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ABSTRACT: The composite electron transporting layer (ETL) of metal oxide with [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) prevents perovskite from metal electrode erosion and increases p−i−n perovskite solar cell (PVSC) stability. Although the
oxide exhibits protective function, an additional work function modifier is still needed for good device performance. Usually,
complicated multistep synthesis is employed to have a highly crystalline film that increases manufacturing cost and inhibits
scalability. We report a facile synthesis of a novel organic-molecule-capped metal oxide nanoparticle film for the composite ETL. The
nanoparticle film not only has a dual function of electron transport and protection but also exhibits work function tunability.
Solvothermal-prepared SnO2 nanoparticles are capped with tetrabutylammonium hydroxide (TBAOH) through ligand exchange.
The resulting TBAOH−SnO2 nanoparticles disperse well in ethanol and form a uniform film on PCBM. The power conversion
efficiency of the device dramatically increases from 14.91 to 18.77% using this layer because of reduced charge accumulation and
aligned band structure. The PVSC thermal stability is significantly enhanced by adopting this layer, which prevents migration of I−

and Ag. The ligand exchange method extends to other metal oxides, such as TiO2, ITO, and CeO2, demonstrating its broad
applicability. These results provide a cornerstone for large-scale manufacture of high-performance and stable PVSCs.

KEYWORDS: perovskite solar cell, work function modifier, metal oxide nanoparticle, ligand exchange, electron transport layer

■ INTRODUCTION
Organic and inorganic perovskite solar cells (PVSCs) are
regarded as the most promising third-generation photovoltaic
technology toward commercialization due to their advantages
of low manufacturing cost, solution processability, and high
power conversion efficiency (PCE). Recently, the highest
certified PCE of PVSCs has reached 25.2%.1 Until now,
various architectures of PVSCs have been developed, including
mesoporous n−i−p,2 planar n−i−p,3 and planar p−i−n
architectures.4 Among these architectures, the planar archi-
tecture is more favorable for commercialization due to its ease
of fabrication, hysteresis-free, and low cost. The planar p−i−n
PVSCs have a structure of glass/FTO or ITO/hole transport
layer (HTL)/perovskite layer/electron transport layer (ETL)/
Au, Ag, or Al.5,6 Many p-type organic and inorganic materials,

such as poly(3,4-ethylenedioxythiophene) (PEDOT:PSS),7−9

poly(triarylamine) (PTAA),10,11 and nickel oxide (NiOx),
12,13

were investigated for the HTLs of the p−i−n PVSCs. Among
these HTLs, NiOx attracts the most attention due to its low
processing temperature, high transmittance in the visible
region, deep valence band edge, and high conductivity. The
fullerene derivative, [6,6]-phenyl-C61-butyric acid methyl ester
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(PCBM), is the most common ETL to transport electrons and
to effectively passivate the defects of the perovskite layer.14−16

To obtain high-PCE PVSCs, it is critical to employ a suitable
ETL and HTL to efficiently transport the charge carriers and
reduce the charge recombination.17,18 In addition to the high
PCE, the stability of PVSCs is also important to become a
commercially viable product.
Recently, several groups have reported different methods to

improve the PCE and stability of p−i−n PVSCs with a
modified ETL. The modified ETL is made from depositing n-
type metal oxide on top of the PCBM layer. Many metal oxides
such as TiO2,

19−21 TiNbO,22 ZnO,23,24 Al-doped ZnO
(AZO),25 SnO2,

26,27 and CeO2
28 have been reported, as

shown in Table S1. The metal oxide ETL can withstand high
temperature and humidity; thus, the stability of the cell is
improved. However, the PCEs of these p−i−n planar PVSCs
are relatively low and the process is complicated, especially for
using sol−gel21,22 and atomic layer deposition20,23,26 to prepare
metal oxide films. Thus, a stable liquid suspension of metal
oxide nanoparticles (NPs) is desirable for the ease of
fabrication. The main issues of solution-processable metal
oxide NPs are the dispersibility and the choice of solvent. A
suitable solvent should be capable of dispersing NPs well and
should not damage the underlying layers of PCBM and
perovskite. The well-dispersed NP solution can form a smooth
and dense film on top of the PCBM layer, which can provide a
good interfacial contact between PCBM and the top electrode.
However, the NPs tend to aggregate together to minimize the
surface energy, which reduces the dispersibility and utility of
them. In order to improve the dispersibility of NPs, organic
molecules are usually used to modify the surface of NPs. For
example, oleic acid (OA) is the most commonly used ligand
for dispersing NPs. The long alkyl chain of OA can sterically
hinder the aggregation of NPs, leading to well-dispersed NPs
in organic solvents.29,30 However, molecules with long alkyl
chains have a striking drawback of inhibiting the charge
transport, which results in poor devices performance.31−33

Besides the dispersibility of n-type metal oxide NPs, the
band alignment is also very important for high-efficiency and
stable PVSCs. The Ohmic contact is required for the interface
between the semiconductor and electrode to extract charges
efficiently. Generally, a low-work-function electrode such as
Ca, Al, and Mg must be employed with an n-type
semiconductor.34 However, the low-work-function electrode
is chemically reactive and easily oxidized that affects the long-
term stability of PVSCs. Organic low-work-function modifiers
(WFMs) have been used to lower the work function of a stable
high-work-function electrode, like Ag and Au. These are, for
instance, polyethylenimine (PEI),35 ethoxylated polyethylenei-
mine (PEIE),35 poly[(9,9-bis(3-(N,N-dimethylamino)propyl)-
2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene) (PFN),36 and bath-
ocuproine (BCP).37 These organic low WFMs, which usually
contain ionic or polar groups of amino, quaternary ammonium
salt, and phosphonate,38 can create a strong molecular dipole-
induced electrical field to shift the vacuum energy level and
thus lower the work function of the electrode. Therefore, the
organic molecule capped on the surface of metal oxide NPs
should contain molecule-induced surface dipoles to facilitate
the band alignment of PVSCs and result in a good device
performance. Recently, Fang et al. exchanged the OA capped
on the surface of a CeO2 nanocrystal with the short and
hydrophilic acetylacetone.28 Acetylacetone functions as a steric
barrier to aid in the well dispersion of nanoparticles in

methanol and form a bilayer ETL on PCBM for p−i−n
PVSCs. However, the investigation on the chemical structure
effects of organic molecules capped on metal oxide NPs on the
device performance is limited in the literature. Hence, the
design of an appropriate ligand is quite a challenge.
In this study, we prepared novel dual function organic-

molecule-capped metal oxide NPs with low-work-function
tunability and excellent dispersibility. This new material has
never been reported in the literature according to the best of
our knowledge. We chose SnO2 NPs due to their excellent
conductivity, wide band gap, and chemical stability.39,40 Highly
crystalline SnO2 NPs with a particle size of approximately 6.4
nm were first synthesized by the solvothermal method.41,42

The as-synthesized SnO2 (as-SnO2) NPs are easily aggregated
and cannot form a well-dispersed suspension in either polar or
nonpolar solvents. We systematically selected the suitable
organic molecules to modify the metal oxide NPs and
successfully developed a general ligand exchange method to
disperse metal oxide NPs well in solvent. The as-SnO2 NPs
were first modified with a hydrophobic ligand, oleic acid (OA),
to form OA-capped SnO2 NPs (OA−SnO2). The OA−SnO2
NPs can be well-dispersed in a nonpolar solvent, such as
chlorobenzene or chloroform. However, the nonpolar solvent
used in the OA-capped SnO2 suspension damaged the PCBM
layer and the insulating OA hindered the extraction and
transport of charges of the ETL. Therefore, we further
developed a ligand exchange method using tetrabutylammo-
nium hydroxide (TBAOH) to replace the insulating OA
molecules on the surface of the SnO2 NPs. Via the surface
modification, the TBAOH-capped SnO2 NPs can be very well
dispersed in ethanol. Notably, TBAOH not only enhances the
SnO2 NP dispersion but also facilitates band alignment
between SnO2 and Ag. The TBAOH ligand forms a molecular
dipole-induced electrical field at the SnO2/Ag interface, and
the electrical field makes the work function (WF) of Ag change
from −4.62 to −3.99 eV. The shift of the WF dramatically
reduces the contact barriers between SnO2 and Ag, enabling
the formation of Ohmic contact at the interface. The device
structure of FTO/NiOx/perovskite/PCBM/metal oxide NPs/
Ag was employed in this study. The TBAOH-capped SnO2
NPs can form a dense and high-quality SnO2 film on top of
PCBM. By inserting a TBAOH−SnO2 layer between PCBM
and Ag, the PCE of the p−i−n PVSC greatly increases from
14.91 to 18.77%. Moreover, the thermal stability of PVSCs
significantly improves by adopting the TBAOH−SnO2 layer.
We also modified various metal oxide NPs, including TiO2,
ITO, and CeO2, using the TBAOH ligand to demonstrate the
broad applicability of our method. With these modified metal
oxide NPs, all of the p−i−n PVSCs exhibit remarkable
improvement in device performance.

■ RESULTS AND DISCUSSION
The solvothermal method has been used extensively to
synthesize highly crystalline metal oxide NPs. In this study,
we first synthesize highly crystalline SnO2 NPs by the
solvothermal method in an autoclave under high-pressure
and high-temperature conditions. The clear lattice fringe of
SnO2 NPs is observed in the images of high-resolution
transmission electron microscopy (TEM) (Figure 1a,b), which
indicates the formation of highly crystalline SnO2 NPs. The
(110) plane of rutile SnO2 with a d-spacing of 0.33 nm was
indexed (Figure 1b). The average SnO2 particle size is 6.48
nm, which is calculated from the particle size distribution in
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Figure 1c The crystallinity and purity of as-synthesized SnO2

NPs (as-SnO2) are further confirmed by X-ray diffraction
(XRD) with sharp diffraction patterns. Figure 1d shows the
characteristic peaks of as-SnO2 NPs at 26.5, 33.9, 38.3, 51.5,
and 65.5°, corresponding to the (110), (101), (200), (211),
and (301) planes, respectively. We further elucidate the purity
and composition of as-SnO2 NPs by X-ray photoelectron
spectroscopy (XPS) analysis. Figure S1a reveals only Sn and O
elements without any impurity in the XPS spectrum of as-SnO2

NPs. In Figure S1b, two peaks at binding energies of 497.77
and 486.33 eV are assigned to Sn 3d3/2 and Sn 3d5/2,
respectively. The Sn 3d peaks with symmetrical shapes and
small full width at half-maximum (FWHM) show that Sn4+ is
predominantly present in the as-SnO2. The XPS spectrum of O
1s (Figure S1c) can be convoluted into two peaks positioned at
530.1 and 531.1 eV, which are related to lattice oxygen and
vacancy oxygen, respectively. The atomic ratio of Sn and O
(Sn 3d5/2 to lattice O) is determined to be 1.00:1.75, which is
less than 1.00:2.00, indicating oxygen deficiency in the as-SnO2

NPs. The oxygen deficiency, mainly caused by the formation of
oxygen vacancy, leads to an n-type characteristic of the SnO2

Figure 1. Characteristics of tin oxide nanoparticles shown in the (a)
TEM image, (b) high-resolution TEM image, (c) particle size
distribution, and (d) XRD spectrum.

Figure 2. (a) Chemical structures of OA, TBAOH, and TMAOH. (b) UPS spectra and (c) calculated work functions of Ag and OA-, TBAOH-,
and TMAOH-coated Ag. (d) Energy band diagram of PVSCs fabricated using PCBM/TBAOH and schematic diagram of dipole-moment-induced
vacuum level shifting. (e) J−V curves of PVSCs fabricated using PCBM, PCBM/OA, PCBM/TMAOH, and PCBM/TBAOH.
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NPs. In addition, we evaluated the band structure of as-SnO2
NPs using UV−vis spectroscopy and ultraviolet photoemission
spectroscopy (UPS). An optical band gap of 3.35 eV can be
calculated by the Tauc plot shown in Figure S2a. The work
function (WF) and valence band of as-SnO2 NPs are
determined to be −4.80 and −7.91 eV, respectively, from
the UPS spectrum (Figure S2b). Therefore, a conduction band
of −4.56 eV can be obtained, which is consistent with literature
data.27

The uniform and dense SnO2 film is required to obtain high-
efficiency solar cells. Although highly crystalline SnO2 NPs can
be synthesized, a rough and porous film usually results from
strong aggregation of these NPs in either polar (methanol,
ethanol) or nonpolar solvent (chlorobenzene, toluene). The
well-dispersed SnO2 NP solution is imperative to obtain a
high-quality SnO2 film. In order to improve the dispersibility of
SnO2 NPs in organic solvent, the particles should be capped
with an organic molecule, which imposes steric hindrance to
prevent aggregation. The size of the molecule is critical to
determine the dispersibility of SnO2 NPs. It is also desirable
that the organic molecule can act as a work function modifier,
which provides a strong molecular dipole and lowers the work
function of the electrode. The quaternary ammonium salt has
shown to be a work function modifier because of its strong
molecular dipole.43,44 Here, we propose using tetraalkylammo-
nium hydroxide to exchange with the oleic acid (OA) ligand
and to aid in the dispersion of SnO2 NPs in alcohol. Two
tetraalkylammonium hydroxides, tetramethylammonium hy-
droxide (TMAOH) and tetrabutylammonium hydroxide
(TBAOH), were evaluated. Their structures are shown in
Figure 2a. The calculated molecular volumes and dipole
moments of different organic molecules are summarized in
Table 1. The surfactant capabilities of OA and TBAOH are

better than that of TMAOH due to their larger molecular
volumes. On the other hand, the capabilities of work function
modifiers TMAOH and TBAOH are more suitable than that of
OA due to their larger dipole moments. Consequently, we
select tetrabutylammonium hydroxide as the capping molecule
for SnO2 NPs, which can function as a surfactant and work
function modifier simultaneously.
To prove the work function tunability of tetralkylammonium

hydroxide, we investigated the effect of different organic
molecules on the WF of a Ag electrode using ultraviolet
photoemission spectroscopy (UPS). Figure 2b,c illustrates the
UPS spectra and calculated WFs, respectively. The calculated
WFs of Ag, Ag/TBAOH, Ag/TMAOH, and Ag/OA are −4.62,
−3.99, −4.10, and −4.39 eV, respectively. The reduced WF of
Ag is attributed to the effect of molecular dipole-induced
vacuum level shifting. Figure 2d shows that the LUMO of
PCBM (−4.20 eV) is lower than the WF of Ag (−4.62 eV),
resulting in the formation of a Schottky barrier between PCBM

and Ag. The Schottky contact leads to charge accumulation at
the PCBM/Ag interface.37 Generally, an s-shaped J−V curve or
so-called kink is observed by this interfacial charge
accumulation, unbalanced charge transportation, and the
Schottky barrier at the ETL/electrode interface.45 The
presence of the s-shaped kink significantly reduces the fill
factor, which is detrimental to the device performance. Figure
2e illustrates the effect of different organic molecules on the
PCEs of PVSCs. The Schottky barrier between PCBM and Ag
causes charge accumulation and recombination; therefore, the
PVSCs fabricated using PCBM/Ag exhibit slight s-shaped J−V
curves and relatively low Jsc (18.75 mA/cm2) and FF (74.5%)
values. However, the decreasing WF of Ag can change the
interfacial interaction at PCBM/Ag from the Schottky barrier
to an Ohmic contact. The energy band diagram is depicted in
Figure 2d. The J−V curves are changed from s-shaped to
normal diode curves. The PCE of PVSCs significantly increases
from 14.91 to over 16.53% after depositing either a TMAOH
or TBAOH layer on top of PCBM. The results reveal the WF
tunability of TMAOH and TBAOH. On the other hand, OA
has a long and insulating hydrocarbon chain, making the
interface highly resistive. Therefore, the PCE of the device
decreases to 7.01% using OA.
To improve the dispersibility of as-SnO2, we developed a

ligand exchange method, which is shown in Figure 3a. The
surface of as-SnO2 was first modified with OA, and the chloride
anion on the surface was replaced by a carboxylate anion,
resulting in a stable suspension solution of OA−SnO2 NPs in
chloroform. Then, we added the stripping agent BF3−OEt2
into the OA−SnO2 suspension to remove the OA ligands.46

After the removal of OA, the surface of SnO2 NPs was
protonated and stabilized by a BF4

− counter ion and the SnO2
NPs were precipitated immediately, indicating that the OA
ligands were successfully desorbed (desorbed-SnO2). The
BF4

− counter ion was subsequently replaced with a short-polar
ligand of tetrabutylammonium hydroxide (TBAOH) because
the OH− anion of TBAOH has a higher affinity for protonated-
SnO2 NPs.47 The coordination of the OH− anion with the
surface makes SnO2 NPs hydrophilic, so TBAOH−SnO2 NPs
can be completely dispersed in ethanol. We verified the process
of ligand exchange by FTIR spectroscopy, as shown in Figure
3b. The characteristic peaks of as-SnO2 NPs are located at
540−660 cm−1, indicating the stretching vibrations of the O−
Sn−O and Sn−O bonds.48 In comparison to as-SnO2, the
characteristic peaks of OA−SnO2 appear at 2800−3000, 1701,
and 1400−1550 cm−1, corresponding to the C−H, C=O, and
COO− stretching vibrations of OA molecules, respectively.
After the stripping procedure, the obtained desorbed-SnO2
shows almost undetectable OA peaks with the appearance of a
new BF4

− peak of 1042 cm−1.49 After the TBAOH ligand was
capped on the SnO2 NPs, the characteristic peaks of C−H and
O−H stretching vibrations of the TBAOH ligand appear
instead of the signal of BF4

− in FTIR (Figure 3b). Figure 3c
illustrates the dispersibility of various SnO2 NPs in different
solvents. The ethanol suspension of as-SnO2 was turbid due to
its low dispersibility. The chloroform suspension of OA−SnO2
NPs was transparent due to the presence of OA as the
surfactant. Upon removal of OA using BF3−OEt2, the
desorbed-SnO2 NPs were formed and precipitated. Finally,
TBAOH was exchanged with BF4

− to form a transparent
TBAOH−SnO2 suspension in ethanol. It is worth noting that if
we skip the modification process of OA, the as-SnO2 cannot be
dispersed well in TBAOH solution. The surface of as-SnO2

Table 1. Calculated Molar Volumes and Dipole Moments of
OA, TBAOH, and TMAOH from Gaussian Modeling
Software

organic molecule
molar volume
(bohr3/mol)

dipole moment
(debye)

oleic acid (OA) 2801.98 1.93
tetrabutylammonium hydroxide
(TBAOH)

2984.72 7.56

tetramethylammonium hydroxide
(TMAOH)

801.71 7.95
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NPs contains hydrogen chloride,50 which reacts directly with
basic TBAOH to form TBACl and H2O by-products (formula
S1). TBACl cannot help the dispersion of SnO2 NPs in
ethanol, as shown in Figure S3. As a result, the OA
modification process is necessary for our ligand exchange
method. Furthermore, we let all the suspensions set for 5 h to
determine their stability. After 5 h, the suspensions of as-SnO2
and desorbed-SnO2 show clear precipitation at the bottom, but
the suspensions of OA−SnO2 and TBAOH−SnO2 remain

stable and transparent. The improved dispersibility was further
studied by dynamic light scattering measurement (DLS)
(Figure S4). The as-SnO2 NPs show a mean cluster size
over 100 nm; however, the mean cluster sizes of OA−SnO2
and TBAOH−SnO2 are significantly smaller, at 27 and 18 nm,
respectively. The result again confirmed that the TBAOH
molecule is an effective surfactant to reduce the aggregation of
SnO2 NPs. To prove the structure of organic-molecule-capped
metal oxide nanoparticles further, transmission electron

Figure 3. (a) Schematic illustration of the ligand exchange procedure for TBAOH-capped SnO2 nanoparticles. (b) FTIR spectra of SnO2
nanoparticles with different treatments during the ligand exchange procedure. (c) Photos of different suspensions of SnO2 nanoparticles.

Figure 4. (a) Device structure and (b) cross-sectional SEM image of PVSCs fabricated using the PCBM/TBAOH−SnO2 ETL. (c) J−V curves of
PVSCs fabricated using different ETLs: PCBM, PCBM/as-SnO2, PCBM/OA−SnO2, PCBM/TMAOH−SnO2, and PCBM/TBAOH−SnO2. (d)
PCE distribution of PVSCs fabricated using PCBM and PCBM/TBAOH−SnO2. The data are obtained from 25 devices of every ETL.
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microscopy-energy dispersive spectrometry (TEM-EDS) was
conducted. Figure S5a shows the TEM image of the as-SnO2
NPs. The as-SnO2 NPs are severely aggregated, some of which
even overlay on top of each other. Figure S5b shows the TEM
image of TBAOH−SnO2 NPs. The presence of TBAOH
ligands clearly lets the SnO2 NPs stay separated. This result
indicates that the surface of SnO2 NPs is indeed capped by the
TBAOH ligands. In addition, we used EDS to identify further
the surface chemistry of SnO2 NPs. The EDS spectra of as-
synthesized SnO2 NPs and TBAOH−SnO2 are shown in
Figure S5c,d, respectively. The as-synthesized SnO2 NPs
exhibit the EDS signals of Sn, O, and weak C. However,
TBAOH−SnO2 shows the EDS signals of Sn, O, and strong C
and N. The overlapped C and N signals are from the TBAOH
ligand. These results clearly reconfirm that the SnO2
nanoparticles are capped by TBAOH. For the purpose of
comparison, the tetramethylammonium hydroxide capped
SnO2 NPs (TMAOH−SnO2) were also prepared by the
same ligand exchange procedure. Figure S6 shows the poor
dispersibility of TMAOH−SnO2, compared with OA−SnO2
and TBAOH−SnO2. The low dispersibility of TMAOH−SnO2
is due to the small molecular volume of TMAOH, which
cannot effectively separate the SnO2 NPs and avoid the
aggregation. These results are in agreement with the modeling
shown in Table 1.
To demonstrate the feasibility of the various SnO2 layers as

the ETL, we fabricated planar p−i−n PVSCs with the ETL of
PCBM, composite ETL of PCBM/as-SnO2, PCBM/OA−
SnO2, PCBM/TBAOH−SnO2, and PCBM/TMAOH−SnO2.
Figure 4a,b shows a device with the configuration of glass/
FTO/NiOx/MAPbI3/PCBM/TBAOH−SnO2/Ag and its
cross-sectional SEM image, respectively. The thickness of
each layer of the device is 60 nm NiOx (HTL), 375 nm
MAPbI3 (photoactive layer), and 80/40 nm PC61BM/
TBAOH−SnO2 (ETL). The J−V curves of the PVSCs with
various ETLs are shown in Figure 4c, and the corresponding
photovoltaic characterizations are summarized in Table 2. The
PCE of PVSCs fabricated using PCBM ETL is 14.91%, with a
Voc of 1.06 V, Jsc of 18.75 mA cm−2, and FF of 74.69%. Figure
S7 shows the morphologies of the various ETLs using scanning
electron microscopy (SEM). The SEM image of the pristine
PCBM layer (Figure S7a) presents uniform and smooth
morphology. However, for the PCBM/as-SnO2 ETL, the poor
dispersion of SnO2 NPs in ethanol leads to rough films and
discontinuous aggregates on top of the PCBM (Figure S7b).
The PVSC with the PCBM ETL exhibits a slightly s-shaped J−
V curve because of the formation of the Schottky barrier
between the PCBM and Ag electrode. When the as-SnO2 NPs
were deposited on top of PCBM, the device shows a
pronounced s-shaped kink in the J−V curve with a large
reduction in FF (28.15%) and PCE (3.57%). The severe s-kink
results from the poor interfacial contact between as-SnO2 and

Ag. OA−SnO2 and TBAOH−SnO2 were deposited on top of
the PCBM layer, and the PCEs of these PVSCs were 7.9 and
18.77%, respectively. Figure S7c shows that the film
morphology of the OA−SnO2 film is better than that of the
as-SnO2 film, and therefore, the PCE of a device with a
PCBM/OA−SnO2 ETL is better than the one with a PCBM/
as-SnO2 ETL. However, the J−V curve of PVSC with PCBM/
OA−SnO2 still has an s-shaped kink. The PCE of PVSC
fabricated using a PCBM/TBAOH−SnO2 ETL is surprisingly
enhanced to 18.77%, with a Voc of 1.08 V, Jsc of 21.62 mA
cm−2, and FF of 80.50%. It is a more than 20% improvement in
PCE compared with the device fabricated using the pristine
PCBM ETL. Although the OA−SnO2 and TBAOH−SnO2
NPs reveal comparable dispersibility, only the devices with the
TBAOH−SnO2 ETL improve the PCE. This result implies
that there are other factors affecting the PCE in addition to the
smooth film obtained from well-dispersed NP suspensions. We
speculate that it is due to the poor conductivity of OA−SnO2.
The devices with a configuration of FTO/OA−SnO2 or
TBAOH−SnO2/Ag were fabricated to measure the con-
ductivity of each layer. The conductivity is calculated from
the I−V curve of the device using the equation σ0 = Id/AV,
where σ0 is the conductivity, I is the current recorded under
the applied voltage (V), A is the sample area (0.09 cm2), and d
is the film thickness (40 nm). The results are shown in Figure
S8a,b. The conductivity of the TBAOH−SnO2 layer (2.64 ×
10−6 S cm−1) is 3 times higher than that of OA−SnO2 (8.65 ×
10−7 S cm−1). In addition, we measured the mobility of
TBAOH−SnO2 and OA−SnO2. The electron-only devices
with the structure of FTO/TBAOH−SnO2 or OA−SnO2/
perovskite/PCBM/Ag were used for measurements. The
results are calculated by the space charge limited current
(SCLC) model and shown in Figure S8c,d. The electron
mobilities of the TBAOH−SnO2 and OA−SnO2 films are 7.36
× 10−3 and 5.63 × 10−3 cm2 V−1 s−1, respectively. As the long
alkyl chain of the insulating OA molecule is exchanged with
the short-chain and polar TBAOH molecules, the conductivity
and mobility of TBAOH−SnO2 are greatly increased. The
smooth and dense morphology of the TBAOH−SnO2 ETL is
also observed in Figure S7d, which is due to the use of the
well-dispersed TBAOH−SnO2 suspension to place the film on
top of the PCBM layer. The uniformity of the TBAOH−SnO2
film was proven by EDS mapping as shown in Figure S9. The
complete Sn and O signals indicate that the TBAOH−SnO2
film is very uniform and densely covers the entire PCBM layer.
Figure S7e shows that the film of PCBM/TMAOH−SnO2 NPs
is not as smooth as that of PCBM/TBAOH−SnO2 NPs, which
causes the PCE of PVSCs to be lower (15.63%). Though the
WF tunability of TMAOH is similar to that of TBAOH, the
smaller molecular volume of TMAOH makes it not as good as
a surfactant such as TBAOH. Moreover, we determined the
variation of PCE in the PVSCs with and without TBAOH−

Table 2. Device Characteristics of PVSCs Fabricated Using Different ETLs: PCBM, PCBM/as-SnO2, PCBM/OA−SnO2,
PCBM/TMAOH−SnO2, and PCBM/TBAOH−SnO2

a

sample Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

PCBM/Ag 1.06 (1.05 ± 0.01) 18.75 (18.34 ± 0.73) 74.69 (70.17 ± 2.22) 14.91 (13.47 ± 0.95)
PCBM/as-SnO2/Ag 0.81 (0.86 ± 0.03) 15.65 (12.47 ± 3.32) 28.15 (23.06 ± 4.38) 3.57 (2.52 ± 0.96)
PCBM/OA−SnO2/Ag 0.85 (0.85 ± 0.02) 21.04 (20.01 ± 0.65) 51.10 (41.36 ± 9.07) 9.17 (7.03 ± 1.61)
PCBM/TMAOH−SnO2/Ag 1.06 (1.06 ± 0.01) 19.51 (18.72 ± 0.46) 75.70 (74.53 ± 2.35) 15.66 (14.85 ± 0.57)
PCBM/TBAOH−SnO2/Ag 1.08 (1.08 ± 0.02) 21.62 (20.43 ± 0.85) 80.50 (77.73 ± 2.35) 18.77 (17.14 ± 0.70)

aThe average data in brackets are obtained from at least 25 devices.
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SnO2, as shown in Figure 4d. The data are obtained from 25
devices. The result shows that the PVSC fabricated using
PCBM/TBAOH−SnO2 is highly repeatable with small
variation. To quantify the coverage amount of TBAOH on
the surface of SnO2 NPs, we conducted thermal gravimetric
analysis (TGA) to calculate the amount of ligand (ligand per
area) of TBAOH−SnO2, as shown in Figure S10a. The
coverage amount of TBAOH was controlled by adjusting
TBAOH in ethanol at three concentrations of 7.5, 15, and 30
mg mL−1. The TGA results indicate the amounts of TBAOH
ligand on the SnO2 NPs at those three concentrations to be
0.706, 0.806, and 0.925 ligand nm−2, respectively. The effect of
surface coverage of organic molecules on the NPs toward the
device performance is shown in Figure S10b. The device
performance is improved with increasing coverage amount of
TBAOH on the surface of SnO2 NPs. This result indicates that

a sufficient amount of TBAOH must be capped on the surface
of SnO2 NPs to efficiently reduce the work function of Ag and
form an Ohmic contact at the TBAOH−SnO2/Ag interface. In
order to have good performance of the metal oxide ETL, the
metal oxide nanoparticles should have adequate size for ease of
dispersion in solvent and good film quality and high
crystallinity for good properties of mobility and conductivity.
We found that the SnO2 NPs with a 2 h reaction time (2 h
SnO2) exhibit a particle size of 2.98 nm and low crystallinity
while the SnO2 NPs with a 12 h reaction time (12 h SnO2)
have a particle size of 8.06 nm and high crystallinity (Figure
S11a). The size and crystallinity of the NPs will increase with
increasing reaction time, and it is called the ripening effect.51

We aimed the metal oxide NPs with high crystallinity and good
dispersibility. As shown in Figure S11b, the PVSC fabricated
from TBAOH−12 h SnO2 shows a better performance than

Figure 5. (a) Steady-state PL spectra and (b) TRPL spectra of MAPbI3 deposited on the FTO/NiOx substrate, further covered by PCBM and
PCBM/TBAOH−SnO2, respectively. C−V characteristics of PVSCs under varied light intensities from dark to 1 sun for devices fabricated using
different ETLs of (c) PCBM and (d) PCBM/TBAOH−SnO2. Illustration of the energy band diagram of PVSCs for devices fabricated using
different ETLs of (e) PCBM and (f) PCBM/TBAOH−SnO2.
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that of fabricated from TBAOH−2 h SnO2. The better
performance of PVSCs fabricated from TBAOH−12 h SnO2
might result from the good crystallinity of 12 h SnO2 NPs.
Although the increase of crystallinity will increase the
performance, the storage stability of the nanoparticle
dispersion solution will decrease with increasing particle size
due to the gravity effect. Thus, the 12 h SnO2 NPs were used
throughout this study.
We further optimize the film thickness of the TBAOH−

SnO2 layer by tuning the spin rate of the coating process. The
J−V curves of PVSCs fabricated using PCBM/TBAOH−SnO2
with different TBAOH−SnO2 film thicknesses are shown in
Figure S12a, and the related photovoltaic characterizations are
summarized in Table S2. The optimized thickness of the
TBAOH−SnO2 film is approximately 40 nm, and the PCE of
the devices reaches 18.77%. As the film thickness of TBAOH−
SnO2 gradually increases, both Jsc and FF of the PVSCs
decrease. The reduction in Jsc and FF results from the
increasing charge accumulation and recombination owing to
the extended charge transport path with the thicker film. With
the TBAOH−SnO2 layer of 95 nm, the PCE of the PSVCs
deceases to 15.25% with a Voc of 1.04 V, Jsc of 20.51 mA cm−2,
and FF of 71.52. It is interesting to observe that even though
the thickness of TBAOH−SnO2 is doubled, the PVSCs retain
an acceptable PCE over 15%, which indicates sufficient
tolerance to the film thickness of TBAOH−SnO2. This result
is attributed to the high crystallinity and high conductivity of
TBAOH−SnO2 NPs. Noticeably, the tolerance of TBAOH−
SnO2 film thickness provides one with a large process window,
which is beneficial to large-scale mass production of devices,
using the process such as slot-die coating or blade coating. We
also measured the J−V characteristics of the PVSCs fabricated
using PCBM and PCBM/TBAOH−SnO2 in the forward and
reverse scanning directions, and the devices present a
negligible hysteresis behavior (Figure S12b,c). With negligible
hysteresis, the steady-state Jsc and PCE measured at a Vmpp of
0.92 V are approximately 19.5 mA cm−2 and 17.85% (Figure
S12d), respectively. Figure S13 shows the external quantum
efficiency (EQE) measurements of the devices using the ETLs
of PCBM and PCBM/TBAOH−SnO2. The device with the
PCBM/TBAOH−SnO2 ETL exhibits improved EQE from 400
to 800 nm. The improving EQE implies that the interfacial
charge transport becomes more effective. The integrated
current densities from the EQE spectra for the PVSCs using
PCBM/TBAOH−SnO2 and PCBM as ETLs are 20.40 and
18.01 mA cm−2, respectively, which is consistent with the Jsc
obtained from J−V measurement. These results demonstrate
that the PVSCs with high PCE and reproducibility can be
achieved through an additional layer of TBAOH−SnO2
deposited on the PCBM layer.
To clarify the charge transport behavior of PVSCs using the

TBAOH−SnO2 layer, we systematically investigated the
interfacial interaction of PVSCs fabricated using pristine
PCBM and PCBM/TBAOH−SnO2 ETLs. Generally, the
charge transport layer inserted between the perovskite layer
and electrode can reduce nonradiative recombination because
the built-in potential can separate the photogenerated excitons
efficiently at the interface between the perovskite layer and
charge transport layer. Steady-state photoluminescence (PL)
was conducted to study the charge transfer behavior of
MAPbI3, MAPbI3/PCBM, and MAPbI3/PCBM/TBAOH−
SnO2 on FTO/NiOx substrates, as shown in Figure 5a. From
the PL results, we observed significant PL quenching when the

pristine PCBM was deposited on the top of the MAPbI3 layer.
The obvious quenching effect indicates that efficient charge
transfer and reducing nonradiative recombination occur at the
interface between MAPbI3 and PCBM. The PL intensity is
further reduced by placing a TBAOH−SnO2 layer on top of
the PCBM layer, implying that the TBAOH−SnO2 layer can
enhance charge transport. To estimate quantitatively the
dynamics of charge transfer, time-resolved photoluminescence
(TRPL) measurements were performed as illustrated in Figure
5b. The exponential decay profiles were fitted by a
biexponential decay model as the following equation: I(t) =
A1 exp(

t

1
−

τ
) + A2 exp(

t

2
−

τ
), where A1 represents the fraction of

charge transfer from perovskite, τ1 is the charge transfer
lifetime, A2 represents the fraction of charge recombination,
and τ2 is the charge recombination lifetime in the perovskite
layer. The fitted PL profile contains a fast decay and a slow
decay component, which, respectively, refer to the decays
caused by charge transfer (τ1) and charge recombination (τ2).
The values of all parameters are summarized in Table 3. For

the perovskite film deposited on NiOx, the charge transfer
lifetime (τ1) was 15.91 ns, and the charge transfer fraction (A1)
was 23%. Upon placing either PCBM or PCBM/TBAOH−
SnO2 on top of the perovskite film, the lifetime was reduced
from 15.91 to 8.6 and 5.4 ns, respectively. A smaller value of τ1
indicates a faster charge transfer. Moreover, after the
deposition of the ETL on top of perovskite, the charge
transfer fraction increased from 23 to 100%, indicating that the
charge transfer process dominates the decay mechanism. This
means that once excitons were generated by incident light in
the perovskite film, they could be completely separated by the
HTL of NiOx and ETL of PCBM or PCBM/TBAOH−
SnO2.

9,52 The average lifetime was calculated using the
following equation: A A/i i i i iavgτ τ= ∑ ∑ . The PL lifetimes of
PVSCs fabricated using PCBM and PCBM/TBAOH−SnO2
are 8.6 and 5.4 ns, respectively. The shorter PL lifetime
evidences that the charge transfer is faster; the nonradiative
recombination and charge accumulation are less using the
PCBM/TBAOH−SnO2 ETL. Thus, the PCE of PVSCs is
improved with the composite ETL of PCBM/TBAOH−SnO2
as compared with the pristine ETL of PCBM.
The interfacial charge accumulation phenomenon at the

ETL/Ag interface was studied by measuring C−V character-
istics of the PVSCs fabricated either using PCBM/Ag or using
PCBM/TBAOH−SnO2/Ag. Figure 5c,d depicts their C−V
curves. The C−V curve typically consists of three regions,
including the depletion, charge accumulation, and recombina-
tion regions. Hu et al.53 reported the difference of C−V

Table 3. Biexponential Fitting Results of PL Decay for
Glass/FTO/NiOx/Perovskite, Glass/FTO/NiOx/
Perovskite/PCBM, and Glass/FTO/NiOx/Perovskite/
PCBM/TBAOH−SnO2

sample A1 τ1 (ns) A2 τ2 (ns)
τaverage
(ns)

glass/FTO/NiOx/
perovskite

0.23 15.91 0.77 332.72 259.27

glass/FTO/NiOx/
perovskite/PCBM

1.00 8.60 8.60

glass/FTO/NiOx/
perovskite/PCBM/
TBAOH−SnO2

1.00 5.43 5.43

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c10717
ACS Appl. Mater. Interfaces 2020, 12, 45936−45949

45943

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c10717/suppl_file/am0c10717_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c10717/suppl_file/am0c10717_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c10717/suppl_file/am0c10717_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c10717/suppl_file/am0c10717_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c10717/suppl_file/am0c10717_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c10717/suppl_file/am0c10717_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c10717?ref=pdf


between the conventional silicon solar cell and PVSCs. They
noted the anomalous C−V signal in the depletion region when
the light irradiation is varied for PVSCs. The result is from the
photoinduced bulk polarization in PVSCs. In addition to
photoinduced bulk polarization, the shift of Vpeak indicates how
the surface accumulation of the photogenerated charges is
changed with the light illumination condition. For the devices
fabricated using PCBM/Ag, the first curve of C−V (from low
to high value of the y-axis) has two peaks at a low voltage of
0.75 V and high voltage of 1.06 V under a dark condition. The
peak located at low voltage is caused by serious charge
accumulation.37 On the contrary, the PVSCs fabricated using
PCBM/TBAOH−SnO2/Ag reveal only one peak, which
indicates that no significant charge accumulation occurs at
the TBAOH−SnO2/Ag interface. In addition, the device with
PCBM/Ag exhibits a large Vpeak shift of 0.45 V when the
illumination intensity increases from dark to 1 sun; however,
the device with PCBM/TBAOH−SnO2/Ag only shows a small
Vpeak shift of 0.07 V. The small Vpeak shift indicates that the
insertion of a TBAOH−SnO2 layer can effectively minimize
the accumulation of surface charges at the TBAOH−SnO2/Ag
interface; that is, the charge transport is more efficient at the
TBAOH−SnO2/Ag interface.54,55 These results are consistent
with device performance as discussed before.
To confirm a reduced injection barrier at PCBM/Ag by

inserting a TBAOH−SnO2 layer, the band alignment diagram
is illustrated in Figure 5e. For the devices with PCBM/Ag, the
LUMO of PCBM (−4.20 eV) is lower than the WF of Ag
(−4.62 eV), which leads to the formation of a Schottky barrier
at the PCBM/Ag interface and thus induces the charge
accumulation. However, the device using PCBM/TBAOH−
SnO2 does not reveal the charge accumulation effect, which
can be attributed to the WF tunability of the TBAOH
molecule capped on the surface of SnO2. The molecular dipole
of TBAOH leads to the WF of Ag to shift from −4.62 to −3.99
eV. Consequently, an Ohmic contact is formed at the interface
between TBAOH−SnO2 and Ag for an efficient electron
extraction as illustrated in Figure 5f. Moreover, we used Kelvin
probe force microscopy (KPFM) to probe the WFs of the as-
SnO2 and TBAOH−SnO2 films (Figure S14b). The surface
potential image shows that the presence of TBAOH reduces
the WF of as-SnO2 NPs by 0.3 eV (from −4.76 to −4.46 eV),
which is attributed to the TBAOH-induced dipole on the
surface of SnO2 NPs. The decreasing WF of SnO2 films
reduces the injection barrier between PCBM and SnO2, as
illustrated in Figure S14c. As a result, the charges generated
from the photoexcited perovskite layer can be transferred
efficiently without accumulation. These results indicate that
the TBAOH ligand not only improves the dispersion of SnO2
NPs but also facilitates the band alignment at PCBM/SnO2
and SnO2/Ag interfaces.
To further evaluate the broad applicability of our developed

ligand exchange method, we modified various metal oxide NPs,
including TiO2, ITO, and CeO2, using the TBAOH ligand.
With the modification, all of the TBAOH-capped metal oxide
NPs can be well dispersed in ethanol to form transparent stable
solutions. Figure S15 shows the J−V curves of PVSCs
fabricated using the various TBAOH-capped metal oxides.
The s-shaped J−V curves of PVSCs can be effectively
eliminated using the TBAOH-capped metal oxides. Thus,
this novel procedure of ligand exchange can be applicable in
most metal oxide nanoparticles.

The perovskite layer is sensitive to humidity and heat, which
makes the long-term stability of PVSCs questionable and
retards the progress in commercialization. The stability of the
device in humidity can be improved by an encapsulation
technique, but its thermal stability issue should be resolved
from the aspect of materials. One of the effective ways to
improve thermal stability of PVSCs is to deposit a thermally
stable metal oxide dense film onto PCBM, which can prevent
the chemical component of the perovskite layer from passing
through PCBM and eroding the metal electrode. Figure 6

shows the thermal stability of PVSCs fabricated using PCBM
and PCBM/TBAOH−SnO2. These devices were encapsulated
by UV curable resin and thermally aged in an oven with an
increasing temperature every 20 °C from 45 to 85 °C with an
increment every 240 h. Both devices maintained their initial
PCEs under the aging conditions of 45 °C for 240 h. As the
aging continued for another 240 h at 65 °C, the PVSCs
fabricated using PCBM/TBAOH−SnO2 still kept their PCE,
but the devices fabricated using PCBM show an approximate
10% decrease in PCE. When the aging continued further for
another 240 h at 85 °C, the decrease in PCE for the device
with PCBM reduced to approximately 50% of initial PCE;
however, the device with PCBM/TBAOH−SnO2 only
experienced an approximately 10% reduction in PCE. This
result clearly indicates that the use of a TBAOH−SnO2 layer
significantly enhances the thermal stability of PVSCs. We
further investigated the mechanism of thermal degradation of
each layer in the device by performing depth profile analysis
using time-of-flight secondary-ion mass spectrometry (ToF-
SIMS). The aged samples used for the analysis were prepared
at 85 °C/24 h in N2 without encapsulation. Figure 7a shows
the ToF-SIMS spectra of the PVSCs fabricated using PCBM
before and after aging. After thermal aging, the depth profile
reveals that the CH3NH3

+ and I− ions diffuse into the PCBM
layer and the boundary between PCBM and MAPbI3 becomes
indistinguishable, which implies the decomposition of MAPbI3.
It is worth noting that the I− ion signal was detected in the Ag
region, which means that the I− ion diffused into the PCBM
layer and eroded the Ag electrode to form AgI.56 Once the I−

ion reacted with Ag, the degradation reaction was accelerated
from the chain reaction. This is the main reason for the
performance deterioration. On the contrary, the ToF-SIMS
spectrum of the PVSCs fabricated using PCBM/TBAOH−
SnO2 shown in Figure 7b did not show an evident difference
before and after thermal aging. In addition to the thermal

Figure 6. Normalized PCE revolution of the devices versus aging time
at different temperatures.
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stability, the operation stability of the PVSCs fabricated from
PCBM and PCBM/TBAOH−SnO2 was investigated. The
results are presented in Figure S16. The PVSCs fabricated
from PCBM/TBAOH−SnO2 have better operation stability
than the devices fabricated from pristine PCBM. These results
indicate that the aforementioned ion diffusion and penetration
can be effectively avoided by introducing the TBAOH−SnO2
layer between PCBM and Ag and thus improve the thermal
stability and operation stability of PVSCs. The mechanism of
the thermal stability improvement is illustrated in Figure 7c.

■ CONCLUSIONS

In conclusion, the multiple roles are present in the perform-
ance of PVSCs when the organic-molecule-modified metal
oxide NPs are used as the material of the electron transport
layer in the fabrication of the device. On the one hand, the
organic molecules should have a specific size to effectively
separate the NPs so that the metal oxide NPs can be provided

with dispersibility and processability. The good dispersibility
and processability are the essential properties for a high-quality
metal oxide film, which is one of the requirements for high-
efficiency PVSCs. On the other hand, the length of organic
molecules also determines the charge transport capability, and
the organic molecule with a long alkyl chain should be avoided.
Moreover, the organic molecule should possess molecule-
induced surface dipoles, which can create a strong molecular
dipole-induced electrical field to shift the vacuum energy level
and thus facilitate the band alignment of PVSCs and result in
the good device performance. As a result, we demonstrate that
TBAOH is an excellent organic molecule that meets all of
these requirements. We synthesized highly crystalline SnO2
NPs (as-SnO2 NPs) with a particle size of approximately 6.4
nm by the solvothermal method. The as-SnO2 NPs easily
aggregate and cannot form a well-dispersed suspension in
either polar or nonpolar solvent. The dispersibility of as-SnO2

NPs was improved using the hydrophobic ligand OA (OA−

Figure 7. ToF-SIMS depth profiles of PVSCs before and after thermal aging. The device was fabricated using different ETLs of (a) PCBM and (b)
PCBM/TBAOH−SnO2. (c) Schematic illustration of the effect of the ETL type on the thermal degradation of PVSCs. The device fabricated using
PCBM (left) and PCBM/TBAOH−SnO2 (right).
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SnO2), which can be readily dispersed in nonpolar solvent,
such as chlorobenzene or chloroform. However, the insulating
OA molecule hinders the extraction and transport of charges.
In addition, the use of nonpolar solvent in the OA−SnO2
suspension damages the PCBM layer. Thus, a facile ligand
exchange method was developed using TBAOH to replace the
insulating OA molecule on the surface of SnO2 NPs. Via the
surface modification, the TBAOH−SnO2 NPs can be very well
dispersed in ethanol. The TBAOH−SnO2 NPs can form a
dense and smooth high-quality SnO2 film on top of PCBM. In
addition to the dispersibility improvement, the TBAOH ligand
also functions as a work function modifier that optimizes the
band alignment between SnO2 and Ag. The TBAOH ligand
forms an aligned dipole at the SnO2/Ag interface, which
changes the WF of Ag from −4.62 to −3.99 eV. The shift in
the WF dramatically reduces the contact barriers between
SnO2 and Ag, which results in Ohmic contact formation at the
interface. The PCE of the p−i−n PVSCs with the TBAOH−
SnO2 layer significantly increases from 14.91 to 18.77% as
compared to the device without TBAOH−SnO2. Moreover,
the thermal stability of PVSCs is also significantly improved by
adopting the TBAOH−SnO2 layer. The methods are
applicable to various metal oxide NPs, including TiO2, ITO,
and CeO2. These TBAOH-capped metal oxide NPs can form
smooth films with remarkable properties in both electron
transfer and work function modification.

■ METHODS
Materials. Acetone (99.0%) and boron trifluoride etherate (98.0+

%, BF3−OEt2) were purchased from Alfa Aesar. Benzyl alcohol
(99.0%), chlorobenzene (99.0+ %), chloroform (99.0+ %), dichloro-
methane (99.8+ %), N,N-dimethylformamide (99.8%, DMF),
dimethyl sulfoxide (99.9+ %, DMSO), hexane (99+ %), isopropyl
alcohol (99.8%), and toluene (99.8+ %) were purchased from Acros.
Butylamine (99.5%), cerium(III) nitrate hexahydrate (99.999%
Ce(NO3)3·6H2O), 1,12-dodecanediol (99%), oleic acid (OA, 90%),
1-octadecene (90%), oleylamine (98%), tetramethylammonium
hydroxide pentahydrate (≥97%, TMAOH), tetrabutylammonium
hydroxide 30-hydrate (95+ %, TBAOH), SnCl4, trimethylamine-N-
oxide dehydrate (99.999%), titanium isopropoxide (99.999%), indium
acetylacetonate (99.99%, In(acac)3), and tin bis(acetylacetonate)-
dichloride (98%, Sn(acac)2Cl2) were purchased from Sigma Aldrich.
Diethyl ether (99.0%) and ethanol (99.99%) were purchased from
Fisher Chemical. Fluorine-doped tin oxide (FTO) glasses, methyl-
ammonium iodide (MAI), lead iodide (99.9985%, PbI2), and [6,6]-
phenyl-C61-butyric acid methyl ester (99.0%, PC61BM) were
purchased from Front Materials Co. Ltd.
Molecular Modeling of Organic Ligand Molecules. The

molecular modeling of oleic acid (OA), tetrabutylammonium
hydroxide (TBAOH), and tetramethylammonium hydroxide
(TMAOH) was performed using hybrid density functional theory
(DFT). Gaussian 09 software was used to carry out the calculations
with the B3LYP functional and the 6-311+G* basis. The geometries
of these molecules were optimized in vacuum with tight convergence
before the calculation of their molar volumes.
Synthesis of Oleic Acid Capped SnO2 Nanoparticles. The

SnO2 NPs were synthesized by the solvothermal method. Typically,
the precursor solution was prepared by adding 3.12 g (0.012 mol) of
SnCl4 to 20 mL of benzyl alcohol and toluene mixed solvent (3:1 by
volume). Then, the precursor solution was transferred to a 25 mL
Teflon-lined autoclave and heated in an oven to 180 °C for 12 h. After
the reaction, the white precipitate was collected by centrifugation and
washed once with diethyl ether and twice with ethanol. To prepare
the OA−SnO2 suspension, the collected SnO2 NPs were re-dispersed
in 5 mL of chloroform and excess oleic acid (OA) (1 mL) to form a
milky suspension. Under ultrasonication, 1 mL of butyl amine (BA)
was added to obtain a colorless transparent suspension. The OA−

SnO2 suspension can be purified by adding acetone to wash out excess
OA and BA followed by centrifugation and re-dispersion in
chloroform with a concentration of 200 mg mL−1.

Synthesis of Oleic Acid Capped TiO2 Nanorods. The titanium
dioxide nanorods (TiO2 NRs) were synthesized according to a
literature report.57 Typically, oleic acid (120 g) was stirred at 120 °C
for 1 h in a three-neck flask under Ar flow, then cooled to 90 °C, and
maintained at this temperature. Titanium isopropoxide (17 mmol)
was then added into the flask. After stirring for 5 min, trimethylamine-
N-oxide dihydrate (34 mmol) in 17 mL of water was rapidly injected.
This reaction was continued for 9 h to complete hydrolysis and
crystallization. Subsequently, the obtained TiO2 NRs were washed
and precipitated with ethanol to remove the residual surfactant.
Finally, the TiO2 NRs were collected by centrifugation and then re-
dispersed in chloroform or toluene with a concentration of 200 mg
mL−1.

Synthesis of Oleic Acid Capped ITO Nanoparticles. The
indium doped tin oxide nanoparticles (ITO NPs) were synthesized
according to the literature.30 A mixture of In(acac)3 (100 mg, 0.24
mmol), Sn(acac)2Cl) (10 mg, 0.026 mmol), oleylamine (1 mL), and
octadecene (6 mL) was stirred in a three-neck flask under Ar flow and
then heated to 250 °C for 30 min. After 30 min, oleic acid (0.4 mL)
was injected, and the mixture was heated to 270 °C and kept for 1 h.
After the mixture was cooled to room temperature, the ITO NPs were
precipitated by adding 30 mL of isopropyl alcohol. The precipitated
ITO NPs were collected by centrifugation and re-dispersed in 10 mL
of hexane in the presence of oleylamine (0.1 mL) and oleic acid (0.1
mL). 15 mL of ethanol was added to precipitate the NPs. The ITO
NPs were then collected by centrifugation and re-dispersed in toluene
with a concentration of 200 mg mL−1.

Synthesis of Oleic Acid Capped CeO2 Nanoparticles. The
cerium dioxide (CeO2) nanoparticles were synthesized according to
the literature.58 Typically, 1 mmol of Ce(NO3)3·6H2O (0.434 g), 2
mL of oleic acid, 2 mL of oleylamine, 4 mL of octadecene, and 2.5
mmol of 1,12-dodecanediol were added in a three-neck flask. Before
starting the reaction, the solution was at first degassed at 100 °C with
magnetic stirring and kept for 30 min at 100 °C under vacuum to
remove water and oxygen. (Note that the degas step is necessary to
prevent the explosion.) The temperature was then increased to 300
°C under Ar flow. When the temperature reached 200 °C, the
solution turned turbid and brownish, indicating the nucleation of
CeO2. After a 90 min reaction time at 300 °C, the mixture was cooled
to room temperature naturally and washed using acetone and ethanol.
The CeO2 NPs were finally re-dispersed in toluene with a
concentration of 200 mg mL−1.

Preparation of the Tetraalkylammonium Hydroxide Cap-
ped Metal Oxide NP Suspension. Two kinds of tetraalkylammo-
nium hydroxides, tetramethylammonium hydroxide (TMAOH) and
tetrabutylammonium hydroxide (TBAOH), were used to modify the
metal oxide NPs or NRs. The preparation procedure is described as
follows. To remove the OA molecule attached on the surface of metal
oxide NPs or NRs, 50 μL of OA−metal oxide suspension was added
into 3 mL of dichloromethane solution of 8 mM boron trifluoride
etherate (BF3−OEt2). The metal oxide NPs or NRs were then
precipitated immediately and collected by centrifugation to obtain
desorbed-metal oxide NPs or NRs. To obtain the tetraalkylammo-
nium hydroxide capped metal oxide NP or NR suspension, the
desorbed-metal oxide NPs or NRs were added into the solution
containing 30 mg of either TMAOH or TBAOH and 1 mL of ethanol
followed by ultrasonication for a few minutes, after which the
colorless suspension was obtained. The tetraalkylammonium hydrox-
ide capped NP or NR suspension was then precipitated by adding
hexane to wash out the excess tetraalkylammonium hydroxide to
obtain pure tetraalkylammonium hydroxide capped metal oxide NPs
or NRs. Then the precipitated metal oxide NPs or NRs were re-
dispersed in ethanol. The TBAOH−metal oxide NP or NR
suspension with a concentration of 10 mg mL−1 is a well-dispersed,
stable, and clear solution, but the TMAOH-metal oxide NP or NR
solution is cloudy (Figure S6).
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Fabrication of the Perovskite Solar Cell. Fluorine-doped tin
oxide (FTO) glasses were ultrasonically washed with acetone,
methanol, and isopropanol in sequence. The HTL layer was prepared
using the NiOx NP suspension with a concentration of 20 mg mL−1 in
DI water, spin-coated onto cleaned FTO glasses at 2500 rpm for 60 s,
and annealed at 160 °C for 30 min in air. The synthesis method of
NiOx NPs is according to the literature with some modification.59 A
1.2 M perovskite precursor solution was prepared by mixing MAI and
PbI2 (in a 1:1 molar ratio) in 1 mL of a mixed solvent of DMF and
DMSO (in a 5:2 volume ratio). Subsequently, the perovskite
precursor was then spin-coated onto the as-prepared NiOx film at
4500 rpm for 30 s in a glove box filled with nitrogen. At 15 s of the
spinning process, 300 μL of diethyl ether was dropped onto the
sample to wash out the extra solvent and form a transparent
intermediate perovskite phase. Then, all the samples were sequentially
annealed on a hot-plate at 70 °C for 1 min and 100 °C for 2 min to
form dark-brown perovskite films. Afterward, the PC61BM solution
(2.5 wt % in chlorobenzene) was spin-coated onto the perovskite
layer at 1000 rpm for 30 s to serve as the ETL. Finally, the as-prepared
TBAOH−NP or NR suspension was spin-coated onto the PC61BM
layer at various rotation speeds followed by 100 nm Ag electrode
deposition by thermal evaporation.
Characterization of Perovskite Films and Devices. TEM

images of SnO2 NPs were obtained from an FEI transmission electron
microscope (JEOL 2010F). The crystal structures of various metal
oxides were determined by X-ray diffraction spectrometry (XRD)
(Rigaku, TTRAXIII, Japan) using Cu Kα radiation at 50 kV. The X-
ray photoelectron spectra (XPS) were recorded with a PHI 5000
Versa Probe system (ULVAC-PHI, Chigasaki) using a microfocused
(100 μm, 25 W) Al X-ray beam. During the measurement, the
pressure of the main chamber was kept below 10−7 Pa by
turbomolecular and ion-getter pumps. The WFs of materials were
measured by ultraviolet photoelectron spectroscopy (PHI 5000
VersaProbe, ULVAC-PHI) using an ultraviolet light source of He I
emission (21.2 eV, B50 W) and calculated using the equation Φ = hν
− (E0 − EF). The UV−visible transmittance spectra were obtained
using a UV−vis spectrometer (V-730, Jasco). The Fourier transform
infrared spectra (FTIR) were measured by Fourier transform infrared
spectroscopy (Spectrum 100, PerkinElmer). The size of nanoparticles
in solution was measured by dynamic light scattering measurement
(90Plus/BI-MAS). The surface morphology and height information
of different ETL films were measured by scanning electron
microscopy (SEM, JSM-7610FPLUS, JEOL) and atomic force
microscopy (AFM, OMV-NTSC, Bruker). The J−V curves of devices
were measured using a voltage source meter (Keithley 2410) under an
AM 1.5 G solar simulator (Yamashita Denso YSS-50A-400A) with an
irradiation of 100 mW cm−2. Note that all of the devices were not
encapsulated and all measurements were performed in air with 40%
RH. The amount of ligand (ligand per area) of TBAOH−SnO was
analyzed by thermal gravimetric analysis (TGA, TA Instruments
Q50). The element mapping of the TBAOH−SnO2 film was
measured using an energy dispersive spectrometer (EDS, Ultim
Max 170, Oxford) at 3 kV SEM acceleration voltage. The PL spectra
were recorded with a continuous-wave diode laser source (PDLH-
440-25, DongWoo Optron Co. Ltd.), and the emission spectra were
recorded with a photomultiplier tube detector system (PDS-1,
DongWoo Optron Co. Ltd.). The TRPL spectra were recorded
using a time-correlated single photon counting spectrometer
(WELLS-001, FX, DongWoo Optron Co. Ltd.). The pulse laser
had a wavelength of 440 nm and an average power of 1 mW during
operation with a excitation duration of 2 μs. The capacitance−voltage
(C−V) characteristics were recorded by electrochemical impedance
spectroscopy (EIS, Solartron Analytical). Surface potential mapping
was carried out by Kelvin probe force microscopy (KPFM, Digital
Instruments, Nanoscope III). All time-of-flight secondary-ion mass
spectrometry (ToF-SIMS) depth profiles were acquired using a PHI
TRIFT V nanoToF (ULVAC-PHI, Japan) system with a dual beam
sputter-and-view scheme. In the analysis phase, a pulsed C60

+

(approximately 8200 Hz, pulse length of 15 ns) rastering over a 50
μm × 50 μm area was applied as the primary ion. The acceleration

voltage of the incident C60
+ ion was 20 kV, and the beam current was

0.08 nA DC. For the sputter phase, a 1 kV Ar+ beam with a beam
current of 400 nA rastered over a 1500 μm × 1500 μm area was
utilized to remove the top surface material. These parameters were
chosen to eliminate the depth profile artifacts of perovskite
materials.60
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