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ARTICLE INFO ABSTRACT

Keywords: Metal oxide carrier transporting layers have been investigated widely in organic/inorganic lead halide per-
Ball-milling ovskite solar cells (PSCs). Tin oxide (SnO,) is a promising alternative to the titanium dioxide commonly used in
Tin oxide

the electron transporting layer (ETL), due to its tunable carrier concentration, high electron mobility, amen-
ability to low-temperature annealing processing, and large energy bandgap. In this study, a facile method was
developed for the preparation of a room-temperature-processed SnO, electron transporting material that pro-
vided a high-quality ETL, leading to PSCs displaying high power conversion efficiency (PCE) and stability. A
novel physical ball milling method was first employed to prepare chemically pure ground SnO, nanoparticles (G-
Sn0y), and a sol-gel process was used to prepare a compact SnO, (C-SnO5) layer. The effects of various types of
ETLs (C-SnO,, G-SnO,, composite G-SnO,/C-Sn0,) on the performance of the PSCs are investigated. The com-
posite SnO5 nanostructure formed a robust ETL having efficient carrier transport properties; accordingly, carrier
recombination between the ETL and mixed perovskite was inhibited. PSCs incorporating C-SnO, G-SnO,, and G-
Sn0,/C-Sn0, as ETLs provided PCEs of 16.46, 17.92, and 21.09%, respectively. In addition to their high effi-
ciency, the devices featuring the composite SnO, (G-SnO,/C-SnO,) nanostructures possessed excellent long-term
stability—they maintained 89% (with encapsulation) and 83% (without encapsulation) of their initial PCEs after
105 days (> 2500 h) and 60 days (> 1400 h), respectively, when stored under dry ambient air (20 = 5 RH %).

Electron transport layer
Composite nanostructure
Perovskite solar cells

1. Introduction based carrier transporting layers [8,18]. There are two kinds of PSC

device configurations: n—i—p [19] (mesoporous; planar or regular) and

Organic/inorganic hybrid lead halide perovskite solar cells (PSCs)
are attracting a remarkable amount of attention because of the rapid
growth in their power conversion efficiencies (PCEs) from 3.8% to over
23% within the last nine years [1,2]. The superb optical characteristics,
excellent electrical properties, innovative device structures and inter-
facial engineering, and variety of perovskite growth techniques all
provide much room for further enhancements in their performance
[3-17]. Although the stability of PSCs can be improved significantly
after incorporating metal oxide carrier transporting layers, the device
stability remains challenging when employing organic and fullerene-

p—i-n [20] (inverted) structures [21]. To date, the PCEs have usually
been highest for the devices having the n-i-p mesoscopic structure
[1,22,23], for which titanium dioxide (TiO,) is considered to be the
most efficient electron transporting layer (ETL). Nevertheless, the pre-
paration of TiO, requires a high sintering temperature [22] to achieve a
high quality film. Although a few groups have reported the processing
of TiO, at low temperature, the resulting layers tend to suffer from low
electron mobility, and strong photocatalytic exertion [24,25]. Zinc
oxide (Zn0) is another excellent candidate material for preparing ETLs;
it forms high-performance planar PSCs and organic solar cells, but its
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Fig. 1. (a-d) Bright-field TEM images of (a) non-ground SnO, and (b-d) SnO, ground for (b) 4, (c) 8, and (d) 12 h. HRTEM image of (e) non-ground SnO, (inset: large
magnification) and (f~h) SnO, ground for (f) 4, (g) 8, and (h) 12 h. (i-1) Selective area diffraction patterns of (i) non-ground SnO, (without orientation) and (j-1) SnO,
ground for (j) 4, (k) 8, and (1) 12h [with (110), (101), (200), (211), and (311) orientations].

Fig. 2. (a) Schematic representation of the de-

(a) (b) vice architecture incorporating G-SnO,/C-SnO5.

(b) Cross-sectional SEM image of a device similar

to that illustrated in (a). (c-h) Top-view SEM

Au Spiro-OMeTAD  images of (c) FT0/G-SnO,, (d) FTO/C-SnO,, (e)

SnO, Perovskite  rro/G.sn0,/C-Sn0, ()  FTO/G-SnO./

FTO Perovskite, (g) FTO/C-SnO,/Perovskite, and (h)
Glass  FT0/G-Sn0,/C-Sn0,/Perovskite.

Spiro-OMeTAD
Perovskite
: SnO»' .
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Table 1
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Photovoltaic parameters of PSCs incorporating C-SnO,, G-SnO,, and G-SnO,/C-SnO,, ETLs, together with averages and standard deviations (SD) determined from 16
individual cells, from reverse and forward voltage scans performed under a simulated AM 1.5G solar illumination (100 mW cm™2).

PSC Scan direction Voe (V) Jse (MA cm™2) FF (-) PCE (%)
C-Sn0O, Reverse 1.08 20.97 72.50 16.46
Average = SD 1.07 = 0.02 21.09 = 0.74 68.93 * 4.37 15.58 + 0.88
Forward 1.02 20.93 65.08 13.99
Average = SD 1.02 + 0.03 19.94 = 1.17 58.15 + 3.40 11.90 + 1.28
G-SnO, Reverse 1.13 21.49 73.61 17.92
Average = SD 1.12 = 0.01 21.24 = 0.69 71.86 * 3.05 17.10 = 0.62
Forward 1.08 21.44 63.08 14.74
Average + SD 1.07 = 0.01 21.38 £ 0.95 60.94 + 5.41 14.01 = 1.32
G-Sn0,/C-Sn0O, Reverse 1.19 21.31 78.90 20.12
Average = SD 1.19 = 0.01 21.32 £ 0.43 78.20 = 1.16 19.97 + 0.66
Forward 1.18 21.34 78.09 19.74
Average *+ SD 1.14 = 0.02 21.33 £ 0.47 72.87 * 6.31 17.84 = 1.70

chemical instability has hindered its applicability [26,27]. Recently, tin
oxide (SnO,) has emerged as an excellent replacement for TiO, in
planar PSCs, due to its suitable alignment of energy levels for hole
blocking, high electron mobility for fast electron transport, high
transmittance, lack of ultraviolet (UV) photocatalytic activity, proces-
sing at low temperature, low cost, and high chemical stability [28,29].

In 2015, several groups reported PSCs incorporating SnO, ETLs
prepared using various synthetic methods. Ma and co-workers fabri-
cated PSCs featuring a SnO, condensed layer, with a reported PCE of
7.43% [30]. Kuang and co-workers employed a TiCly-treated SnO,
nanocolloidal film as the ETL in PSCs, resulting in an excellent im-
provement in PCE to 14.69% [31]. Fang and co-workers prepared low-
temperature sol-gel SnO, nanocrystals, through thermal annealing of
SnCl,2H,0 in ambient air, for use as the ETL in PSCs, and obtained a
PCE of 17.21% [32], Since then, many other methods have been de-
veloped for the fabrication of high-performance SnO,-based PSCs. In
2016, Gréatzel and co-workers prepared a low-temperature-processed
SnO,, through chemical bath deposition, for use in the ETLs of PSCs,
and reported a PCE of 20.7% with excellent stability [33]. In 2017, You
and co-workers reported a certified PCE of 20.9% for a PSC prepared
using low temperature processing of a commercialized SnO, colloidal
precursor and optimization of the surface passivation of Pbl, [34].
Hagfeldt and co-workers demonstrated that a solution-processed SnO,
film, synthesized through atomic layer deposition (ALD), was a good
candidate for planar PSCs, obtaining PCEs ranging from 18 to 19% with
negligible hysteresis [35-37]. Nevertheless, the amorphous structure of
ALD-processed SnO, ETLs at low temperature is a major drawback that
has led to low electron mobility [38]. To date, all of the high-perfor-
mance PSCs incorporating SnO, as the ETL have been based on SnO,
nanocolloidal samples prepared through solution-processing
[33,39-41]. Brown and co-workers reported the composite route of
using SnO, (from a liquid non-nanocrystal solution) capped with other
oxides such as MgO has also been used to achieve high efficiency in
PSCs [42].

Annealing is critical for solution-processed SnO, films. A low an-
nealing temperature can lead to poor crystallinity of the SnO, films; a
high temperature can impart the device with poor performance [43]. A
thin layer of SnO, nanoparticles (NPs) may create pinholes and poor
coverage, neither of which is desired for blocking the holes in the de-
vice [44]. In such a case, the conductive substrate and the active layer
might come into direct contact, resulting in a high leakage current, low
electron mobility, and carrier recombination at the interface in the
device. Some attempts have been made to solve this issue by introdu-
cing a bilayer ETL [45,46]. For example, a TiO»/SnO5 combination
provided a robust hole-blocking layer that was favorable for electron
extraction in PSCs, due to tuning of the energy bandgap and suppres-
sion of the charge carriers [29,47]. In this present study, we developed
a new method to prepare a composite ETL structure comprising a SnO,
NP layer (prepared in a facile manner through physical grinding) and a

277

dense layer of a sol-gel-processed SnO thin film that could fill pinholes
and, thus, form a high-quality ETL layer.

First, we describe a facile, purely physical approach—using high-
energy ball-milling (wet-milling grinding) at room temperature (RT, ca.
30 °C)—for preparing reproducible and chemically pure SnO, ETLs with
controllable particle sizes. The ground SnO, (G-SnO,) NPs were then
employed as an electrode interlayer in a mixed-cation lead mixed-ha-
lide perovskite. In parallel, we used SnCl,-2H,0 as a precursor to pre-
pare a dense layer of SnO, (C-SnO,) processed at low temperature. The
impact of the morphologies and nanostructures of the SnO, ETLs (C-
Sn0,, G-Sn0,, G-Sn0,/C-Sn0,) on the device performance has been
investigated systematically. The synergistic effects of the composite G-
Sn0O,/C-SnO, nanostructure yielded a pinhole-free ETL layer, leading to
PSCs displaying a champion PCE of 21.09% and an average PCE of
19.97%. In comparison, PSCs incorporating individual C-SnO, and G-
SnO, layers provided champion PCEs of 16.46 and 17.92%, respec-
tively. The champion device featuring the G-SnO,/C-SnO,-based ETL
possessed excellent stability; it retained 89% (with encapsulation) and
83% (without encapsulation) of its initial PCE after 105 and 60 days,
respectively, when stored under ambient air (20 = 5 RH%).

2. Experimental section
2.1. Materials

Tin(IV) oxide (SnO,) and Pbl, (Sigma-Aldrich); zirconium dioxide
(ZrO,, zirconia) beads (density: 5.95gcm_3; size: 100 um; Oriental
Cera TEC., Taiwan); FAI (Xi’an Polymer Light Technology); SnCl,-2H,0,
MABr, PbBr,, Csl, PbCl,, and 4-tert-butylpyridine (t-BP) (Alfa Aesar);
spiro-OMeTAD (LumTech, Taiwan); and bis(trifluoromethane)sulfoni-
mide lithium salt (Li-TFSL; UR Company, Taiwan) were obtained from
their noted suppliers and used as received. The solvents isopropyl al-
cohol (IPA), dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
acetonitrile (ACN), methylbenzene (toluene), and chlorobenzene (CB)
were purchased from Sigma-Aldrich and used without further pur-
ification.

2.2. Preparation of electron transporting materials

(1) Ground SnO, (G-SnO,) NPs: The SnO, NPs we prepared using a
technique similar to that described previously for TiO, NPs [48].
The SnO, powder (3.6 g), IPA (120 mL), and micro zirconia beads
(ca. 400 g) were mixed and transferred to the chamber of a grinder,
which was attached to a dispersing machine (AG-1000, Allgen
Technology) and an electric stirrer. The grinding process was per-
formed at room temperature for 12hat a rotation speed of
1800 rpm. After 4 and 8 h, the G-SnO, NPs were collected from a
grinder using a pipette, and subjected to particle size analysis. After
12h, the suspension had changed color from white to dark
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Fig. 3. (a—c) J-V curves (both sweeps) of best-performing photovoltaic devices featuring (a) C-SnO,, (b) G-SnO,, and (c) G-SnO,/C-SnO, as ETLs. (d) Champion
device performing PSC incorporating G-SnO,/C-SnO, as ETL, photograph of prepared device inset). (e, f) Long-term stability of the best cell devices incorporating C-
Sn0,, G-SnO,, and G-Sn0O,/C-SnO, as ETLs stored under ambient air (20 = 5 RH %): (e) with and (f) without encapsulation.

brown—evidence for full dispersion of the material. An in-
dependent layer of G-SnO, could be seen, by the naked eye, on top
of the zirconia beads. The upper layer of G-SnO5 NPs was separated
and the residue from the zirconia beads was settled.

(2) A previously reported method was used to prepare the compact
SnO, (C-Sn0,) from SnCl,-2H,0 (93 mg) dissolved in EtOH (4 mL)
[29].

2.3. Preparation of precursor solution for mixed perovskite

The composition of the mixed perovskite was based on that reported
previously [49]. The perovskite precursor solution contained Pbl,

(1.1 M), FAI (1 M), PbBr;, (0.2 M), and MABr (0.2 M) dissolved in an-
hydrous DMF/DMSO (4:1; v/v). Csl in the form of a stock solution
[1.5M in DMSO (1 mL)] was added at a 5:95 ratio to the above mixed
precursor solution. The resulting solution was then mixed with another
solution containing MAI and PbCl, (3:1 M ratio) at a volume ratio of
1.5:1 [11]. The final precursor solution was heated on a hot plate at
50 °C for 5h prior to use.

Preparation of hole transporting materials: A solution of spiro-
OMeTAD (72.3mg) in CB (1 mL) was doped with Li-TFSI [520 mg
dissolved in ACN (954 pL); 18 uL] and t-BP (29 uL).
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voltage scans of 16 individual cells: (a) open-circuit voltage (V), (b) current density (mA cm™2), (c) FF (%), and (d) PCE (%).

2.4. Device fabrication

Patterned FTO substrates (< 10 Qcm ') were purchased from PV
Tech (Yingkou, China). FTO was cleaned using standard procedures
[washing with detergent, rinsing twice with deionized water, and so-
nication in acetone and IPA (20 min each)], blown dry under N,, and
stored in an oven prior to use. The cleaned FTO substrates were sub-
jected to UV ozone treatment for 20 min. The G-SnO, (ca. 40nm)
sample (0.5 wt%, dispersed in IPA) was sonicated (20 min) prior to
spin-coating (3000 rpm, 30s) on the FTO substrate, followed by an-
nealing at various temperatures (from 100 to 250 °C) for 30 min. The C-
SnO, layer was deposited through spin-coating (3000 rpm, 30s) of
SnCl,2H,0 and then annealing (200 °C, 1h, with O, supplied). The
perovskite layer was deposited using a one-step anti-solvent method.
The mixed halide perovskite (ca. 500 nm) precursor was spin-coated
(2500 rpm, 15s; then 5000 rpm, 15s) on the various ETLs (C-SnO,, G-
Sn0,, G-Sn0,/C-Sn05); during the last 15 s of spin-coating, a droplet of
toluene (300 pL) was placed on the perovskite, which was annealed
under N, (65°C, 1 min; then 105°C, 1h) to form a crystalline film.
Finally, spiro-OMeTAD (ca. 280 nm) was deposited on the perovskite
film through spin-coating (3000 rpm, 30 s). Finally, a gold (Au) elec-
trode (thickness: 70-80 nm) was deposited through thermal evapora-
tion at 1 x 10~ ° torr. The active area of the device was 0.04 cm?. The
various ETLs were deposited under ambient conditions; the active layer
and HTL were processed under a N, atmosphere.

2.5. Device characterization

The nanostructures of the NPs were examined using TEM (JEM-
2100F, JEOL); the phase of the materials was measured using XRD

(Bruker AXS, D8 Advance) with Cu Ka radiation under operating con-
ditions of 40kV and 40 mA. Oxidation states were measured through
XPS (PHI 5000 Versa Probe) with an Al Ka X-ray source (1486.6 eV).
UPS (PHI 5000 Versa Probe) was performed with an Al Ka X-ray source
(1486.6 eV) to measure the valance band maximum (VBM) of G-SnO.,,
using the He (I) emission (21.22 eV, ca. 50 W) as the source of UV light.
SEM (FEI Nova 200 microscope, 15kV) and AFM (Bruker Dimension
Icon atomic force microscope) were used to observe the morphologies
of the various ETLs on FTO substrates. Absorption and transmission
spectra of the films on quartz were measured using a Jacobs V-670
UV-Vis spectrophotometer. The J-V characteristics of the devices were
measured using a BI500A semiconductor parameter analyzer. The light
intensity was calibrated, using an AAA class ORIEL Sol3A solar simu-
lator equipped with an AM 1.5 filter, to 100 mW cm 2. Devices were
encapsulated prior to recording their J-V curves and EQE (Enli Tech,
Taiwan) spectra. The J-V curves were measured in both sweep forward
(from —0.2 to +1.2 V) and reverse (from +1.2 to —0.2 V) voltage
scans without any delay time (0 ms). Hall measurements were executed
with, sadhudesign (model: SM6800 source meter) with a four-probe
workstation (device area: 1.0 cm?). Electronic impedance spectroscopy
(EIS) was performed using an SI 1260 impedance/gain-phase analyzer
and an SI 1296 dielectric interface (Solartron) in the dark under a bias
of 1.0 V. Photoluminescence (PL) spectra signals of the perovskite films
were measured using an Edinburgh FLSP920 spectrometer. The PL
measurement systems were equipped with a picosecond pushed diode
laser (wavelength of excitation source: 485nm) operated at room
temperature.
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Fig. 5. (a) UPS [He(I)] spectra of G-SnO,, (burgundy) films with onset (E;) energy boundaries; inset: with cut-off energies (E.ut.of). (b) UV-Vis absorption spectra of G-
SnO, thin films on quartz; inset: Tauc plot. (¢, d) XPS spectra of composite nanostructure of SnO»: (c¢) Sn 3ds,» and Sn 3ds,» spectrum; (d) O 1s spectrum.

3. Results and discussion

Control over the particle size in an electrode interlayer is an im-
portant feature when preparing high-performance PSCs. The details of
the preparation of the G-SnO, NPs are provided in the Experimental
section. Fig. Sla [Supplementary Information (SI)] displays photo-
graphs of the pristine SnO, and the chromaticity behavior of the G-SnO,
NPs prepared over grinding times of 4, 8, and 12h (Fig. S1b, SI) [50].
The crystallographic information and particle size along with different
grinding time for the pristine SnO, powder and G-SnO, NPs are con-
firmed by transmission electron microscopy (TEM). Fig. 1a—d presents
bright-field TEM images of the non-ground and ground (4, 8, and 12 h)
SnO, samples, respectively. For the non-ground SnO,, large clumps
were evident to the naked eye; in contrast, the SnO, ground for 4, 8,
and 12h featured NPs having dimensions of 80-90, 30-40, and
10-20 nm, respectively. High-resolution TEM (HRTEM) (Fig. 1e-h) re-
vealed crystal lattice d-spacing of 0.333 and 0.263 nm, representing the
interplanar distances in the (110) and (101) directions, respectively.
The selective area electron diffraction pattern of the non-ground SnO,
(Fig. 1i) displays a bright spotty ring with few additional diffraction
spots, confirming its high crystallinity. After 4 h of grinding (Fig. 1j),
the spots appeared randomly—evidence for the SnO, beginning to lose
its crystallinity. Further increasing the grinding time to 8 h (Figs. 1k)
and 12h (Fig. 11) caused many rings with (110), (101), (200), (211),
and (311) orientations to appear—again suggesting random orienta-
tions and lower degrees of crystallinity. X-ray diffraction patterns (Fig.
S2, SI) of the thin films of G-SnO, on glass substrates revealed a similar
series of diffraction peaks for the (110), (101), (200), (211), and (110)

planes of the G-SnO, NPs.

Fig. 2a displays a schematic representation of the composite
SnO,-based conventional device structure of the PSCs prepared in this
study. They featured FTO-coated (fluorine doped tin oxide) glass as the
bottom electrode, an ETL (C-SnO,, G-SnO,, G-Sn0O,/C-Sn0,) as the
electrode interlayer, a mixed-cation lead mixed-halide perovskite as the
absorber layer, spiro-OMeTAD as the hole transport layer (HTL), and
Au as the top electrode. The cross-sectional scanning electron micro-
scopy (SEM) image of the same device structure is illustrated in Fig. 2b.
Fig. 2c—e reveal the top surface morphologies of the various ETLs (G-
Sn0,, C-SnO,, G-Sn0,/C-Sn0,) on the FTO substrate. It’s observed that
the G-SnO, NPs (Fig. 2¢) uniformly covered the substrate, due to the
excellent dispersion of the NPs on the FTO film in an equiangular
manner; nevertheless, a few gaps remained on the surface, such that the
perovskite might come into direct contact with the FTO substrate, po-
tentially leading to increased recombination loss (see below) and high
leakage current in the device. The surface of the FTO crystals was fully
capped with NPs, which provided a rough topography on the FTO film
(inset to Fig. 2d) [47]. The C-SnO, (Fig. 2d) film was grown from a
SnCl,-2H,0 precursor solution; therefore, during the annealing process,
this film required oxygen passivation for complete conversion into the
oxide. As a result, a fully capped layer was created on the surface, but
such a single thin layer was not efficient at charge transport or at the
blocking of holes in the devices (leading to lower PCEs). To avoid re-
combination loss, a high leakage current, and poor charge transport in
the device, we applied a layer of C-SnO, coating on G-SnO,, (Fig. 2e) to
fill any pinholes. This approach provided a low-porosity surface mor-
phology for which the perovskite absorber layer could readily be
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Fig. 6. Optical and electrical characteristics of C-SnO,, G-SnO,, and G-SnO,/C-SnO, ETLs. (a) Transmission spectra; inset: photograph of C-SnO, and G-SnO,
solutions. (b) UV-Vis absorption spectra of samples deposited on quartz. (c) PL spectra of mixed halide perovskite films deposited on C-SnO,, G-SnO,, and G-SnO,/C-
SnO,. (d) Hall measurements: Hall mobility, conduction electron concentration, and interface resistance analysis.

formed with a large crystal size (leading to higher PCEs). To form a
high-quality absorber layer, we used a one-step antisolvent deposition
method to prepare mixed-cation lead mixed-halide perovskite films
(Fig. 2f-h) on the various ETLs [51]. In the case of G-SnO5/C-SnO5/
PVSK (Fig. 2h), the perovskite film had relatively larger crystals size
than G-SnO,/PVSK (Fig. 2f) and C-SnO,/PVSK (Fig. 2g). The rough-
nesses of the ETL films of G-SnO,, C-SnO,, and G-Sn0,/C-Sn0O,, on the
FTO substrates were all similar at 24.8, 23.5, and 23.1 nm (Fig. S3a—c,
SI) respectively, as measured using atomic force microscopy (AFM).
The J-V curves (Fig. S4, SI) of PSCs incorporating G-SnO, were
recorded to examine the effect of the film’s thicknesses (30, 40, and
50nm) on device performance. The optimized thickness was 40 nm,
produced by spin-coating a 0.5 wt% solution of G-SnO, onto the FTO.
Solution-processed nanocolloidal SnO,, converted from a precursor of
SnCl,-2H,0 or SnCl,'5H,0, requires a particular annealing environment
and temperature treatment to ensure thermal decomposition [30,41].
In contrast, the G-SnO, NPs in this study do not have this issue because
the method of their preparation was purely physical; only IPA was
needed for dispersion, and it was readily evaporated. Annealing was to
increase the crystallinity of the films. We annealed the G-SnO, films at
various temperatures from RT (ca. 30 °C) to 300 °C; the J-V data of the
resulting devices, measured in both reverse voltage scans (Fig. S5a, SI)
and forward voltage scans (Fig. S5b, SI), are summarized in Table S2
(SI). The open-circuit voltage (V,.), the fill factor (FF), and the PCE all
increased upon increasing the annealing temperature to 250 °C, while
the short-circuit current density (Js.) remained constant. A further in-
crease in temperature to 300 °C led to a sudden drop in device perfor-
mance. PSCs incorporating C-SnO; ETL films that had been annealed at
200 °C appeared to be optimal. Fig. S6 presents the reverse-scan J-V

curves; Table S3 (SI) summarizes the device performance. Reverse and
forward voltage scans were recorded to examine the hysteresis behavior
[52-54]. Strong hysteresis was observed in the case of pure G-SnO, and
C-SnO,, but it was lower in the case of the composite nanostructure (G-
Sn0,/C-Sn0,) The hysteresis index (HI) was calculated using the
equation (HI=[B,a,/Bnaxs] — 1); where P, and B, sare the max-
imum power points for reverse and forward scans, respectively [55].
For the reverse voltage scans, the devices based on the ETLs C-SnO,, G-
Sn0,, and G-Sn0,/C-Sn0O,, exhibited PCEs of 16.46, 17.92, and 20.12%,
respectively, with V,. 0of 1.08,1.13, and 1.19 V, FFs of 72.50, 73.61, and
78.90%, and J,. of 20.97, 21.49, and 21.31 mA cm ™2, respectively. For
the forward voltage scans, these champion devices provided PCEs of
13.99, 14.74, and 19.74%, respectively, with values of V. of 1.02, 1.08,
and 1.18V, respectively, FFs of 65.08, 63.08, and 78.09%, respectively,
and values of Jy. of 20.93, 21.44, and 21.34 mA cm ™~ 2, respectively.
Among the various ETLs, the device incorporating G-SnO,/C-SnO, as
the ETL had an HI (0.01) much lower than those of the single-compo-
nent ETLs G-SnO, (0.21) and C-SnO, (0.17)—evidence for the greater
film quality of the composite SnO,. Thus, a comparison of the champion
PSC cells incorporating the composite G-SnO,/C-SnO, nanostructure
and the pure G-SnO, as ETLs revealed comparable photocurrents, but
the FF, photovoltage, and device efficiency all increased for the former,
by 5.1, 7.3, and 12.4%, respectively (reverse voltage scans). Table 1
summarizes the performances of all of these photovoltaic devices.
Fig. 3a—c presents J-V curves measured without delay (0 ms) for the
PSCs incorporating C-SnO,, G-SnO,, and G-SnO,/C-SnO,, respectively,
as ETLs. The composite G-SnO,/C-SnO, nanostructure device exhibited
champion PCEs of 21.09%, V,. of 1.22V, FFs of 80.09%, and Jy. of
21.46 mA cm 2 (Fig. 3d). We measured 21 individual PSC cells for each
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ETL type (C-SnO;, G-SnO,, G-SnO,/C-Sn0O,) to calculate the device
statistics. The counts versus V.., Js, FF, and PCE are provided in
Fig. 4a—d, respectively, for the reverse voltage scans; and in Fig. S7a-d
(SI), respectively, for the forward voltage scans. Table 1 summarizes the
detailed statistics for the values of V., Js., FF, and PCE. With C-SnO,, G-
Sn0.,, and G-SnO,/C-Sn0O, as ETLs, the PSCs (reverse voltage scans) had
comparable values of J, - 21.09 + 0.74, 21.24 * 0.69, and
21.32 * 0.43mAcm™ 2, respectively; but distinctly increased V.
(1.07 = 0.02, 1.12 = 0.01, and 1.19 = 0.01V, respectively), FFs
(68.93 + 4.37,71.86 *= 3.05,and 78.20 = 1.16%, respectively), and
PCEs (15.58 + 0.88,17.10 * 0.62,19.97 * 0.66%, respectively). To
investigated the device repeatability, Fig. S8 in SI shows the PCE data
from three batches of samples incorporating ETL of G-SnO,/C-SnOs,
fabricated at different time. The average PCE was determined from
6 cells in each batch. The average PCE of batch 1, batch 2, and batch 3
was 19.56, 19.39, and 20.12%, respectively. The external quantum
efficiency (EQE) spectrum of the champion PSC device incorporating
the G-SnO,/C-SnO, ETL was shown in Fig. S4b, SI. The integrated
photocurrent density from the EQE spectrum was 20.63mAcm™ 2,
which is close to that (21.46 mA cm~2) measured from the J-V curve.
SnO, is a robust material against O, and moisture, and has provided
correspondingly enhanced device stability [56]. We investigated the
stability of devices incorporating C-SnO,, G-SnO,, and G-SnO,/C-SnO,
as ETLs, both with (Fig. 3e) and without (Fig. 3f) encapsulation, under
ambient air at a humidity of 20 + 5%. The devices incorporating the
composite SnO, nanostructure displayed excellent long-term device
stability, maintaining 89% (with encapsulation) and 83% (without
encapsulation) of their initial PCEs after 105 days (> 2500h) and 60
days (> 1400 h), respectively. In contrast, the device incorporating the
single-structure C-SnO, (G-SnO-) ETLs retained only 38% (63%); of the
initial PCE with encapsulation and 27% (59%) without encapsulation
after 40 days (105 days) and 15 days (50 days), respectively. This
suggests that the long-term stability of the device incorporating the
SnO, composite nanostructure (as well as that containing a single layer
of G-Sn0O,), was better than that of the device based on a single layer of
C-SnO,. We attribute this behavior to the robust method—physical
grinding—for the preparation of the SnO, NPs. The main advantage of
this new approach is that the starting material was pure SnO,; no
chemical synthesis or further purification was necessary to obtain the
desired product (only IPA was involved to disperse the materials).

We conducted various characterizations to understand the me-
chanisms behind the composite SnO, nanostructure ETL. Ultraviolet
photoelectron spectroscopy (UPS) [He(I)] was performed to determine
the band alignment of the G-SnO, NPs prepared through ball-milling.
Fig. S9a (SI) presents the full UPS spectra. The valence band (VB) en-
ergy of G-SnO, NPs was —7.93 eV, as calculated from Fig. 5a using
equation (¢ = hv — (Ey — E;); where hv = 21.2¢eV) [57]. The energy
bandgap (E;) was 3.87 eV, determined from the UV-Vis absorption
spectra (Fig. 5b) and a Tauc plot (inset to Fig. 5b). The conduction band
(CB) energy level was, therefore, —4.06 eV [39]. Fig. S9b (SI) displays
the energy band diagram for the PSCs incorporating G-SnO, and C-SnO,
as ETLs [29,58]. One reason for the higher value of V,. in the PSC
featuring the G-SnO,/C-SnO, composite nanostructure is that its work
function was closer to the conduction band of perovskite than it was in
the G-SnO,-only ETL counterpart; that is, there was a lower energy
barrier in the former system. Another reason for the higher value of V.
was the higher quality of the ETL film when the compact SnO, layer
was deposited on top of the G-SnO, film—a structure that decreased the
number of short channels in the device, which has higher shunt re-
sistivity.

X-ray photoelectron spectroscopy (XPS) was used to examine the
chemical compositions of the SnO, composite nanostructures prepared
from G-SnO, and SnCl,2H,O (C-Sn0O,) after annealing at moderate
temperatures (200-250 °C). Fig. 5c—d reveal the presence of Sn 3d and
O 1s peaks, respectively. Binding energies of 487.2 and 495.6 eV were
assigned to the Sn 3ds,» and Sn 3d3,» peaks, respectively; the O 1s peak
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at 531.6 eV was assigned to the 0%~ state in SnO,. No peaks appeared
for Cl (198-200eV) in the full XPS spectra (Fig. S10, SI) of the SnO,
composite nanostructures [32,59].

Fig. 6a and b presents the transmission and UV-Vis absorption
spectra, respectively, of C-SnO,, G-SnO,, and G-Sn0O,/C-SnO,, ETL films
prepared on quartz. All of these ETL films were highly transparent (ca.
100, 98, and 97%, respectively) in the visible spectral range (inset:
photograph of a prepared C-SnO, and G-SnO, solution). The UV-Vis
absorption spectra of the various ETL films spin-coated on quartz re-
vealed that the absorption of the SnO, composite nanostructure (G-
Sn0,/C-Sn0,) was slightly higher than those of the single-layer ETLs
(C-Sn0,, G-Sn0,). To explore the charge transport properties of the
various ETL-based PSCs, the photoluminescence (PL, Fig. 6¢) spectra
were recorded. The PL of the mixed-cation lead mixed-halide perovskite
films incorporating the various ETLs (C-SnO,, G-SnO,, and G-SnO,/C-
SnO,) were measured using FTO as the substrate. The perovskite film
presenting the SnO, composite nanostructure exhibited PL quenching
higher than that of the single (C-SnO5 and G-SnO,) ETL structure.

High series resistance, low electron mobility, and a low carrier
concentration can be indicative of a high number of traps, which can
slow down charge transport, in a device. We measured the Hall mobility
(up), the conduction electron concentration (N), and the series re-
sistance (R,) of the C-Sn0O,, G-SnO,, and G-Sn0,/C-SnO, ETL films on
FTO substrates. Fig. 6d displays the Hall effect measurement setup; Fig.
S12 (SI) provides a photograph of the four-probe system in it. The
electron mobility (i) was measured from electron-only devices having
the structure FTO/(C-SnO,, G-SnO,, G-Sn0,/C-Sn0,)/PCs BM/Ag. Fig.
S11 (SI) presents the results of fitting to the space-charge-limited cur-
rent (SCLC) model (Supplementary Method 1) [39,60]. The electron
mobility (4e) of  the SnO, composite nanostructure
(411 x 10" %2em®V ™! s71) was higher than those of the two single-
component ETLs (C-SnO,: 4.34 X 107 3ecm?Vv~! s~ G-SnO.:
1.06 x 10~ 3cm? V™! s71). The conduction electron concentration and
the Hall mobility are both temperature-dependent [61]. Upon in-
creasing  the  annealing temperature from 200°C  (C-
SnO, = 2.33 X 10°em®V ™! s™h to 250°C (G-
Sn0, = 1.09 x 103em?®V ! s 1), the Hall mobility decreased slightly.
The value of py of the ETL prepared from the SnO, composite nanos-
tructure increased at (G-SnO, = 250°C/C-SnO, = 200°C) to
5.7 x 103ecm?V ™! s~ 1. The carrier concentration was slightly higher
(5.21 x 10*° cm ™ 3) for the composite G-Sn0O,/C-SnO, ETL than for the
single ETLs (G-SnO,: 3.73 X 10'°em™3; C-Sn0,: 3.48 x 10°cm™3).
The lower value for C-SnO, ETL suggests that oxygen vacancies or other
impurities were generated during annealing of the film. The value of R;
for the SnO, nanostructure-based PSC (4.19 Q cm ~2) was much lower
than those for the PSCs incorporating C-SnO, (25.6 Qecm™?) and G-
Sn0, (19.1 Q cm™2). A lower value of R can assist in achieving higher
PCEs and FFs in solar cell devices. Table S1 (SI) summarizes the elec-
trical properties of the various ETLs; the trend agrees well with the
device data.

Electrochemical impedance spectroscopy (EIS) of PSCs in-
corporating the C-SnO,, G-SnO,, and G-SnO,/C-SnO, ETLs was per-
formed to investigate the interface electrical properties of the solar
cells. Fig. S13a (SI) displays the results of fitting the Nyquist plots using
an equivalent circuit model (ECM) [62]. Table S4 (SI) summarizes the
parameters calculated from the EIS measurements, including the re-
combination resistance (R..), selective contact resistance (Ry.), and
controlled-potential electrolysis (CPE), for the various ETL-based PSCs.
CPE was used in the ECM as an alternative to the ideal capacitance; it
allowed us to investigate the behavior of inhomogeneities that were
influenced by defects at the PSC interfaces [63]. Fig. S13b (SI) reveals
the values of Ry, and R,.. measured for the C-SnO,, G-SnO,, and G-
Sn0,/C-SnO, ETLs. For the PSC featuring the composite SnO, nanos-
tructure ETL, a higher value of R, (22.69 Q cm ™ 2) and a lower value of
Ry (62.03Qcm™2) were obtained, compared with those of the other
two ETLs (G-SnO2z: Ryec = 12.89Qcm™? and Ry = 68.08 Qcm ™% C-
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SnO0s: Ryec = 8.9Qcm ™2 and Ry = 70.61 Qcm ™ 2). Thus, the compo-
site ETL underwent faster charge extraction and also suppressed charge
recombination. The value of R,. contributes to the total series resistance
and affects the FF and V,. of a PSC [63]. In addition, the shunt re-
sistance was calculated from J-V curves of the best performing cells of
various cases (C-SnO,, G-SnO,, and G-SnO,/C-Sn0,) (Table S5, SI),
yielding a Ry, in a composite (G-SnO,/C-SnO,) ETL was significantly
higher (by more than one order) than the a single (C-SnO, and G-SnO,)
ETL. This agrees with the better ETL coverage (much less pinhole) in
the composite ETL case, and is also expected to help the device stability.
As a result, the improvements in the values of Rec, Rs, and Ry in the
device are consistent with the enhanced device performance de-
termined from the J-V curves (Fig. 3a-d) and Table 1.

4. Conclusions

This paper describes high-performance PSCs, displaying excellent
reproducibility, based on SnO, composite nanostructures. A ball-milling
method was used to synthesize high-quality SnO5 NPs (G-SnO,) at room
temperature. Introducing a compact layer (C-SnO,) on top of the
composite G-SnO, nanostructure layer significantly decreased the de-
gree of recombination between the ETL and the active layer, and
functioned as a robust hole blocking layer in planar heterojunction
PSCs. As a result, high-performance PSCs were obtained displaying
PCEs as high as 21.09% with weak hysteresis, and photovoltages 1.22V
in a 1.60 eV perovskite system. Hall measurements and EIS studies re-
vealed that the carrier mobility, carrier concentration, selective contact
resistance, and recombination resistance could all be tuned through
simple temperature control of the composite SnO, nanostructure ETL.
This low-cost method of production of G-SnO; NP-based PSCs provided
high performance over a wide range of annealing temperatures (from
ca. 30-250°C), suggesting great potential for application to flexible
devices. The PSC incorporating the ETL based on the composite SnO,
nanostructure demonstrated excellent long-term device stability, con-
firming the potential significance of these new ETLs for PSCs.
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