structure with the conduction band (CB) of ETL SnO,
nanocrystals was estimated from the band structure of the
semiconductor, indicating as

Ec = W+ VBM — Eg (1)

where Wy is the work function (4.36 eV) and VBM is the
valance band maximum (3.74 eV).?

Figure 2a and Figure 2b illustrate the absorbance and
estimated bandgap of two different ETL substrates, respec-
tively, by UV—vis measurements. It can also be estimated that
both the SnO, and Ni:SnO, films exhibit a good band

alignment. Figure Sla, Supporting Information illustrates the
transmission spectra of SnO, and Ni:SnO, at different
concentrations, which indicates excellent transmittance in the
visible region. Figure S1b, Supporting Information presents the
optical image of the SnO, precursor solution with different
doping ratios of Ni’, which changes the solution from
transparent to bluish-white, confirming the reduction in the
transmittance of the ETL layer in Figure Sla. The XRD
patterns of the SnO, and Ni:SnO, layers are shown in Figure
2¢, demonstrating that the ETLs generated by Ni:SnO, and
SnO, are comparable, indicating that Ni* was doped entirely in
the lattice of SnO,.

The FTIR spectrum recorded from 400 to 4000 cm™' to
evaluate the bonding of SnO, and Ni' in the ETL film is
shown in Figure 2d. The SDBS peaks at 2911, 1182, and 1119
cm' confirm that SDBS was also integrated into the SnO,
film.*® In addition, the peaks at ~930, ~610, and ~540 cm™
are assigned to stretching of Sn—O and vibrations of O—Sn—
0.”**” The most remarkable differences between the two
curves are the positions at 1561 and 1401 cm™'. Moreover,
Figure S2, Supporting Information shows the increase in the
relative intensity peaks of nickel-doped samples, implying the
incorporation of Ni* into the SnO, lattice.”**’

Compact SnO, films were spin-coated onto FTO substrates
using a colloid dispersion solution with or without Ni* doping.
Atomic force microscopy (AFM) was used to investigate the
surface morphology of the coated films. As shown in Figure
3a,b, both the ETL films indicate a smooth surface; however,
the roughness of the Ni:SnO, film (23.15 nm) is larger than
that of SnO, ETLs (22.63 nm), which is consistent with the
surface morphology observed by scanning electron microscopy
(SEM) in Figure 3c,d. When the mass concentration of Ni*
exceeded 1 mg mL ™!, Ni:SnO, aggregated into large particles,
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Figure 2. (a) Optical transmission data of pristine SnO, and Ni:SnO, substrates. (b) Relation between (ahz)> and photon energy hv of the control
sample and Ni:SnO, sample. (c) XRD patterns of the SnO, and Ni:SnO, layer. (d) FTIR analysis of the SnO, layer and Ni:SnO, layer.
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Figure 3. (a, b) AFM images of the SnO, and Ni:SnO, layer. (c, d)
Top-view SEM images of SnO, and Ni:SnO, films coated on the pure
TCO substrates.

which could not form a smooth and dense ETL layer in Figure
S3, Supporting Information.
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Figure 4. (a, b) Perovskite films grown on the SnO, or Ni:SnO, layer.
(¢, d) Top-view SEM pictures of absorber substrates grown onto the

pristine control layer and doped SnO, layer.
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Figure S. (a) UV—vis absorption data of absorber films with SnO, and Ni:SnO, layers (the inset is amplifying absorption spectra in the wavelength
of 730—800 nm). (b) Steady-state PL of the absorber layers. SCLC measurements of electron-only devices based on (c) SnO, and (d) Ni:SnO,

layers.

The root-mean-square (RMS) roughnesses of perovskite
films obtained from AFM deposited on SnO, and Ni:SnO, are
31.8 and 23.25 nm, respectively, indicating that the SnO,-
modified perovskite is smoother in Figure 4a,b. Figure 4c,d
shows the SEM pictures of the absorber layer coated onto
different ETLs, confirming the surface morphology of the
perovskite layers. Moreover, it was found that the perovskite
coated on Ni:SnO, was larger than that coated on the SnO,
layer. Simultaneously, the effects of different concentrations of
Ni" into SnO, colloidal solution on the surface morphology of
perovskite layers were also obtained, as shown in Figure S4,
Supporting Information.

High-quality perovskite films are a precondition for the high
efficiency of planar and mesoporous PSCs. The wetting surface
of the ETL layers could assist in the formation of large-grain
perovskite films owing to the smooth surface and suitable
contact angle of the coated solution.”**" The contact angle
values of the two different ETL films are shown in Figure S5,
Supporting Information. The contact angle measurement
indicates that the increased concentration of the doped
element Ni' in the Ni:SnO, films reduces the contact angle
on the surface. However, the contact angle increased when a
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high concentration of elemental doping over 1.0 mg mL™" was
employed. The contact angle value is a minimum of 4.2° on
the surface of 1 mg mL™" Ni:SnO, films, which can result in
lower surface energy and accelerated crystallization for the
growth of the perovskite structure.

The light-harvesting properties of perovskites with various
SnO, and Ni:SnO, ETLs were investigated using UV—vis
spectroscopy (Figure Sa). Evidently, the Ni:SnO, layer slightly
influences the absorption ability of the perovskite layer.
However, it is unchanged in its bandgap. The steady-state
photoluminescence (PL) of the absorber formed onto various
films is depicted in Figure Sb. The presence of SDBS reduced
the PL intensity, indicating that the doped SnO, film can
extract electrons effectively from the absorber thin film. Figure
S¢,d illustrates the I—V data of the perovskite layer with the
structure of FTO/SnO, (Ni:SnO,)/perovskite/Au. The bulk-
trap density of the absorber formed onto control and doped
SnO, substrates was quantified using a space-charge-limited
current measure, which was calculated using the equation
below:

https://doi.org/10.1021/acsomega.2c00965
ACS Omega 2022, 7, 2225622262
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Figure 6. Current density—voltage (J—V) curves of devices based on (a) pristine SnO, and (b) Ni:SnO, under reverse-forward scanning directions.

The PCE distribution of the PSCs of (c) SnO, and (d) Ni:SnO,.

Table 1. Photovoltaic Parameters of Champion PSCs Based on SnO, and Ni:SnO, ETLs

Voc (V) Jsc (mA cm™) EF PCE (%) R, (Q) Rsh (Q)
SnO, reverse 1.090 22.67 0.71 17.7 126.64 22529.07
forward 1.069 22.62 0.70 17.1 130.64 21719.86
Ni:SnO, reverse 1.093 24.38 0.74 19.7 108.83 34398.75
forward 1.083 23.921 0.72 18.6 132.17 31149.95

_ 2egy Vi, 2.5 mg mL™" in the SnO, substrate increased the trap densities

Mraps = eI 2 (2) of the perovskite layers from 2.54 X 10" to 3.02 X 10" cm™.

in which & denotes the relative dielectric constant of the
absorber layer (¢ = 26), &, represents the vacuum permittivity
(0 =8.8 X 107" Fm™"), e denotes the electron charge (—1.6
x 107" C), L is the electrode distance, and Vyg symbolizes
the trap-filled limit voltage calculated from the measured data.
The absorber layer formed onto the pristine SnO, substrate
had a trap-state density of 3.34 X 10" cm™ and a Vi of 0.42
V. Moreover, the trap-state density of the absorber formed
onto the doped one was 2.54 X 10" cm™ with a Vyz of 0.32
V. Because of the lower grain boundaries of the absorber
samples, this result suggests that Ni:SnO, can effectively
reduce the defect density of perovskite. The corresponding
dark current—voltage (I-V) curves of SnO, with different Ni*
concentrations are shown in Figure S6, Supporting Informa-
tion. It is obvious that increasing the amount of Ni* dopant to
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This increment originates from the rough surface of the
perovskite caused by increased Ni* at the grain boundaries and
interfaces. Therefore, a Ni* concentration of 1 mg mL™! is
optimal for high-quality perovskite formation.

The J—V curves for SnO,- and Ni:SnO,-based devices in the
reverse and forward scan directions are shown in Figure 6a,b
and Figure S7, Supporting Information. The Ni:SnO,-based
devices exhibiting high efficiency with the J—V characteristics
of the champion devices utilizing ETLs are shown in Table 1
and Figure S2, Supporting Information. The maximum PCE of
the devices based on the SnO, ETL substrate is 17.7%, with
the detailed parameters of Voc = 1.09 V, Jsc = 22.67 mA cm™?,
and FF = 0.71. Remarkably, the optimal PCE can be increased
to 19.7% by changing the control ETL to a Ni:SnO, ETL, with
detailed parameters of Voc and FF dramatically enhanced to
1.93 V and 0.74%, respectively. This result demonstrates that
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the Ni:SnO, layer effectively passivated charge recombination
at the ETL/perovskite interfaces, significantly inhibiting
interfacial carrier recombination. To test the repeatability of
the material and technique, we made 20 unique devices for
each undoped and In-doped ETL, as shown in Table S2,
Supporting Information. Figure 6¢,d illustrates the distribution
of device parameters, with the statistic parameters, which are
listed in Figure S8, Supporting Information. For the doped
SnO,-based devices, the J—V values clearly exhibit a tight
distribution with a small standard deviation, suggesting
remarkable repeatability.

B CONCLUSIONS

In conclusion, we successfully fabricated a low-temperature
solution technique to effectively produce Ni:SnO, as an ideal
ETL for effective planar PSCs. The highest efficiency device
exhibited a higher value of 19.7% under the same scan
conditions compared to the control-based ETL. The excep-
tional efficiency of the perovskite solar cell based on Ni:SnO,
ETLs is primarily due to the smooth surface morphology and
higher electron extraction. Furthermore, because of the low-
temperature solution process, Ni:SnO, improves the perform-
ance of perovskite solar cells.

B EXPERIMENTAL SECTION

All reagents and chemicals were purchased from commercial
suppliers without further purification. Tin dioxide(IV) and
15% hydrocolloid dispersion (SnO,) were purchased from Alfa
Aesar. Nickel(II) acetate tetrahydrate (Ni(OCOCHj),-4H,0,
99.995% trace metals basis), Pbl,, spiro-OMeTAD (purity
>99.8%), sodium dodecylbenzene sulfonate (SDBS), isopro-
panol (IPA), N,N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), chlorobenzene (CB), acetonitrile (ACN),
4-tert-butylpyridine (tBP), lithium bis(trifluoromethane
sulfonyl)imide (Li-TFSI), and FK 209 Co(IIl) TFESI salts
were from Sigma-Aldrich. Formamidinium iodide (FAI),
methylammonium chloride (MACI), and methylammonium
bromide (MABr) were obtained from GreatCell Solar.

Fabrication of SnO, and Ni:SnO, Films. SnO, aqueous
colloidal dispersion (1 mL) was dispersed into 4.65 mL of
water containing 5.6 mg of the SDBS surfactant. The 1 mg
Ni(OCOCH;),-4H,0 was dissolved in this solution and
stirred at ambient temperature for 2 h. The SnO, and Ni:SnO,
layers were formed at 3000 rpm for 30 s using the
corresponding solution and then dried on a hot plate at 150
°C for 30 min to remove the residual solvent. Finally, the SnO,
and Ni:SnO, films were obtained.

Fabrication of Solar Cells. The perovskite layers were
spin-coated on different ETL substrates using a two-step
deposition process. Pbl, (600 mg) was dissolved in 1 mL of
DMF and DMSO (9:1, volume/volume) with stirring at 70 °C
for 3 h. The Pbl, precursor solution was coated onto the SnO,
and Ni:SnO, films at 2000 rpm for 20 s. The mixture including
60 mg of FAI, 6 mg of MABr, and 6 mg of MACl in 1 mL of
IPA was coated onto the Pbl, substrates at 4000 rpm for 20 s
(20 s loading time) and then heated at 150 °C for 20 min.
Then, the spiro-OMeTAD solution (72.3 mg/mL) with tBP,
FK 209 Co(II) TFSL and Li-TFSI additive was spin-coated
onto the perovskite layers. Au electrodes (100 nm) were
thermally evaporated at a rate of 2 A/s.

Characterization. The Fourier transform infrared (FTIR)
spectra were recorded using an infrared spectrometric analyzer

(Vertex 70, Bruker, Germany). SEM images were gained by
field-emission scanning electron microscopy (S-4700, Japan)
under an accelerating voltage of 15 kV. Steady-state photo-
luminescence (PL) spectra were performed on a Quanta-
Master S0 PTI (USA). The J—V curves for PSCs were
performed both at forward scan (from —0.1 to 2 V, step 0.02
V) and (from 2 to —0.1 V, step 0.02 V) using a solar simulator
(Polaromix K201, Solar simulator LAB 50, McScience K3000)
with an irradiance of 100 mW cm™ (AM 1.5G). The
absorption properties of the films were measured by a UV—
vis spectrophotometer (Agilent 8453, USA). X-ray diffraction
(XRD) patterns were recorded on an XRD Rigaku DMAX
2200 diffractometer with a Cu Ka anode (1 = 0.1542 nm)
operating at 40 kV and 30 mA.
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