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Abstract:

Metal oxide carrier transporting layers have been investigated widely in organic/inorganic lead
halide perovskite solar cells (PSCs). Tin oxide (9ni® a promising alternative to the titanium
dioxide commonly used in the electron transporting layer (ETL), due to its tunable carrier
concentration, high electron mobility, amenability 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 $n€ectron transporting material that provided 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
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nanoparticles (G-Srnf) and a sol—gel process was used to prepare aamrnQ (C-SnQ)
layer. The effects of various types of ETLs (C-$nG-SnQ, composite G-SngC-SnQ) on the
performance of the PSCs are investigated. The csrep8nQ nanostructure formed a robust
ETL having efficient carrier transport propertiascordingly, carrier recombination between the
ETL and mixed perovskite was inhibited. PSCs inocaiing C-Sn@, G-SnQ, and G-Sn@C-
SnQ as ETLs provided PCEs of 16.46, 17.92, and 21.08%pectively. In addition to their high
efficiency, the devices featuring the composite S@SnQ/C-SnQ) nanostructures possessed
excellent long-term stability—they maintained 89%itk encapsulation) and 83% (without
encapsulation) of their initial PCEs after 105 dgy®500 h) and 60 days (>1400 h),

respectively, when stored under dry ambient air{ 30RH %).
TOC Graphic

A facile new solid-state synthesis of composite-dxide electron transport layer (ETL) leads to
power conversion efficiency up to 21.09% for mixeation lead mixed-halide perovskite solar

cells.
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1. Introduction

Organic/inorganic hybrid lead halide perovskiteasatells (PSCs) are attracting a remarkable
amount of attention because of the rapid growtth@ir power conversion efficiencies (PCES)
from 3.8% to over 23% within the last nine years2] The superb optical characteristics,
excellent electrical properties, innovative devsteuctures and interfacial engineering, and
variety of perovskite growth techniques all providach room for further enhancements in their
performance.[3-17] Although the stability of PSCancbe improved significantly after
incorporating metal oxide carrier transporting lsyethe device stability remains challenging
when employing organic and fullerene-based catremsporting layers.[8, 18] There are two
kinds of PSC device configurations: n—i—p[19] (m@so@us; planar or regular) and p—-i—n[20]
(inverted) structures.[21] To date, the PCEs haelly been highest for the devices having the
n—i—p mesoscopic structure,[1, 22, 23] for whighrtium dioxide (TiQ) is considered to be the
most efficient electron transporting layer (ETL)e\Mrtheless, the preparation of Fi@quires a
high sintering temperature[22] to achieve a higlaligy film. Although a few groups have
reported the processing of Ti@t low temperature, the resulting layers tendutibes from low
electron mobility, and strong photocatalytic ex@mt[24, 25] Zinc oxide (ZnO) is another
excellent candidate material for preparing ETLsfortms high-performance planar PSCs and
organic solar cells, but its chemical instabilipshhindered its applicability.[26, 27] Recentiw, ti
oxide (SnQ) has emerged as an excellent replacement fop TCplanar PSCs, due to its
suitable alignment of energy levels for hole blogki high electron mobility for fast electron
transport, high transmittance, lack of ultravigley) photocatalytic activity, processing at low

temperature, low cost, and high chemical stabjiig;.29]



In 2015, several groups reported PSCs incorpay&@mQ ETLs prepared using various
synthetic methods. Ma and co-workers fabricated$f@@turing a Snfcondensed layer, with a
reported PCE of 7.43%.[30] Kuang and co-workers leyga a TiCl-treated Sn@
nanocolloidal film as the ETL in PSCs, resulting an excellent improvement in PCE to
14.69%.[31] Fang and co-workers prepared low-teatpee sol-gel Sn{Onanocrystals, through
thermal annealing of Sn&PH,O in ambient air, for use as the ETL in PSCs, abthined a
PCE of 17.21%,[32] Since then, many other meth@i® lbeen developed for the fabrication of
high-performance Sntbased PSCs. In 2016, Gratzel and co-workers pedpar low-
temperature-processed Sn@rough chemical bath deposition, for use inEfiés of PSCs, and
reported a PCE of 20.7% with excellent stabilit$][8 2017, You and co-workers reported a
certified PCE of 20.9% for a PSC prepared using ltemperature processing of a
commercialized Sngxolloidal precursor and optimization of the sugfg@assivation of PR[34]
Hagfeldt and co-workers demonstrated that a seiygiocessed SnQilm, synthesized through
atomic layer deposition (ALD), was a good candidateplanar PSCs, obtaining PCEs ranging
from 18 to 19% with negligible hysteresis.[35-37¢Wrtheless, the amorphous structure of
ALD-processed SnOETLs at low temperature is a major drawback tlzet led to low electron
mobility.[38] To date, all of the high-performan&sSCs incorporating Sn(as the ETL have
been based on SaManocolloidal samples prepared through solutiatgssing.[33, 39-41]
Brown and co-workers reported the composite routeusing SnQ@ (from a liquid non-
nanocrystal solution) capped with other oxides saglMgO has also been used to achieve high

efficiency in PSCs.[42]

Annealing is critical for solution-processed Srflims. A low annealing temperature can

lead to poor crystallinity of the Sn@Ims; a high temperature can impart the devicthwioor



performance.[43] A thin layer of SmaChanoparticles (NPs) may create pinholes and poor
coverage, neither of which is desired for blockihg holes in the device.[44] In such a case, the
conductive substrate and the active layer mightecamio direct contact, resulting in a high
leakage current, low electron mobility, and carrecombination at the interface in the device.
Some attempts have been made to solve this issuetdogucing a bilayer ETL.[45, 46] For
example, a TI@SnG, combination provided a robust hole-blocking latfeat was favorable for
electron extraction in PSCs, due to tuning of thergy bandgap and suppression of the charge
carriers.[29, 47] In this present study, we devetbp new method to prepare a composite ETL
structure comprising a SrONP layer (prepared in a facile manner through aygrinding)

and a dense layer of a sol—gel-processed, 8m® film that could fill pinholes and, thus, fora

high-quality ETL layer.

First, we describe a facile, purely physical appheausing high-energy ball-milling
(wet-milling grinding) at room temperature (RT, & °C)—for preparing reproducible and
chemically pure SnOETLs with controllable particle sizes. The grouBdG, (G-SnQ) NPs
were then employed as an electrode interlayemmxad-cation lead mixed-halide perovskite. In
parallel, we used Sng&PH,O as a precursor to prepare a dense layer of, 3EENQ)
processed at low temperature. The impact of thgohmogies and nanostructures of the $nO
ETLs (C-SnQ, G-SnQ, G-SnQ/C-SnQ) on the device performance has been investigated
systematically. The synergistic effects of the cosifg G-Sn@C-SnQ nanostructure yielded a
pinhole-free ETL layer, leading to PSCs displayagnghampion PCE of 21.09% and an average
PCE of 19.97%. In comparison, PSCs incorporatirgjvidual C-SnQ and G-Sn@ layers
provided champion PCEs of 16.46 and 17.92%, resjedet The champion device featuring the

G-SnQJ/C-SnQ—-based ETL possessed excellent stability; it rethi®@9% (with encapsulation)



and 83% (without encapsulation) of its initial P@&er 105 and 60 days, respectively, when

stored under ambient air (20 £ 5 RH%).
2. Experimental section
2.1. Materials

Tin(IV) oxide (SnQ) and Pbl (Sigma—Aldrich); zirconium dioxide (Zrf zirconia) beads
(density: 5.95 g cii; size: 100 pm; Oriental Cera TEC., Taiwan); FAI'§4 Polymer Light
Technology); SnGI2H,0, MABr, PbBp, Csl, PbCJ, and 4tert-butylpyridine (t-BP) (Alfa
Aesar); spiro-OMeTAD (LumTech, Taiwan); and bigltoromethane)sulfonimide lithium salt
(Li-TFSI; UR Company, Taiwan) were obtained froreitmoted suppliers and used as received.
The solvents isopropyl alcohol (IPA), dimethylformae (DMF), dimethyl sulfoxide (DMSO),
acetonitrile (ACN), methylbenzene (toluene), andobenzene (CB) were purchased from

Sigma—Aldrich and used without further purification
2.2. Preparation of electron transporting materials

(1) Ground Sn®(G-SnQ) NPs: The Sn@NPs we prepared using a technique similar to that
described previously for T¥ONPs.[48] The Sn@powder (3.6 g), IPA (120 mL), and micro
zirconia beads (ca. 400 g) were mixed and traredeto the chamber of a grinder, which was
attached to a dispersing machine (AG-1000, Allgechhology) and an electric stirrer. The
grinding process was performed at room temperdtré2 h at a rotation speed of 1800 rpm.
After 4 and 8 h, the G-SnONPs were collected from a grinder using a pipetiel subjected to
particle size analysis. After 12 h, the suspensiath changed color from white to dark brown—

evidence for full dispersion of the material. Amé@pendent layer of G-Snp@ould be seen, by



the naked eye, on top of the zirconia beads. Tipemuayer of G-Sn®NPs was separated and

the residue from the zirconia beads was settled.

(2) A previously reported method was used to pepae compact SnO(C-SnQ) from

SnCh-2H,0 (93 mg) dissolved in EtOH (4 mL).[29]
2.3. Preparation of precursor solution for mixedgeskite

The composition of the mixed perovskite was basedti@mt reported previously.[49] The
perovskite precursor solution contained Rl1 M), FAI (1 M), PbBs (0.2 M), and MABr (0.2

M) dissolved in anhydrous DMF/DMSO (4:1; v/v). Gslthe form of a stock solution [1.5 M in
DMSO (1 mL)] was added at a 5:95 ratio to the abmwead precursor solution. The resulting
solution was then mixed with another solution comitey MAI and PbC} (3:1 molar ratio) at a
volume ratio of 1.5:1.[11] The final precursor d@dn was heated on a hot plate at 50 °C for 5 h

prior to use.

Preparation of hole transporting material# solution of spiro-OMeTAD (72.3 mg) in CB (1

mL) was doped with Li-TFSI [520 mg dissolved in AG954 pL); 18 puL] and t-BP (29 uL).

2.4. Device fabrication

Patterned FT@ubstrates (<1@ cni?) were purchased from PV Tech (Yingkou, China). FTO
was cleaned using standard procedures [washing deitergent, rinsing twice with deionized
water, and sonication in acetone and IPA (20 mechgablown dry under B and stored in an
oven prior to use. The cleaned FTO substrates sujected to UV ozone treatment for 20 min.
The G-SnQ@ (ca. 40 nm) sample (0.5 wt%, dispersed in IPA) s@sicated (20 min) prior to
spin-coating (3000 rpm, 30 s) on the FTO substréddowed by annealing at various

temperatures (from 100 to 250 °C) for 30 min. Th&, layer was deposited through spin-



coating (3000 rpm, 30 s) of Si@H,0 and then annealing (200 °C, 1 h, with<bpplied). The
perovskite layer was deposited using a one-stepsalvent method. The mixed halide
perovskite (ca500 nm) precursor was spin-coated (2500 rpm, 15esy 5000 rpm, 15 s) on the
various ETLs (C-Sng G-SnQ, G-SnQ/C-SnQ); during the last 15 s of spin-coating, a droplet
of toluene (300 pL) was placed on the perovskiteictvwas annealed undeg K65 °C, 1 min;
then 105 °C, 1 h) to form a crystalline film. Filyalspiro-OMeTAD (ca280 nm) was deposited
on the perovskite film through spin-coating (30@dny 30 s). Finally, a gold (Au) electrode
(thickness: 70-80 nm) was deposited through theewaporation at & 10° torr. The active
area of the device was 0.04 Trithe various ETLs were deposited under ambienditions; the
active layer and HTL were processed undep atihosphere.

2.5. Device Characterization

The nanostructures of the NPs were examined uditd UEM-2100F, JEOL); the phase of the
materials was measured using XRD (Bruker AXS, D&akte) with Cu & radiation under
operating conditions of 40 kV and 40 mA. Oxidatstates were measured through XPS (PHI
5000 Versa Probe) with an AloKX-ray source (1486.6 eV). UPS (PHI 5000 Versa Pyatas
performed with an Al I§ X-ray source (1486.6 eV) to measure the valancel beaximum
(VBM) of G-SnQ, using the He (1) emission (21.22 eV, ca. 50 W}hessource of UV light.
SEM (FEI Nova 200 microscope, 15 kV) and AFM (Brukmension Icon atomic force
microscope) were used to observe the morpholodigheovarious ETLs on FTO substrates.
Absorption and transmission spectra of the filmsjoartz were measured using a Jacobs V-670
UV-Vis spectrophotometer. Th&-V characteristics of the devices were measured uaging
B1500A semiconductor parameter analyzer. The ligtensity was calibrated, using an AAA

class ORIEL Sol3A solar simulator equipped withAM 1.5 filter, to 100 mW cnf. Devices



were encapsulated prior to recording tllel curves and EQE (Enli Tech, Taiwan) spectra. The
J-V curves were measured in both sweep forward (fror to +1.2 V) and reverse (from +1.2
to —0.2 V) voltage scans without any delay timen@). Hall measurements were executed with,
sadhudesign (model: SM6800 source meter) with afoobe workstation (device area: 1.0%m
Electronic impedance spectroscopy (EIS) was peddrosing an S| 1260 impedance/gain-phase
analyzer and an SlI 1296 dielectric interface (Sadaj in the dark under a bias of 1.0 V.
Photoluminescence (PL) spectra signals of the pé&itav flms were measured using an
Edinburgh FLSP920 spectrometer. The PL measuremsgsiems were equipped with a
picosecond pushed diode laser (wavelength of diantssource: 485 nm) operated at room
temperature.

3. Results and discussion

Control over the particle size in an electroderiaieer is an important feature when preparing
high-performance PSCs. The details of the premaraif the G-Sn@QNPs are provided in the
Experimental section. Fig. Sla [Supplementary mfdion (Sl1)] displays photographs of the
pristine SnQ@ and the chromaticity behavior of the G-SnPs prepared over grinding times of
4, 8, and 12 h (Fig. S1b, SI).[50] The crystallqdria information and particle size along with
different grinding time for the pristine SpaQpowder and G-SnONPs are confirmed by
transmission electron microscopy (TEM). Fig. lafrespnt bright-field TEM images of the non-
ground and ground (4, 8, and 12 h) Srs@mples, respectively. For the non-ground $Stedge
clumps were evident to the naked eye; in contthst, SnQ ground for 4, 8, and 12 h featured
NPs having dimensions of 80-90, 30-40, and 10-20 respectively. High-resolution TEM
(HRTEM) (Fig. 1e—h) revealed crystal lattidespacing of 0.333 and 0.263 nm, representing the

interplanar distances in the (110) and (101) dioest respectively. The selective area electron



diffraction pattern of the non-ground SnQFig. 1i) displays a bright spotty ring with few
additional diffraction spots, confirming its highystallinity. After 4 h of grinding (Fig. 1j), the
spots appeared randomly—evidence for the Sh€ginning to lose its crystallinity. Further
increasing the grinding time to 8 h (Fig. 1k) arif (Fig. 1I) caused many rings with (110),
(101), (200), (211), and (311) orientations to appeagain suggesting random orientations and
lower degrees of crystallinity. X-ray diffractioraperns (Fig. S2, Sl) of the thin films of G-SnO
on glass substrates revealed a similar seriedfedation peaks for the (110), (101), (200), (211),

and (110) planes of the G-SpQPs.

Fig. 2a displays a schematic representation ofctmposite Sn@-based conventional
device structure of the PSCs prepared in this stlilgy featured FTO-coated (fluorine doped
tin oxide) glass as the bottom electrode, an ETLS(, G-SnQ, G-SnQ/C-SnQ) as the
electrode interlayer, a mixed-cation lead mixedd®abperovskite as the absorber layer, spiro-
OMeTAD as the hole transport layer (HTL), and Autlas top electrode. The cross-sectional
scanning electron microscopy (SEM) image of theesdevice structure is illustrated in Fig. 2b.
Fig. 2c—e reveal the top surface morphologies @Mdrious ETLs (G-Sn§ ) C-SnQ, G-SnQ/C-
SnG) on the FTO substrate. It's observed that the G.9Ps (Fig. 2c) uniformly covered the
substrate, due to the excellent dispersion of tRs bih the FTO film in an equiangular manner;
nevertheless, a few gaps remained on the surfack,teat the perovskite might come into direct
contact with the FTO substrate, potentially leadimgncreased recombination loss (see below)
and high leakage current in the devitee surface of the FTO crystals was fully cappeth wi
NPs, which provided a rough topography on the Fli@ (inset to Fig. 2d).[47] The C-SnO
(Fig. 2d) film was grown from a Sn&£2H,O precursor solution; therefore, during the anmegli

process, this film required oxygen passivationclmmplete conversion into the oxide. As a result,
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a fully capped layer was created on the surfacesbch a single thin layer was not efficient at
charge transport or at the blocking of holes in diegices (leading to lower PCESs). To avoid
recombination loss, a high leakage current, ana pbarge transport in the device, we applied a
layer of C-SnQ@ coating on G-Sn@(Fig. 2e) to fill any pinholes. This approach go®d a low-
porosity surface morphology for which the perowslatbsorber layer could readily be formed
with a large crystal size (leading to higher PCHEs)form a high-quality absorber layer, we used
a one-step antisolvent deposition method to prepaxed-cation lead mixed-halide perovskite
films (Fig. 2f—h) on the various ETLs.[51] In thase of G-SnglC-SnQ/PVSK (Fig. 2h), the
perovskite film had relatively larger crystals silean G-Sn@PVSK (Fig. 2f) and C-
SnG/PVSK (Fig. 2g). The roughnesses of the ETL filnisceSnGQ, C-SnQ, and G-Sn@C-
SnG on the FTO substrates were all similar at 24.85,2and 23.1 nm (Fig. S3a—c, Sl)

respectively, as measured using atomic force nooms (AFM).

The J-V curves (Fig. S4, Sl) of PSCs incorporating G-gm@re recorded to examine
the effect of the film’s thicknesses (30, 40, adr®n) on device performance. The optimized
thickness was 40 nm, produced by spin-coating aM® solution of G-Sn@onto the FTO.
Solution-processed nanocolloidal SnOconverted from a precursor of SpQH,O or
SnClL-5H,0, requires a particular annealing environment gmdperature treatment to ensure
thermal decomposition.[30, 41] In contrast, the IBASNPS in this study do not have this issue
because the method of their preparation was pptglgical; only IPA was needed for dispersion,
and it was readily evaporated. Annealing was toe@se the crystallinity of the films. We
annealed the G-Sn@ilms at various temperatures from RT (ca. 30 &€300 °C; the}-V data
of the resulting devices, measured in both revedtage scans (Fig. S5a, SlI) and forward

voltage scans (Fig. S5b, Sl), are summarized inerdp (Sl). The open-circuit voltag¥.(), the
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fill factor (FF), and the PCE all increased upoar@asing the annealing temperature to 250 °C,
while the short-circuit current densitysd remained constant. A further increase in tempegat
to 300 °C led to a sudden drop in device perforrma®SCs incorporating C-Sp@&TL films
that had been annealed at 200 °C appeared to beabpFig. S6 presents the reverse-sdavi
curves; Table S3 (SI) summarizes the device pedoo®. Reverse and forward voltage scans
were recorded to examine the hysteresis behavisbf Strong hysteresis was observed in the

case of pure G-Snand C-Sn@ but it was lower in the case of the compositeostmicture (G-

SnQ/C-SnQ) The hysteresis index (HI) was calculated using éguation(HI = [P,/

Pmax,f] - 1); wherep,, . andPp,,, rare the maximum power points for reverse and fadwar
scans, respectively.[55] For the reverse voltagasche devices based on the ETLs C-$@&
SnQ, and G-Sn@C-SnQ exhibited PCEs of 16.46, 17.92, and 20.12%, resdyg, with V.

of 1.08, 1.13, and 1.19 V, FFs of 72.50, 73.61, a3®0%, ands: of 20.97, 21.49, and 21.31
mA cm?, respectively. For the forward voltage scansseéhghampion devices provided PCEs of
13.99, 14.74, and 19.74%, respectively, with vahfég,. of 1.02, 1.08, and 1.18 V, respectively,
FFs of 65.08, 63.08, and 78.09%, respectively,\ades ofls. of 20.93, 21.44, and 21.34 mA
cni?, respectively. Among the various ETLs, the deviweorporating G-Sn@C-SnQ as the
ETL had an HI (0.01) much lower than those of timgle-component ETLs G-Sn@0.21) and
C-SnQ (0.17)—evidence for the greater film quality oétbomposite SnO Thus, a comparison
of the champion PSC cells incorporating the contpoSi-SnQ/C-SnQ nanostructure and the
pure G-Sn@ as ETLs revealed comparable photocurrents, buEEhehotovoltage, and device
efficiency all increased for the former, by 5.13,7and 12.4%, respectively (reverse voltage
scans). Table 1 summarizes the performances dffalese photovoltaic devices. Fig. 3a-c

presents}-V curves measured without delay (O ms) for the P8Q&wporating C-Sng) G-SnQ,
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and G-Sn@C-SnQ, respectively, a£TLs. The composite G-Sa@-SnQ nanostructure
device exhibited champion PCEs of 21.09%, of 1.22V, FFs of 80.09%, anl. of 21.46 mA
cmi? (Fig. 3d). We measured 21 individual PSC cells for each Eet{C-Sn®, G-SnQ, G-
SnQ/C-SnQ) to calculate the device statistics. The countsu&V,, Js, FF, and PCE are
provided in Fig. 4a—d, respectively, for the reeemltage scans; and in Fig. S7a—d (SI),
respectively, for the forward voltage scans. Tablsummarizes the detailed statistics for the
values oV, Js¢, FF, and PCE. With C-SpDG-SnQ, and G-Sn@C-SnQ as ETLs, the PSCs
(reverse voltage scans) had comparable valudg of 21.09 + 0.74, 21.24 + 0.69, and 21.32 £
0.43 mA cm?, respectively; but distinctly increas&t), (1.07 + 0.02, 1.12 + 0.01, and 1.19 +
0.01 V, respectively), FFs (68.93 + 4.37, 71.86.@53 and 78.20 + 1.16%, respectively), and
PCEs (15.58 £+ 0.88, 17.10 = 0.62, 19.97 = 0.66%peetively). To investigated the device
repeatability, Fig. S8 in Sl shows the PCE datenftbree batches of samples incorporating ETL
of G-SnQ/C-SnQ, fabricated at different time. The average PCE detsrmined from 6 cells in
each batch. The average PCE of batch 1, batchd2baith 3 was 19.56, 19.39, and 20.12%,
respectively. The external quantum efficiency (EQGREctrum of the champion PSC device
incorporating the G-SnyC-SnQ ETL was shown in Fig. S4b, .SThe integrated photocurrent
density from the EQE spectrum was 20.63 mA<mwhich is close to that (21.46 mA tih
measured from thé-V curve. Sn@ is a robust material against, @nd moisture, and has
provided correspondingly enhanced device staljii®}.\We investigated the stability of devices
incorporating C-Sng) G-SnQ, and G-Sn@C-SnQ as ETLs, both with (Fig. 3e) and without
(Fig. 3f) encapsulation, under ambient air at a iditynof 20 + 5%. The devices incorporating
the composite Sn{nhanostructure displayed excellent long-term destedility, maintaining 89%

(with encapsulation) and 83% (without encapsulatairtheir initial PCEs after 105 days (>2500
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h) and 60 days (>1400 h), respectively. In contridigt device incorporating the single-structure
C-SnQ (G-SnQ) ETLs retained only 38% (63%); of the initial P@&h encapsulation and 27%
(59%) without encapsulation after 40 days (105 fHaysl 15 days (50 days), respectively. This
suggests that the long-term stability of the devioeorporating the SnO composite
nanostructure (as well as that containing a siteyter of G-Sn@), was better than that of the
device based on a single layer of C-an@We attribute this behavior to the robust method—
physical grinding—for the preparation of the $nBPs. The main advantage of this new
approach is that the starting material was pure ,Sm® chemical synthesis or further
purification was necessary to obtain the desirediyet (only IPA was involved to disperse the

materials).

We conducted various characterizations to undeistdye mechanisms behind the
composite Sn@nanostructure ETL. Ultraviolet photoelectron spestopy (UPS) [He(l)] was
performed to determine the band alignment of th8n&, NPs prepared through ball-milling.
Fig. S9a (SI) presents the full UPS spectra. Theneg band (VB) energy of G-Sa@Ps was —
7.93 eV, as calculated from Fig. 5a using equatiah= /zv — (E; — E;); where /v =

21.2 eV).[57] The energy bandgaftd) was 3.87 eV, determined from the UV-Vis absorptio
spectra (Figure 5b) and a Tauc plot (inset to bly. The conduction band (CB) energy level
was, therefore, —4.06 eV.[39] Fig. S9b (SI) displdije energy band diagram for the PSCs
incorporating G-Sn@and C-Sn@as ETLs.[29, 58] One reason for the higher valué,pin the
PSC featuring the G-Sn@-SnQ composite nanostructure is that its work functieas closer

to the conduction band of perovskite than it washie G-Sn@-only ETL counterpart; that is,
there was a lower energy barrier in the formeresystAnother reason for the higher value/gf

was the higher quality of the ETL film when the quant SnQ layer was deposited on top of the
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G-SnQ film—a structure that decreased the number oftstimannels in the device, which has

higher shunt resistivity.

X-ray photoelectron spectroscopy (XPS) was usezk#mnine the chemical compositions
of the Sn@ composite nanostructures prepared from G-Sal SnGl-2H,O (C-SnQ) after
annealing at moderate temperatures (200-250 °@).5€i and 5d reveal the presence of Sn 3d
and O 1s peaks, respectively. Binding energies8@t2land 495.6 eV were assigned to the Sn
3ds» and Sn 3¢, peaks, respectively; the O 1s peak at 531.6 eVassigned to the Ostate in
SnG. No peaks appeared for Cl (198-200 eV) in theX&#b spectra (Fig. S10, Sl) of the SnO

composite nanostructures.[32, 59]

Fig. 6a and 6b present the transmission and UValdsorption spectra, respectively, of
C-SnQ, G-SnQ, and G-Sn@C-SnQ ETL films prepared on quartz. All of these ETLnfd
were highly transparent (ca. 100, 98, and 97%,e@spely) in the visible spectral range (inset:
photograph of a prepared C-Snénd G-Sn@ solution). The UV-Vis absorption spectra of the
various ETL films spin-coated on quartz revealedt the absorption of the Sp@omposite
nanostructure (G-SrifC-SnQ) was slightly higher than those of the single-fag&Ls (C-SnQ,
G-SnQ). To explore the charge transport properties @& #arious ETL-based PSCs, the
photoluminescence (PL, Fig. 6¢) spectra were rexbridihe PL of the mixed-cation lead mixed-
halide perovskite films incorporating the variousLE (C-SnQ, G-SnQ, and G-Sn@C-SnQ)
were measured using FTO as the substrate. The gk@®@Vilm presenting the Sn@omposite
nanostructure exhibited PL quenching higher tha ¢ the single (C-Snfand G-Sn@) ETL

structure.

High series resistance, low electron mobility, andow carrier concentration can be

indicative of a high number of traps, which camnwsldown charge transport, in a device. We
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measured the Hall mobilityuf), the conduction electron concentratidd),(and the series
resistance Ks) of the C-Sn@, G-SnQ, and G-Sn@C-SnQ ETL films on FTO substrates.
Figure 6d displays the Hall effect measurementpsdtig. S12 (Sl) provides a photograph of the
four-probe system in it. The electron mobilify was measured from electron-only devices
having the structure FTO/(C-SpOG-SnQ, G-SnQ/C-SnQ)/PCsoBM/Ag. Fig. S11 (SI)
presents the results of fitting to the space-chéingged current (SCLC) model (Supplementary
Method 1).[39, 60] The electron mobilitud) of the Sn@ composite nanostructure (4.%110°
cn? V' s was higher than those of the two single-compo#éhits (C-Sn@: 4.34x 107 cnf
Vv1st G-SnQ: 1.06x 1072 cn? V! ). The conduction electron concentration and thé Ha
mobility are both temperature-dependent.[61] Upaereasing the annealing temperature from
200 °C (C-Sn@= 2.33x 10’ cnf V! s%) to 250 °C (G-Sn@= 1.09x 10° cn? V' %), the Hall
mobility decreased slightly. The value pf; of the ETL prepared from the Sp@omposite
nanostructure increased at (G-Sn©250 °C/C-Sn@= 200 °C) to 5.7 10’ cn? V' s*. The
carrier concentration was slightly higher (521.0" cni®) for the composite G-SniC-SnQ
ETL than for the single ETLs (G-SaCB.73x 10" cm™>; C-SnQ: 3.48x 10" cn™). The lower
value for C-Sn@ETL suggests that oxygen vacancies or other irtipanivere generated during
annealing of the film. The value & for the Sn@ nanostructure—based PSC (4Q1&ni?) was
much lower than those for the PSCs incorporatin§nC (25.6Q cm?) and G-Sn@ (19.1Q

cm ). A lower value ofRs can assist in achieving higher PCEs and FFs iar s@ll devices.
Table S1 (SI) summarizes the electrical propeniethe various ETLs; the trend agrees well

with the device data.

Electrochemical impedance spectroscopy (EIS) ofi&€orporating the C-SnDG-SnQ, and

G-SnQJ/C-SnQ ETLs was performed to investigate the interfaeeteical properties of the solar
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cells. Fig. S13a (SI) displays the results ofritithe Nyquist plots using an equivalent circuit
model (ECM).[62] Table S4 (SI) summarizes the patems calculated from the EIS
measurements, including the recombination resistdiRgy), selective contact resistande.d,
and controlled-potential electrolysis (CPE), foe trarious ETL-based PSCs. CPE was used in
the ECM as an alternative to the ideal capacitainadlowed us to investigate the behavior of
inhomogeneities that were influenced by defectt@PSC interfaces.[63] Fig. S13b (SI) reveals
the values oRsc andRec measured for the C-Sp0G-SnQ, and G-Sn@C-SnQ ETLs. For the
PSC featuring the composite Snanostructure ETL, a higher valueRy. (22.69Q cni?) and

a lower value oRy (62.03Q cni?) were obtained, compared with those of the otiver ETLs
(G-SNQ: Rec = 12.89Q e andRse = 68.08Q cni? C-SNQ: Rec = 8.9Q cmi? andRs. = 70.61

Q cm®. Thus, the composite ETL underwent faster chageaction and also suppressed
charge recombination. The value R{: contributes to the total series resistance arettffthe
FF andV,. of a PSC.[63] In addition, the shunt resistance wealculated frond-V curves of the
best performing cells of various cases (C-gn®-SnQ, and G-Sn@C-SnQ) (Table S5, SI),
yielding aRsn in a composite (G-SnC-SnQ) ETL was significantly higher (by more than one
order) than the a single (C-Sp@nd G-Sn@ ETL. This agrees with the better ETL coverage
(much less pinhole) in the composite ETL case,iaralso expected to help the device stability.
As a result, the improvements in the valueRgaf, Rsc, andRs, in the device are consistent with

the enhanced device performance determined fror¥ieurves (Figures 3a—d) and Table 1.
4. Conclusions

This paper describes high-performance PSCs, disygjagxcellent reproducibility, based on
SnG composite nanostructures. A ball-milling methodswaed to synthesize high-quality SnO

NPs (G-Sn®) at room temperature. Introducing a compact la§@SnQ) on top of the
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composite G-Sn@ nanostructure layer significantly decreased thgreke of recombination
between the ETL and the active layer, and functioa® a robust hole blocking layer in planar
heterojunction PSCs. As a result, high-performd8€s were obtained displaying PCEs as high
as 21.09% with weak hysteresis, and photovoltagg’ XL in a 1.60 eV perovskite system. Hall
measurements and EIS studies revealed that thercamobility, carrier concentration, selective
contact resistance, and recombination resistangkl @l be tuned through simple temperature
control of the composite Snanostructure ETL. This low-cost method of productof G-
SnG NP-based PSCs provided high performance over a midge of annealing temperatures
(from ca. 30 to 250 °C), suggesting great poterfitielapplication to flexible devices. The PSC
incorporating the ETL based on the composite Sm&hostructure demonstrated excellent long-

term device stability, confirming the potentialsificance of these new ETLs for PSCs.
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Table 1. Photovoltaic parameters of PSCs incorporating O-S6-SnQ, and G-Sn@C-SnQ
ETLs, together with averages and standard deva{8D) determined from 16 individual cells,

from reverse and forward voltage scans performeltkua simulated AM 1.5G solar illumination

(100 mW cm?).

PSC Scan Voc Jsc FF PCE
direction (V) (mMAcm? (9 (%)

C-SnQ 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
AveragexSD  1.02+0.03 19.94+1.17 58.15+3.40 11.90+1.28

G-SnGQ 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-SnQ/C-SnGQ 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
AveragetSD  1.14+0.02 21.33+0.47 72.87+6.31 17.84+1.70
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51/mm 5 1/nm 4 5 1/nm

Fig. 1. (a—d) Bright-field TEM images of (a) hon-groundCzrand (b—d) Sn@ground for (b) 4,
(c) 8, and (d) 12 h. HRTEM image of (e) non-gro@m (inset: large magnification) and (f-h)
SnG ground for (f) 4, (g) 8, and (h) 12 h. (i-l) Sdlee area diffraction patterns of (i) non-
ground Sn@ (without orientation) and (j—I) Sn@round for (j) 4, (k) 8, and (I) 12 h [with (110),
(101), (200), (211), and (311) orientations].
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Spiro-OMeT: D
Perovskite

100 nm

Fig. 2. (a) Schematic representation of the device arcthite incorporating G-SnC-SnQ. (b)
Cross-sectional SEM image of a device similar tat fHustrated in (a). (c—h) Top-view SEM
images of (c) FTO/G-Sn® (d) FTO/C-Sn@ (e) FTO/G-Sn@C-SnQ, (f) FTO/G-
SnQy/Perovskite, (g) FTO/C-SnfPerovskite, and (h) FTO/G-Sa@-SnQ/Perovskite.
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Fig. 4. Histograms of device performance of PSCs incotpayavarious ETLs (C-Snf blue;
G-SnQ: burgundy; G-Sn@lC-SnQ: green), determined from reverse voltage scand6of
individual cells: (a) open-circuit voltage (V), (blirrent density (mA cm), (c) FF (%), and (d)
PCE (%).
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Fig. 5. (a) UPS [He(l)] spectra of G-Sa@burgundy) films with onsetH) energy boundaries;
inset: with cut-off energiesE{,..). (b) UV-Vis absorption spectra of G-Sn@in films on
guartz; inset: Tauc plot. (c, d) XPS spectra of posite nanostructure of SaCc) Sn 3d,, and
Sn 3d,; spectrum; (d) O 1s spectrum.
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Fig. 6. Optical and electrical characteristics of C-nG-SnQ, and G-Sn@C-SnQ ETLs. (a)
Transmission spectra; inset: photograph of C-Sra@d G-Sn®@ solutions. (b) UV-Vis
absorption spectra of samples deposited on qu@)Z’L spectra of mixed halide perovskite
films deposited on C-SnOG-SnQ, and G-Sn@C-SnQ. (d) Hall measurements: Hall mobility,

conduction electron concentration, and interfasestance analysis.

31



Personal Vitae

Mriganka Singh has been a combined Ph.D. student in Prof. Hong-
Cheu Lin's group in the Department of Materials eébcie and
Engineering, NCTU and Prof. Chih-Wei Chu’s grouptle Research

Center for Applied Sciences, Academia Sinica si2@&5. She was a

visiting Ph.D. student in Prof. Gang Li's grouptime Department of

i

lectronic and Information Engineering, Hong Kongly®echnic University (2017-2018). She
obtained her B.S. (Physics) degree from Allahaba/éisity in 2012 and M.S. (Physics) degree
from Indian Institute of Technology Guwahati in 20Her research focuses on the develoment

of novel metal oxide transporting layer for hybpierovskite solar cell application.

Annie Ng received her B.S. in Applied Physics from the City
University of Hong Kong and Ph.D. from the Univéysaf Hong Kong.
She achieved the Postdoctoral Fellowship from thengd Kong

Polytechnic University (PolyU) and was also appeihts a visiting

lecturer in the Department of Electronic and Infatimn Engineering,

PolyU. She is currently an assistant professor apddtment of

Electrical and Computer Engineering in Nazarbayavversity. She has been working on
advanced materials for new generation solar cellse is interested in optoelectronics,

nanomaterials, light-harvesting materials and desajgplications.

32



Zhiwei Ren received his Ph.D. degree from Department of Ededt

Information Engineering at the Hong Kong Polytechdniversity in

T 2018. He is currently working as a postdoctordbfelin Prof. Gang

Li's group in the Department of Electronic and Imf@tion

' ?&g V Engineering, at the Hong Kong Polytechnic Univgrsiiong Kong.
- o8 i A

His research interests include energy harvestidgséorage electronics, and devices integration.

Materials Science and Engineering at the King AladtuUniversity of
Science and Technology (KAUST), Jeddah, KingdorBaidi Arabia,
in October 2017. He is currently working as a postdral fellow in

Prof. Gang Li's group in the Department of Electcoand Information

Engineering, at the Hong Kong Polytechnic Univgrsiiong Kong.

His research interests include printing thin filoles cells and transistors.

Hong-Cheu Lin is a professor in Department of Materials Sciesue
Engineering, National Chiao Tung University (NCTWe received
his Ph.D. in Department of Materials Science andifgering from
University of lllinois at Urbana-Champaign in 19%% became a staff
of Institute of Chemistry, Academia Sinica in 199&1 was promoted

I to Associate Research Fellow in 1998. Then, heepbiNCTU in 2000

Hanlin Hu received his Ph.D. degree from the Department of

and was promoted to Professor in 2005. His presesgarch interests are supramolecular

33



materials, self-healing polymers, and nano-compssibr the applications of organic and

polymeric semiconductors (including light emittess|ar cells, sensors, and thin film transistors).

Chih-Wei Chu received his Ph.D. degree from the Department of
Materials Science and Engineering at the Universit¢alifornia, Los
Angeles (UCLA) in 2006. Currently, he served as igDirector in
the Research Center for Applied Sciences (RCA8ratemia Sinica.

He is a materials scientist with expertise in treddE of thin film

electronics and advanced materials for photovoltaits, LEDs, batteries, memory devices,
energy saving, conversion, and storage technologieshas published more than 190 refereed

papers with over 9000 citations (H-index 47).

Gang Li is an Associate Professor in the Department oftEaic and
Information Engineering, Hong Kong Polytechnic Wstsity (PolyU).
Before joining PolyU in 2016, he was an Associagséarch Professor in

the Department of Materials Science and EngineeridGLA. His

research interests are organic polymer and hyliwdrzced materials and
. devices for energy applications. His undergradsaidy is from Wuhan
University (S‘;a;ce Physics), followed by M.S. (EE)daPh.D. (Condensed Matter Physics)
degrees from lowa State University in 2003. He Thamson Reuter/Clarivate Analytics Highly

Cited Researcher (Materials Science, 2014 - 20agsiPs 2017-2018; Chemistry 2018). He has

published over 100 papers with over 50,000 citatighindex 67).

34



Highlights

A facile new solid-state synthesis of composite-dxide electron transport layer
(ETL) for efficient mixed-cation lead mixed-haligerovskite solar cells.

A novel physical approach—using high-energy balling method introduced to prepare

high-quality ground Sn©nanoparticle.

The champion power conversion efficiency (PCE) amposite tin oxide
nanostructures ETLs reached up to 21.09% andgelés high as 1.22 V with
weaker hysteresis (H =0.01).

The champion device featuring the composite timexased ETL stable up to 105

days when stored under ambient air (20 £ 5 RH %).
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