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Abstract

Tin dioxide (Sn0O,) as an efficient electron transport layer (ETL) has been demonstrated for
emerging high performance organic-inorganic hybrid perovskite solar cells (PSCs). However
the low temperature solution-processed SnO, usually results in high trap-state density and
current-voltage hysteresis. Here we reported an effective strategy to solve this problem by
incorporation graphene ink to the low temperature processed SnO, for planar structure PSCs.
The electron extraction efficiency has been significantly improved with graphene doped
SnO; ETL coupled with attenuated charge recombination at the ETL/perovskite interface.
The power conversion efficiency of PSCs based on graphene-SnO, ETL reached over 18%
with negligible hysteresis. Incorporation of graphene into the ETL layer also enhanced the
device stability retaining 90% of the initial PCE value after storing in ambient condition with
a relative humidity of 40 + 5% for 300 hours. Our results provide important insight for

further efficiency boost in SnO, based low-temperature processed PSCs.

Keywords: graphene ink, low temperature process, trap state, charge recombination,

stability
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1. Introduction

Hybrid halide perovskites solar cells (PSCs) are promising candidates for solving the
impending energy shortage, and therefore have attracted great attention as next-generation
solar cells with low cost and high performance.l3 The power conversion efficiency (PCE) of
PSCs has rapidly exceeded 23% via controlled crystal film growth, interface and device
engineering.*® The perovskite materials with hybrid organic-inorganic nature guarantees the
superior carrier mobility and the processability.” So far, the mainstream development of PSC
is based on methylammonium lead iodide (CH3NH;Pbls), featuring sufficient carrier diffusion
lengths and high absorption coefficients,® ° as well as high charge carrier mobilities.1°
Essential components in the device stucture of a PSC include a n-type and p-tyoe
charge-selective contact. TiO, is used as the majority n-type contact in regular structured
devices, either acting as a thin compact layer in a planar configureuration,’* or in a
mesostructured configureuration.!? However, due to the notorious hysteresis effects,!31°
interface engineering of TiO, with ionic liquids'® 17 or fullerenes'® 1° has been proposed
accordingly. On the other hand, SnO, has recently been recognizied as an efficient n-type
contact alternative with excellent steady state performances.?0-22

Compared with the benchmark TiO,, SnO, shows several advantages such as wider bandgap
(ranging from 3.6 to 4.1 eV), higher carrier mobility (240 cm?/(V-s)), chemical stability and
lower conduction band, which make it promising for planar PSCs with higher performance.??
The lower conduction band and better mobility ensure more efficient carrier transport.?* 2°
Many efforts have been made to prepare low temperature SnO, films including spin-coating
solution,?> dual-fuel combustion,?® chemical-bath deposition (CBD),%” and atomic layer
deposition (ALD).?8 Compared to the high temperature annealed TiO, ETL (usually > 500 °C),

SnO, ETL from low-temperature process makes it more appearing for flexible application by
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roll-to-roll printing. Unfortunately, majority of these devices suffer from serious hysteresis.
The exsiting primary mechanisms of the J-V hysteresis character of PSCs include: trapping
and detrapping of charge carriers, slow transient capacitive current and band bending owing
to ferroelectric polarization or ion migration.?®3* It has been demonstrated that the
hysteresis behavior can be effectively suppressed by improving charge carrier collection
efficiency at interfaces of ETL/perovskite or HTL/perovskite3>3°, However, most of these
methods are either relatively expensive or using hazardous materials.

In this study, we reported a low-temperature processed graphene ink doped SnO, for planar
PSCs. The electron extraction efficiency has been significantly improved with the graphene
ink doped Sn0O, ETL coupled with attenuated charge recombination at the ETL/perovskite
interface. It is found that the graphene-SnO, device exhibited superior efficiency over 18%.
The J-V hysteresis in the device is remarkably attenuated mainly correlated with the
enhanced electron mobility and electron extraction through the incorporation of the
two-dimensional electronic conducting graphene in the SnO, matrix. More significantly, the
graphene-Sn0O, ETL provides a remarkable improvement in stability, retaining ~90%

performance after aging in air for 300 hours due to the hydrophobicity nature of graphene.

2. Results and Discussion

Graphene ink was synthesized by liquid phase exfoliation,*? the details can be found in the
Experimental section. The graphene layer was confirmed by AFM image and Raman spectra
(Figure S1 and S2). SnO, layers were spin cast on FTO glass substrates (shown in Figure 1a).
Top views of scanning electron micrographs (SEM) with different ETLs are shown in Figure
1b-d. SnO, layers (Figure 1b) exhibit similar features compared to the FTO substrate (Figure

S3) because of the conformal nature of the deposition process. The SnO,-graphene layer by
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solution processed spin coating is presented in Figure 1c. An obvious clear change in the
morphology of the substrate is displayed, indicating a rougher surface than the SnO, layer,
evidencing the incorporation of graphene into the SnO, layer. Varied amounts of the
graphene-Sn0O, films were prepared by mixing the graphene stock solutions with the
SnCl,-2H,0/ethanol solutions. With volume ratios of 1, 2 and 4% of the graphene stock
solutions prepared in the composite precursor solutions, the mass concentrations of
graphene in SnO, of total volume were calculated to be 0.05, 0.1 and 0.2 mg mL?,
respectively. Figure S4 shows the SEM images of the graphene-SnO, ETLs with volume of
graphene ranging from 0% to 4%. The perovskite layers are further deposited on the
graphene-Sn0O, layer composing of large crystals with a grain size of 200-500 nm (Figure 1d),
forming a dense, smooth, uniform, and pin-hole-free film with well-packed and
well-crystallized grains. Using this high-quality perovskite film, planar devices were
fabricated with the configuration of FTO/graphene-Sn0O,/MAPbIs/spiro-OMeTAD/Au.
Cross-sectional SEM image in Figure 1le showed the thickness is about 50 nm, 400 nm, 200
nm, 80 nm for the ETL, perovskite layer, spiro-OMeTAD layer, and Au electrode, respectively.
To determine chemical state of the as-prepared SnO,, we used the X-ray photoelectron
spectroscopy (XPS) to probe the chemical states of SnO,-graphene film. XPS spectra (Figure
2) exhibit the survey of elements and the high resolution of Sn, O and Cl confirms the
formation of pure SnO, observing the oxygen peak O 1s at 531.0 eV, Sn** (Sn 3ds/; and Sn
3d3/,) peaks at 495.3 eV as well as at 486.8 eV and Cl 2p at 197.6 eV, respectively. As shown
in Figure 2d, only trace amounts of Cl in the SnO, film indicates nearly complete conversion

of the SnCl, precursor to SnO,.

Figure 3a shows the optical transmission spectra of the FTO/SnO, samples before and after

graphene incorporation. Both samples display high transmittance of about 80% within the
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visible range of 400-800 nm. It should be noted that the SnO, nanocrystalline film from
low-temperature process is able to improve the optical transmission properties of the FTO
substrate.*® In our case, the incorporation of a small amount graphene into the SnO,
electrode showed no discernable impact on transmittance of the electrode, which ensures
sufficient photon flux reaching to the perovskite layer for light harvesting. To further
investigate the electron extraction processes, steady-state photoluminescence (PL) spectra
of the perovskite films was measured (Figure 3b). The PL spectrum peak at 767 nm agrees
well with the previous reports.*! Note that PL spectra on both SnO, and graphene-SnO,
sample was normalized with their respective absorbance to account for difference in film
thicknesses. We note that the PL is obviously quenched and sensitive to the incorporation of
graphene. The PL intensity of perovskite films reduced with the graphene results from

efficient charge carrier extraction by the graphene flakes in the SnO, film.

To evaluate PSCs performance based on graphene-SnO, as ETLs, the J-V performance and
external quantum efficiency (EQE) are measured as shown in Figure 4a and b, respectively,
Table 1 summarizes the corresponding photovoltaic parameters. With the incorporation of
graphene in the SnO, electrode, the short-circuit current density (Js), fill factor (FF), open
circuit voltage (V,c)and PCE have been improved. The effect of the different graphene in the
SnO, electrodes on the photovoltaic performance has been investigated and the results are
presented in Figure S5. According to the results, device with 1 vol % graphene showed the
maximum PCEs with an improvement in J;. from 22.46 mA cm™ to 23.46 mA cm™?, and the
PCE from 17.01% to 18.11% under reverse scanning direction. The V,. and FF of the devices
with graphene are slightly increased. The enhanced photovoltaic performances of the
graphene-Sn0O, based devices are mainly attributed to the enhanced electron extraction in

the ETL layer and the efficient charge separation at the perovskite/ETL interfaces. However,
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further increase of graphene volume to 4% leads to a poor surface of SnO, film (as shown in
Figure S4 d), resulting in the formation of a poor contact and serious degradation of FF of the
solar cells. Figure 5b shows the EQE spectra with a broad spectral response in the range of
350-800 nm for both devices with SnO, and graphene-SnO, ETLs. The integrated current
densities showed a current density of 21.9 mA cm™ and 22.56 mA cm™ for the SnO, and
graphene-SnO, device respectively, which closely correlate with the photocurrents in the J-V
curves. The EQE of the graphene doped SnO, device reaches to be nearly 90%, whereas the
EQE for the device in absence of graphene is limited to 80%. To further illustrate the role of
graphene in the SnO, ETL electrode in reducing the hysteresis, we calculate the hysteresis

index of devices using SnO, and graphene-Sn0, as ETLs follow by equation 1:4?

. . ]RS(O-S Voc) _]FS(O-8 Voc)
hysteresis index = Trs(08 Vo) (1)

where Ji5(0.8V,) and Jzs(0.8V,) represent photocurrent density at 80% of V,. for the
FS(forward scan) and RS(reverse scan), respectively. The calcalated hysteresis index values
are listed in Table 1. Notably, the hysteresis index for the device with graphene is reduced to
a remarkably low value of only 0.02 compared to 0.08 for that of bare SnO, electrode. As
mentioned above, the J-V hysteretic behavior have been studied intensively in the field of
PSCs. Various mechanism for the hysteretic effects have been proposed, including grain
boundaries, charge-trapping and detrapping at interfaces, capacitive, ion migration, and
ferroelectric effects.*3%® In our work, the attenuated J-V hysteresis in the device with
graphene is believed to be mainly ascribed to the enhanced electron extraction and electron
mobility through the incorporation of the two-dimensional electronic conducting graphene
in the SN0, matrix. The steady-state power output of the graphene-Sn0O, based device with
best performance is shown in Figure 4c, delivering a stabilized PCE of 18.0%, which is close

to the highest efficiency from the reverse scan derived J-V sweep. We also check the
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reliability and reproducibility of our ETLs. Figure S6 shows the PCE histogram collected from
24 independent cells, revealing that more than half of the cells show PCEs higher than
18.00% and more than 85% of the devices show PCEs above 17.00% under same conditions,

which is significantly higher than the control devices without graphene in the ETLs.

In addition, we compared the device performance of SnO, and grapheme-SnO, devices with
an active device area of 0.39 cm?. Figure S7 shows the representative J-V curves of the PSCs
using different ETL thin films under simulated AM 1.5G one sun illumination (100 mW m™)
with the derived performance parameters summarized in the inset. The device with
graphene-Sn0O, showed a higher PCE (16.17%) than the cells using blank SnO, ETL
(PCE=13.72%), due to a increase in V,. and FF. Note that a decent FF of 0.68 for
graphene-Sn0O, based PSCs indicates more efficient charge carriers extraction is obtained

within such device.

To further assess the lifetime of photoexcited carriers, time-resolved photoluminescence
spectroscopy (TRPL) was conducted. Figure 4d shows PL decay profiles of the perovskite
layers on SnO, and graphene-SnO, ETLs. The electron transfer rates are ultrafast for both
samples compared to previous reports employing TiO, as the ETL.*’ For further verification,
the corresponding TRPL spectra of these perovskite films were also measured.Two time
components were observed for both ETLs by fitting the TRPL curves with biexponential

decay,*®
fx)=AYe /" +B (2)

where A, T; and B represent for the decay amplitude, decay time and the constant for the
base-line offset, respectively. The electron transfer rate from the perovskite to

FTO/graphene-Sn0, (2.1 + 0.2 ns) is significantly faster than that for FTO/SnO, (4.3 £ 0.2 ns),
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indicating more efficient charge transfer rate due to the incorporation of graphene into the
SnO, matrix. Such correlation of decreased PL efficiency and decreased carrier lifetime with
graphene doping has been reported earlier in ETLs with incorporated graphene quantum
dots in compact TiO,*>°%, reduced graphene oxide incorporated in ZnO nanoparticle ETL®?,

triblock fullerene derivative imbedded in compact TiO, ETLs °2.

The interfacial recombination reactions within devices with or without graphene are further
analyzed by investigating the relationships between the incident light intensity and
photoelectric response. As shown in Figure 5, the undelying recombination process can be
analysized by plotting J,. and V. as a function of incident light intensity (/) with the following

equations (3) and (4):>% 54

JsexI® (@<1) (3)
ekTln (I)
Voe=—"4 tconstant (4)

where T is the absolute temperature, k is the Boltzmann constant, g is the elementary
charge, and « and ¢ are the ideal factors relevant to recombination. Under short-circuit
condition, bimolecular recombination is expected to be at an ideal minimum (a=1). In this
case, the a value for device with SnO, and graphene-SnO, are increased from 0.971 to 0.986
by fitting the J,. data, indicating the bimolecular recombination is suppressed upon the
incorporation of graphene in the SnO, ETL. In addition, in the open-circuit condition, the
performance of a PSC is determined by trap dominated monomolecular recombination when
£ approaches to 2. By comparison the ¢ value fitted from the V. data, it is obvious that the
monomolecular recombination in the device with graphene is greatly eliminated as the ¢
value dropped from 1.74 to 1.59. Therefore, we believe the incorporation of graphene into

the SnO, ETL is not only beneficial for the enhancement of electron mobility and charge
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extraction but also for suppressing the interface charge recombination by reducting the

interfacial defects.

The stability of our device was checked by steady-state measurements of PCE values. The
performance deviation at different times via the aging process measured under one sun
illumination with AM1.5 G is shown in Figure 6. After 300 hours, the PCE of the
un-encapsulated device without graphene dramatically decreased from 17.01% to 11.07%.
With the graphene-SnO, as ETL, the PCE of the device retained more than 90% of its initial
PCE, slightly dropped from 18.11% to 16.50% after 300 hours aging in the ambient condition
with a relative humidity of 40 + 5%. Further contact angle measurements were carried out
on FTO substrates with SnO, layers and various content graphene-doped SnO, layers. It can
be seen that the contact angle increased from 52° to 74° while the volume of graphene
changed from 0% to 4% (v/v) (Figure S8) due to the hydrophobicity nature of graphene.>®
Embedded graphene also slowed down the perovskite degradation by trapped charges in
control devices Therefore, the reduced amount of trapped charge at the interface of
graphene-Sn0O, and perovskite with respect to the reference device can certify the higher
stability afforded by the graphene-containing interface. Recently, Ahn and co-workers °®
demonstrated that higher density of trapped charge at the interface of mesoscopic TiO, and
perovskite results in more efficient activation of perovskite decomposition. The presence of
both stored charge and access to moisture are necessary for rapid decomposition of the
perovskite. The reasons are still unknown, but according to this work we believe that the 2D
layer structured graphene with good chemical stability and ion implantation capability into

the active layer structure for steadiness is benificial to the long-term stability.

3. Conclusion
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In conclusion, we have reported a low-temperature and solution processed graphene ink
doping SnO, nanoparticles as the electron transport layer for planar structured PSCs, and
over 18% power conversion efficiency with negligible hysteresis was obtained. The
graphene-SnO, PSC exhibits a respectable ambient stability without encapsulation, with
retention of 90% of the initial PCE after aging in ambient condition with a relative humidity
of 40 + 5% for 300 hours. Incorporation of the graphene in the SnO, matrix has been proven
to be an effective strategy to simultaneously enhance the electron mobility, carrier
extraction ability and suppress the interfacial charge recombination. This study provides
important insight for further research in utilizing graphene materials for planar PSCs from

low-temperature solution process.

4. Experimental Section

Materials

All reagents were purchased from Sigma-Aldrich and used as received, including Pbl,
(99.999%), isopropanol (99.99%), N, N-dimethylformamide (99.99%), 4-tert-butylpyridine
(99.9%), chlorobenzene (99.9%), acetonitrile (99.9%). Spiro-OMeTAD (Canada 1materials),
fluorine-doped tin oxide (FTO, Japan Asahi Glass) with a sheet resistance of 14 Q sq* on glass
was purchased. The purity of the gold used for the top contact electrode is 99.99%.

Graphene ink synthesis

A composite of graphene and ethyl cellulose was prepared following previously reported
methods.>® Graphene was prepared by mechanical exfoliation by high-shear mixer. A mixture
containing flake graphite (Qingdao Grade Pure, 20% w/v), ethyl cellulose (Sigma Aldrich, 4 cP
grade, 1.5% w/v), and ethanol was processed with a high-shear mixer operating at 10,000

rom for 3 h. Centrifugation (8000 rpm for 10 minutes, followed by 5000 rpm for 120
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minutes) was performed to remove the large unexfoliated graphite particles. Salt water
(0.04 mg/mL) was added to the as-obtained dispersion containing graphene, ethyl cellulose,
and ethanol as flocculate in a 16:9 wt. ratio and centrifuged at 8000 rpm for 8 minutes and
collect the graphene/ethyl cellulose composite. This composite was then dispersed in water,
vacuum filtered through 0.45 um filter paper, and dried to yield a fine black powder which

contained 34% wt. graphene and 66% wt. ethyl cellulose.

SnO, ETL preparation

FTO substrate was ultrasonically cleaned with detergent solution, acetone, deionized water
and isopropanol in sequence. The substrated was first UV-ozone treated for 15 minutes. The
SnO, film was spin coated with 0.1 M SnCl,-2H,0 ethanol solution and annealed at 100 °C for

60 minutes, 180 °C for 60 minutes in air with a thickness around 50 nm.

For graphene/Sn0O, ETLs, a precursor solution of graphene/ethyl cellulose (EC) and SnCl, in
ethanol was stirred at room temperature for 10 minutes, then spin coated onto FTO
substrates at 2500 rpm for 30 seconds. Then the graphene/EC-SnO, thin films were heated
in at 100 °C for 60 minutes and 180 °C for 60 minutes in air->% >,

Solar cell fabrication

Sn0O, and graphene-Sn0O, ETLs need 15 minutes of UV-O; treatments before used, 461 mg of
Pbl,, 159 mg of CH3;NH;sl were dissolved in 800 uL dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO) with a volume ratio (4:1) was stirred at room temperature for 1hour. Then,
the perovskite precursor solution was spin coated onto the FTO/SnO, substrate with a speed
2500 rpm for 60 seconds and 550 uL of diethylether was dipped onto rotating substrate in
3seconds before the surface changed to be turbid. The as-prepared perovskite film was
annealed at 100 °C for 10 mininutes to obtain a perovskite film. A 30 pL of spiro-OMeTAD

solution was spin coated on the surface of perovskite film at 3000 rpm for 30 seconds.®.
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Lastly, an 80 nm gold layer was deposited through shadow masks via thermal evaporation
under high vacuum. The active areas were 0.09 cm?and 0.39 cm?.

Characterization

Scanning electron microscopic (SEM) tests were performed with a Zeiss Supra 40 FE SEM
with an accelerating voltage of 10 kV. Transmission electron microscopy (TEM) was
performed on an electron microscope (H-7650, Japan) with an acceleration voltage of 80 kV.
Ultraviolet-visible absorption spectra were recorded on a Shimadzu UV-3101
spectrophotometer at room temperature. PL spectra were collected using a confocal system
with 100X, using excitation of wavelength 395 nm. Raman spectra was collected using a
confocal Raman system with 532 nm excitation. The surface morphologies were
characterized by atomic force microscopy (AFM, SPM-9500j3). J-V tests were carried out
with an electrochemical workstation (BAS100B electrochemical analyzer, Bioanalytical
Systems Inc., USA) under AM1.5 G (1 sun conditions, 100 mW cm). External quantum
efficiency (EQE) was measured by a Xenon lamp (Newport) attached to a monochromator
(Newport). Two lenses were used to focus a monochromatic light on an active area of a PSC.
Time-resolved photoluminescence spectroscopy (TRPL) was performed using a streak
camera setup (Hamamatsu C4334 Streakscope) similar to our previous work.>® X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi) was used to measure the compositon of

the as-fabricatied electrodes.

Supporting Information:
AFM of the graphene flakes, TEM and Raman of graphene/SnO,, SEM of bare FTO and
graphene/Sn0, electrode, J-V curves and histogram of the PCE of devices with

graphene/Sn0,, contact angle measurement of graphene/Sn0O, electrodes.
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Figure 1 Fabrication of PSCs based on solution processed graphene doping SnO,. (a) Solvent engineering

procedure with spin-coating scheme for preparing SnO,-graphene ET; (b) top-view SEM images of the
layer by layer deposition process: Sn0O,; (c) SnO,-graphene deposited by spin coating; (d) the perovskite
crystals grown on top and (e) cross-sectional SEM of a typical planar PSC architecture
FTO/Sn0O,-graphene/perovskite/spiro-MeOTAD/Gold.
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Figure 2 XPS spectra of a SnO,-graphene film coated on an FTO substrate: (a) survey, (b) Sn 3d, (c) O 1s,
26 and (d) CI 2p.
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Figure 3 Optical property of SnO, and SnO,-graphene: (a) transmission spectra and (b) photoluminescence

spectrum.
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Figure 4 Photovoltaic performance. (a) J-V curves of the best-performing PSCs based on SnO, and
Sn0O,-graphene measured at reverse and forward scans; (b) EQE spectra of the best-performing cells
based on SnO, and SnO,-graphene; (c) Stabilized PCEs measured as a function of time for the SnO, and
Sn0,-graphene based devices biased at their respective Vi,, 0.925 V and 0.872 V, respectively and (d)
Normalized time resolved photoluminescence response of the perovskite film fabricated on SnO, and
graphene-SnO, ETLs.
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Figure 5 (a) J;c and (b) V,. dependence on light intensity for two devices with different ETLs.
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Figure 6 Stability of encapsulated devices SnO, and SnO,-graphene placed at a ventilated cabinet over 300
hours with 40 + 5% relative humidity at room temperature in the dark. The normalized PCE was tracked
22 every 24 hours.
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Table 1 Photovoltaic parameters of the PSCs with different ETLs under different scanning direction

ETLs Scan Jso(mA cm?) Voc (V) FF PCE (%) hysteresis
directions index
forward 21.55 1.054 0.68 15.45
Sn0O, 0.08
reverse 22.46 1.082 0.70 17.01
Sn0,-Graph forward 23.21 1.084 0.69 17.36 0.0
ene reverse 23.06 1.091 0.72 18.11
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1. Enhanced electron extraction
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