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ABSTRACT: Organic—inorganic hybrid lead halide perovskites have 25
been widely investigated in optoelectronics both experimentally and
theoretically. The present work incorporates chemically modified
graphene into nanocrystal SnO, as the electron transporting layer
(ETL) for highly efficient planar perovskite solar cells. The modification
of SnO, with highly conductive two-dimensional naphthalene diimide-
graphene can increase surface hydrophobicity and form van der Waals
interaction between the surfactant and the organic—inorganic hybrid lead
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B ecause of the long carrier diffusion length (>1 um), high
charge mobility (~0.6 cm® V™' s7!), high absorption
coefficient (5.7 X 10* ecm™ at 600 nm), and ordinary
fabrication processes, organic—inorganic hybrid lead halide
perovskite solar cells (PSCs) have received great attention for
the ability of converting sunlight directly into electrical power.
The power conversion efficiency (PCE) of PSCs has rapidly
increased above 22% in a short period, rendering the efficiency
comparable with current commercial technologies.' Organic—
inorganic hybrid lead perovskite exhibits a general formula of
ABX;, where A represents CH;NH;* (MA), HC(NH,)," (FA),
or Cs'; B represents Pb** or Sn**; and X represents halogen
ions CI7, Br™, or I". Although MAPDI; has been widely used as
the active layer in PSCs, it has shown numerous disadvantages
such as instable crystal phase under humidity and solvents.
Cesium-containing Cs,,FAqgPbl, ¢4Bry 4 material absorber was
reported with a PCE of 17.35% with features of high stability
and reproducibility.”® In addition, interface engineering has
become an effective strategy to tune the optoelectronic
properties and thus improve device performance.*””

The Shockley—Queisser efficiency limit has pointed out that
the fill factor (FF) for efficient single junction devices can reach
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as high as ~90% at room temperature.g’9 However, most of the
reported FF values for planar PSCs are in the range 60—70%, "
indicating that further improving FF can become one of the
effective strategies to enhance device efficiency. For example, a
small amount of H,O was added into Pbl,/dimethylformamide
(DME) precursor solution to achieve a remarkable FF of 85%,
giving a high PCE of 18% compared to the controlled one
(15%),” which was because of the highly pure perovskite film
fabricated from the high-quality Pbl, film after a small amount
of H,O was added into Pbl,/DMF precursor solution. One of
the possible reasons to explain a low FF can be related to the
loss mechanism originated from inefficient charge extraction of
cells. Different attempts have been made to increase device FFs
by inducing crystal lattice orientation of perovsklte, as well as
controlling interfacial microstructures.'”'> Among these
successful methods, the passivation of grain boundaries'*~"
and the nonstoichiometric precursor solution with excess Pbl,

have turned out to be remarkable.'”'® So far, Lewis-base
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Figure 1. (a) Schematic architecture of planar perovskite solar cells. The expanded scheme shows the chemical structure of NDI and the bonding
condition of NDI-graphene with perovskite films. (b) Cross-sectional SEM image of FA;;sMA, sCs, Pbl, 4Bry;s deposited on SnO,-5% G

substrates by one-step spin-coating method.
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Figure 2. (a) Corresponding "H NMR spectra showing changes in the resonance signals arising from the H protons of NDI-graphene on addition of
MAI or FAI solution in deuterated water at 298 K. (b) Representation of the supramolecular weak van der Waals interaction in the MAI- or FAI-

containing NDI-graphene.

passivation and fullerene passivation have been demonstrated
to be able to improve device FF values and thus solar cell
efficiency. The Pbl, (Lewis acid) tends to form adducts via
interacting with polar aprotic solvents (Lewis base)"’
containing sulfur, oxygen, or nitrogen, such as dimethyl
sulfoxide (DMSO),”°~* DMF,”* and N-methyl-pyrrolidone.”
After solvent evaporation, the retained Pbl, may locate within
the grain boundaries of the perovskite crystal film or at the
interface between perovskite and interlayer. For example, an
excess Pbl, induced at the active perovskite/TiO, interface
could facilitate electron injection into the TiO, layer, resulting
in an enhanced FF of 76%.°“* Furthermore, several nano-

composites, such as graphene quantum dots/Sn0O,,** gra-
phene/TiO,,”® ZnO nanorod arrays,®’ perovskite oxide
StTiO,,”" and SnO, nanocrystals,”> were reported as electron
transporting layers (ETLs) for PSCs to enhance the devices’
performances. However, the obtained values of FF (~76%) are
still lower than the expectation. Though different strategies to
improve FF mainly depend on the passivation and optimization
of perovskite absorbers, it is noticed that little information
about modification of ETLs has been reported. To further
booster the FF > 80%, herein we report a new nanocomposite
for a highly efficient PSC via interfacial engineering by using
two-dimensional electronic conducting graphene modified with
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Figure 3. (a) Atomic configuration of FA(,sMA ;5Cs, PbL, ¢sBry 35 (the light gray atom is C, the white atom is H, the dark gray atom is Pb, the dark
red atom is I, the blue atom is N, and the black atom is Cs). (b) Atomic configuration of FAy;sMA ;5Cso;Pbl, ¢sBr3s/graphene (the light gray atom
is C, the white atom is H, the dark gray atom is Pb, the dark red atom is I, the blue atom is N, and the black atom is Cs). (c) Distribution of electron
density of FAy;sMA;5Csq Pbl, ¢sBryss. (d) Distribution of electron density of FAy;sMAg;5Cso Pbl, ¢sBro3s/graphene. (e) Electron localization
function (ELF) of electrons at the FAy;sMAg;5Csg Pbl, ¢sBross interface. (f) ELF of electrons at the FAy;sMA sCsg Pbl, ¢sBryss/graphene

interface.

the easily synthesized and planar N,N’-bis-[2-(ethanoic acid
sodium)]-1,4,5,8-naphthalene diimide (NDI) surfactant. NDI
can greatly improve the dispersion ability of exfoliated graphene
in aqueous solution and tune the electronic energy levels of
graphene.” The hydrogen atom of the benzene ring within the
NDI can be capable of interacting with the iodine of perovskite
crystals at the adjacent interface between the perovskite and
ETL via van der Waals interaction. Thereby, the octahedral
[Pblg]*" can be controllably fixed to the perovskite/ETL
interface, which has the same effect as the Lewis-base
passivation effect.”® As a result, rapid charge extraction and
transport can be simultaneously obtained in the compact NDI-
graphene-doped SnO, ETL-based PSC with an improved FF of
82%.

In this study, the SnO, ETL was prepared by spin-coating
precursor solutions of 0.1 M SnCl,-2H,O with/without NDI
modified graphene in ethanol on a precleaned indium tin oxide
(ITO) substrate,” followed by thermal annealing in the air at
150 °C for 30 min and at 180 °C for 60 min. We have
previously reported a novel strategy to greatly improve the
dispersion ability of graphene in aqueous solution.”* Consid-
ering the high cost, high boiling point, and high environmental
pollution characteristics of organic solvents, graphite exfoliation
in an aqueous solution with surfactant is more suitable for mass
production of graphene.”> Indeed an aqueous solution is
favorable to evaporate in a low-temperature-processed SnO,
layer without any residue.

Figure la presents the schematic device architecture for a
planar solar cell. Cross-sectional scanning electron microscope
(SEM) images in Figure 1b were collected to show that the

thickness of the ETL is about S0 nm, 400 nm for the perovskite
layer, 180 nm for the spiro-OMeTAD layer, and 80 nm for the
Au electrode. Additionally, Figure 1a illustrates the possible van
der Waals interaction between a hydrogen atom on the benzene
ring of NDI of the ETL and an iodine atom of octahedral
[Pbls]*" of perovskite compounds. The interaction among
NDI-graphene and mixed-cation lead hybrid perovskite
compounds was characterized by performing liquid-state
nuclear magnetic resonance spectroscopy (NMR) character-
ization of MAI, FAI, NDI-graphene, and their mixture. Figure
2a compares the "H NMR of pure MAI or FAI in deuterated
water to assign the signal of van der Waals interaction for NDI-
graphene---MAI and NDI-graphene---FAL In the case of NDI-
graphene---MAI, the proton signal of the NDI-graphene at § =
8.49 ppm apparently moves toward the lower value of 8.45
ppm, while in the case of NDI-graphene---FAI, the proton
signal at 6 = 8.49 ppm moves to a lower 6 = 8.44 ppm. The
signal for the NDI group protons shifts upfield upon addition
of MAI or FAI, which can be clearly rationalized in terms of a
shielding effect of the N—H---I" van der Waals interaction. This
in turn supports our argument that the octahedral [Pbls]*" can
be anchored on top of the ETL. Figure 2b further illustrates the
supramolecular van der Waals interaction among MAI or FAI
with NDI-graphene. After the addition of MAI or FAI, the N—
H--I” van der Waals interaction forms between NDI-graphene
and MAI or FAL Density functional theory (DFT) calculations
on the electronic structure at the perovskite/ETL interface
were carried out to explore the impact of graphene. Figure 3a,b
presents the geometry for the configuration of the optimized
structures for perovskite and perovskite/graphene, respectively.
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Figure 4. (a) FTEM image of the SnO, blend with NDI-graphene. (b) Zoomed-in FTEM image of the NDI-graphene region of blend films (red
circle in part a). Two-dimensional GIWAXS patterns of (c) FAg;sMAg15Cso, Pbl, 6sBrg 35 film on ITO/SnO, and (d) FAy,;sMAg;5Csg PbL, 6sBro s
film on ITO/NDI-graphene substrates. (e) J—V curves (reverse scan) of devices C and D based on SnO, and SnO,-5% G ETL, respectively; inset is
the maximal steady-state power output at the maximum power point for device C at 0.92 V, and device D at 0.94 V. (f) EQE spectra of

corresponding devices.

Figure 3c,d shows the calculated electron density (ED) in the
region of perovskite and perovskite/graphene, respectively.
After interface engineering with graphene, the electrons of
perovskite are dragged upward to the graphene, suggesting the
existence of interaction. Furthermore, the interaction property
was evaluated with the electron localization function (ELF).
The values for the ELF profile in Figure 3e,f of ELF are in the
range 0—1 with 0.5 (green) corresponding to a delocalized
(metallic) electron gas and 1 (red) meaning complete
localization. High ELF values are found at the interface of
graphene and perovskite.”® A reduced electron distribution in
the interior perovskite region was found in the perovskite-
graphene configuration, revealing the potential interaction.
We first investigated the optical and photophysical properties
of SnO, films with different contents of NDI-graphene to
determine their suitability as ETLs in PSCs. Figure S1
compares the transmission spectra of pristine SnO, film and
SnO, with different-content NDI-graphene films (Sn0,-1% G
represents SnO, with 1% v/v NDI-graphene; SnO,-5% G,
SnO, with 5% v/v NDI-graphene; and Sn0,-10% G, SnO, with
10% v/v NDI-graphene) on ITO substrates. These films exhibit
high transmittance of about 90% in the visible range 400—800
nm. This makes these films favorable for utilization as ETLs to
guarantee most photon flux reaching the perovskite absorber
layer for generating photocurrent. The lattice spacing for the in-
plane (110) and (110) facets of few-layered NDI-graphene and
SnO, can be determined to be 0.25 and 0.33 nm with field-
emission transmission electron microscopy (FE-TEM) in
Figure 4a,b. The NDI-graphene has been successfully
introduced into the SnO, network.”*”*® Further contact-
angle measurements were carried out with water on ITO
substrates with SnO, layers and different-content NDI-
graphene-modified SnO, layers. We found that the contact
angle of SnO, with NDI-graphene ETL increased from 66° to

92° as the NDI-graphene concentration changed from 0% to
10% (v/v) (Figure S2) because of the hydrophobicity of NDI-
graphene.” Atomic force microscopy (AFM) characterization
was further carried out to study the morphology of NDI-
graphene-doped SnO, nanocrystal films and the perovskite
films deposited on top of these ETLs (Figure S3). The root-
mean-square (RMS) roughness for the substrate with S vol %
NDI-graphene (RMS = 1.05 nm) shows the smallest value
among those containing NDI-graphene. However, it is still two
times higher than that of the case without NDI-graphene (RMS
= 0.55 nm). The FAy,MAg;sCsy,Pbl,¢Bry;s films on
corresponding ETLs follow the same tendency of RMS (Figure
S4). The SEM images of FA,;sMAg;5Csq 1 Pbl, ¢sBry ;s films on
pristine SnO, and SnO,-5% G substrates further confirm the
negligible difference after adding NDI-graphene (Figure SS).
Grazing incidence wide-angle scattering spectrum (GIWAXS)
has also been used to clarify the effect of substrates on
perovskite compound crystallization, as shown in Figure 4¢,d. A
strong scattering pattern located at g = 1 A™' corresponds to
the (110) plane of perovskite."” From two-dimensional
scattering patterns, the scattering intensity and orientation of
the (110) peak on different substrates has a negligible
difference. In addition, the X-ray diffraction of
FA;,sMA, 15CsoPbl, 4sBryss films on pristine SnO, and
Sn0,-5% G substrates showed the similar crystallization
properties (Figure S7). These further demonstrate an ignorable
influence of addition of NDI-graphene into SnO, substrates on
the crystallization behavior of FAj,sMA ;sCsg Pbl, ¢Brg3s
films. A uniform surface of ETL is highly necessary for efficient
PSCs to bring up high electron extraction. Figure S6 compares
the UV—vis absorption spectra of the FAg;MA,1,Pbl, ¢;Bry 3,
and FA;,sMA 5Cso Pbl, 4sBryss layers on NDI-graphene-
doped SnO, and pristine SnO, substrates. We found that the
perovskite absorber with Cs component showed slightly
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Table 1. Device Parameters” (Reverse-Scan Data) of the FA,,sMA, ;sCsq ;Pbl, (:Br ;5 Solar Cells with SnO, (Device C) or
S$n0,-5% G (Device D) under Illumination of AM 1.5 G, 100 mW cm?

FAg7sMAg5Cso1PbL, 6sBro 3 Ve [mV] Jie [mA Cm_z] FF [%] PCE [%] R, [Q sz] n Ry, [kQ sz]
device C (best) 1097 23.21 74.6 18.99 6.08 1.98 12.50
average 1091 + 162 22.81 + 0.73 73.85 £ 2.11 17.21 + 2.37
device D (best) 1084 22.66 82.1 20.16 1.51 1.95 1.22
average 1076 + 197 21.81 + 1.95 80.25 + 1.93 18.83 + 1.33

“Note: average photovoltaic performance parameters including the standard errors of the J,,

V.

oo

FF, and PCE. The statistics are based on 10—20

cells on different substrates. The shunt resistance (Ry,) was calculated from the inverse of the slope of the J—V curves at 0 V.
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Figure S. (a) J—V curves of devices C and D in the dark. (b) Plots of —dV/dJ vs (J,. — J) — 1 and the linear fitting curves. (c) PL spectra of ITO/
FAg7sMAg15Cso 1 PbL, 6sBrg35/Sn0, and ITO/FAg,sMAg;sCsg PbL, sBrg3s/Sn0,-5% G films on slide substrates. (d) TRPL decay spectra of
FAg7sMAg sCsg ;PbL, ¢sBr ;5 films with different ETL substrates. The fluency for the TRPL measurement at 770 nm is around 11 nJ cm™ and the
excitation density is around 10" cm™. The yellow line represents the fitted curve using the double exponential function. Electronic impedance
spectroscopy measurements: (e) Nyquist plots obtained under illumination at a bias of 1.0 V for devices C and D. The inset shows the equivalent
circuit for fitting the impedance spectroscopy data. (f) R, as a function of the bias.

enhanced absorption between 400 and 750 nm, and exhibited a
blue-shifted absorption edge from 783 nm in
FA53MAg 17PbL, ¢;Bry 5, film (with an optical bandgap of 1.58
eV) to 779 nm (with higher optical band gap of 1.59 eV).
Moreover, a blue-shifted absorption was also observed in the
photoluminescence (PL) spectra (Figure S8) when the
inorganic Cs component is added into the
FAy7sMAg 15Cs,Pbl, 4sBrj 35 compounds, which indicates the
passivated traps at the perovskite surface.’’ As reported,
introducing graphene into the TiO, ETL in PSC devices
effectively improves photovoltaic performance of PSCs; thus,
the suitability of graphene for the ETL has been proven.”” The
band alignment of different ETLs was estimated to be —4.20,
—4.27, —4.27, and —4.37 eV for SnO,, Sn0,-1% G, Sn0,-5%
G, and Sn0,-10% G, respectively, with the help from ultraviolet
photoelectron spectroscopy (UPS) and transmission measure-
ments in Figure S9a. The down-shifting conduction band of
doped SnO, was probably derived from the low-lying
conduction band of NDI-graphene. The conduction band of
FA,7sMA sCsg Pbl, 4sBry3s was estimated to be —4.05 eV,
which promotes efficient electron transport to ETLs (see
Figure S9b). We measured space-charge-limited current
(SCLC) of SnO,-G films by using electron-only devices
(Figure S10). A bigger current density for the SnO,-5% G

device as compared to that of SnO, confirms its higher
electrical conductivity.*”** The electron mobility of the ETL
films can be obtained by fitting J—V curves using eq 1:
V2

80P M
where ] is the current density, y is the zero-field mobility of
electrons, &, is the permittivity of the vacuum, ¢, is the relative
permittivity of SnO, (=13), L is the thickness of the ETLs (50
nm), and V is the applied effective voltage. In these devices, the
electron mobility can be determined because of the n-type
property of SnO,. The SnO,-5% G ETL exhibits higher
electron mobility (4.67 X 107 em? V! s7'), which is
significantly higher than those of pure SnO, (9.11 X 107°
cm? V7! s71) and Sn0,-5% NDI (9.08 X 1075 cm* V™' s7!). We
concluded that the increase of electron mobility was derived
from the highly electronic conductivity of graphene. Fast
electron transporting would benefit from higher electron
mobility.

Some preliminary photovoltaic experiments were conducted
to evaluate the performance of the transparent SnO, ETL
modified with NDI-graphene. Figure 4e presents the reverse-
scan photocurrent density—voltage (J—V) characteristics of
various devices. The detailed photovoltaic parameters such as

]:
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open-circuit voltage (V,.), FF, short-circuit current density
(Joo), and PCE for devices are given in Table 1 and Table S1.
The transparent NDI-graphene thin films (with the thickness of
~30 nm) were first tested as the ETL in planar device A with
an architecture of ETL/FA;g;MA, ,Pbl, ¢;Brg3,/spiro-OMe-
TAD/Au. The ], V., and FF values of device A are 18.58 mA
cm™2, 1067 mV, and 49%, respectively, which yield an overall
PCE of 9.8% (Table S1). Replacing the NDI-graphene with the
SnO, ETL in device B can largely increase the PCE to 15.2%,
especially with the FF rising to 63%. Device A shows lower V
than device B because of increased dark current. The device
efficiency can be further increased by changing the light
absorber to FAy;sMAg 5Csq Pbl, ¢;Bry ;s (with the same ETL
of Sn0,) in device C (Figure 4e, black curve) resulting in an
18.99% overall PCE with a J,. of 23.21 mA cm™2, a V,_ of 1097
mV, and a FF of 75% (Table 1). Impressively, adding NDI-
graphene into SnO, ETL further boosted the device PCE to
20.2% for device D, attributed principally to a high FF of 82%,
which was close to the FF of the Shockley—Queisser efficiency
limit. Furthermore, the good reproducibility for FFs (Figure
S11) and the little hysteresis phenomenon from the J—V curves
in both the forward- and reverse-scan direction (Figure S12)
also substantiate the promise of this new ETL for PSC devices.
The control experiments by adding the same ratio of NDI into
Sn0, (Sn0,-5% NDI) show a negligible effect on the PCE and
FF (Table S1). The photovoltage of device D (Sn0,-5% G
ETL) is 13 mV lower than that of device C. This could be
caused by the lower conduction band of the SnO,-5% G as
compared to that of SnO,, if considering the output voltage of
PSCs principally depends on the quasi-equilibrium charge
Fermi levels of the perovskite layer and the energy band offset
between the ETL/perovskite and HTL/perovskite interfa-
ces.” ™ The inset of Figure 4e shows the steady-state output
power of devices C and D in ambient conditions under
continuous AM 1.5 G illumination at a constant bias. The
device D showed a maximum output power of 20.2 mW cm ™
under 0.94 V. These results verify the good device stability of
PSC devices with SnO, ETL with NDI-graphene under
working conditions. The stability of these devices has been
further demonstrated in the stability test, in which we measured
the encapsulated ones placed in a ventilated cabinet over 300 h
with 30% relative humidity at room temperature in the dark.
The normalized PCE was tracked every 20 h (Figure S13).
Figure 4f shows the external quantum efficiency (EQE) of
PSCs with different ETLs. The EQE profiles are similar for all
different devices with the maximum EQE of 85% at ~560 nm.
The integrated J,. from the EQE using the AM L.S reference
spectra reaches about 22.5 mA cm™?, which is close to that
measured from the J—V curve. Finally, the addition of NDI-
graphene produces a net gain in the overall solar-to-power
conversion efficiency and a long-term stability performance,
without significantly affecting the photocurrent and photo-
voltage.

Figure Sa compares the dark current of devices C and D.
Device D shows a much retarded dark current in the low bias
region (—0.5 to 1.0 V), indicating that this device possesses
lower leakage current. A transition to a steep increase of the
current above approximately 1.0 V reveals the highly efficient
electron injection capability of solar cells based on SnO,-5% G.
The ideal factor (n) and series resistance (R,) of devices were
further derived from the slope and intercept of the linear fitting
of the dark current according to eq 2, and the results are
presented in Figure 5b.***

LAV T
7 U =)~ 1+R, @)

Here, n is the ideal factor of devices, ] the current density, and
R, the series resistance. The ideal factor n and R, for device D
were evaluated as 1.95 and 1.51 & cm” and device C as 1.98
and 6.08 Q cm® Theoretically, the smaller value of the ideal
factor reflects the less carrier recombination at device
interfaces.” After addition of NDI-graphene, the reduced
0.03 ideal factor showed that the carrier recombination was
inhibited. At the meantime, the series resistance R of device D
decreased by 4.57 Q cm? and a lower R, is necessary to
eliminate charge loss at high bias voltages and to achieve a high
fill factor. As a result, the lower R; and sligghtly smaller ideal
factor represent the high-quality device D.*" Furthermore, the
shunt resistance (Ry,) values of both devices were calculated
from the inverse of the slope of J—V curves at 0 V, which were
1.22 and 12.50 kQ cm? for devices C and D, respectively. The
larger Ry, of device D means that the NDI-graphene doping
SnO, for increasing Ry, of the solar cells was beneficial.*’

We conducted the steady-state PL with the configuration of
ITO/ETLs/FAj75sMAq15Csq Pbl, ¢sBrgss to illustrate charge
transfer at the perovskite/ETL interface (Figure Sc). The PL
spectra of ITO/SnO,-5% G/FA,;sMA, 5Csg1Pbl, ¢sBrg 35
exhibited much lower intensity than those of ITO/SnO,/
FAy7sMAg 15Cso Pbl, 4sBrgss. The stronger quenching phe-
nomenon suggests that the SnO,-5% G ETL could extract
electrons from the perovskite absorber more -efliciently,
contributing to the increment of electrode collection. The
time-resolved PL (TRPL) characteristics of SnO,/
FAq7sMAg 5Cs.1Pbl, ¢sBrg 35 and Sn0,-5% G/
FAy7sMAg 15Cs  Pbl, 4sBrg 35 samples are shown in Figure Sd,
which are fitted with a biexponential function (eq 3):

x x
y=y + A exp(—T—) + A, exp(—r—)

1 2

©)

where 7, and 7, represent the bulk recombination in perovskite
films and the delayed recombination of trapped charges,
respectively.’’ As reported, when the delayed recombination of
trapped charge that the device shows is shorter, the charge
extraction ability that the transporting layer possesses is faster.>>
For the SnO,-5% G/FA,sMA5Cs Pbl, ¢Bross sample, 7,
was estimated to be 5.26 ns and 7, 18.2 ns, while 7; was 4.71 ns
and 7, 24.9 ns for the SnO,-only samples. Apparently, the
perovskite film deposited on the SnO,-5% G possesses a
shorter 7, and also a lower ratio of 7,/7;, indicating more
efficient extraction and transfer of the photoinduced electrons,
as compared to the film deposited on the SnO, ETL.

Figure Se compares the Nyquist plot results for devices C
and D at the same forward bias (1 V) under illumination. The
resulting frequency analysis shows two semicircles in the
Nyquist diagram. The arc in the high-frequency region is
assigned to the charge transport process at the anode and
cathode electrodes. The second arc in the intermediate-
frequency region is related to the charge recombination process
at the perovskite/electrode interface.””>* Device D shows a
larger resistance arc for the charge recombination process,
indicating a retarded interfacial charge recombination. Figure 5f
further compares the obtained R, for both devices as a function
of bias by fitting the impedance spectra with the equivalent
circuit as shown in the inset of Figure Se. Interestingly, an
Ohmic contact behavior was observed at wide bias range for
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both devices, which might be attributed to highly conductive
SnO, with NDI-graphene. Device D shows the lower R,
suggesting efficient charge transportation in the Sn0,-5% G
films. These results explain well an augmented FF of device D,
which corresponds to the fitting result of the dark current
above.

In conclusion, the hydrophobic carbonaceous NDI-graphene
was first incorporated into SnO, nanocrystal film to fix
octahedral [Pbl¢]*" through forming van der Waals interaction
at the perovskite/ETL interface. By using the SnO,-5% G
compact ETL, a high PCE of 20.2% with a high FF of 82% can
be achieved with FA;,;sMA, sCs, Pbl, ¢Brjss perovskite,
which could be ascribed to the enhancement of electron
mobility, extraction ability, and the reduced carrier recombina-
tion, resulting in the augmented FF. The present work provides
important guidance for further investigation in utilizing
carbonaceous materials for low-temperature solution-processed
planar PSCs.

Experimental Section. Device Fabrication. The indium-
tin-oxide-coated (ITO-coated) glass was ultrasonically cleaned
with detergent water, deionized water, acetone, and ethanol for
20 min, separately. The substrate was treated with UV—0O; for
25 min. In brief, a 50 nm thick compact SnO,, NDI-graphene/
SnO,, or Sn0O,-5% NDI layer was deposited onto the ITO
substrate for 30 s at 4000 rpm with a ramp of 4000 rpm s/,
followed by 150 °C annealing for 30 min and 180 °C annealing
for 60 min in air. The concentration of NDI aqueous solution
was 1.2 mg mL™", which was the same as that of NDI-graphene.
After cooling to room temperature, FAjg3;MAq1,Pbl, ¢3Br 3,
(PbL,/PbBr, = 9:1, MABr/FAI = 5:1, dissolved in DME/
DMSO = 4:1) and FA,sMA,;<Cso Pbl, 6Bross (PbL/PbBr,/
Csl = 9:1:1, MABr/FAI = 5:1, dissolved in DMF/DMSO =
4:1) film were prepared via a modified one-step solution
process, spin-coated on top of the ETL at 5000 rpm with a
ramp of 5000 rpm s~' for 30 s, and chlorobenzene was dropped
onto the film at the 15th second. The films were annealed in a
glovebox at 120 °C for 30 min. After cooling to room
temperature, a hole transporting layer was coated on the
perovskite film at 3000 rpm with a ramp of 3000 rpm s™" for 30
s. The hole transporting layer solution contains 70 mg of spiro-
OMeTAD, 28.8 uL of TBP, and 17.5 uL of Li-TFSI/
acetonitrile (520 mg mL™") per 1 mL of chlorobenzene.
Finally, a gold counter electrode was deposited by thermal
evaporation. The thickness of each layer was 50 nm for the
SnO, or NDI-graphene/SnO, ETL, 400 nm for the perovskite
layer, 180 nm for the spiro-OMeTAD layer, and 80 nm for the
gold electrode. The J—V measurements were performed with a
metallic mask with a rectangular area of 0.1 cm” under AM 1.5
G 1 sun (100 mW cm™2) illumination with a rate of 20 mV s~
in both forward- and reverse-scan directions.

Other experimental details including device characterization
and material synthesis are shown in the Supporting
Information.
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