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Graphene—Perovskite Schottky Barrier Solar Cells

Yi Song, Anna Osherov, Vladimir Bulovi¢, and Jing Kong*

Perovskite solar cells have attained incredible power conversion efficiencies
but it is still unclear whether photogenerated carriers are free or excitonic in
nature. Originally, it is believed that they are exciton-based devices, similar
to organic or dye-sensitized solar cells. However, the emergence of efficient
planar devices as well as measurements of exciton binding energy in the
range of 10-100 meV suggest that they may be free carrier-based. In this
work, the free carrier model is confirmed by building graphene/perovskite
Schottky barrier solar cells, analogous to conventional metal/semicon-
ductor Schottky barrier solar cells. To address the challenges of building
such devices, solution-processing techniques are extensively investigated
for depositing perovskite films directly onto graphene in order to obtain an
intimate contact between the graphene and perovskite. Interestingly, these
graphene/perovskite Schottky barrier devices have reasonably good effi-
ciency—up to 10.6%—and short circuit current densities only slightly lower
than control devices. Furthermore, devices with neither a hole transport layer
nor an electron transport layers have power conversion efficiencies of up to

standard (e.g., indium tin oxide (ITO)/
TiO,/CH;NH;PbI;/Spiro/Au) and
inverted (ITO/poly(3,4-ethylenedioxythio-
phene) (PEDOT):polystyrene sulfonate
(PSS)/CH;3;NH;PbI;/fullerene deriva-
tive: [6,6]-phenyl-Cg;-butyric acid methyl
ester (PCBM)/Al) topologies.”! Some of
these topologies have also been shown
to function without a hole transport layer
(HTL) or electron transport layer (ETL),
for example, by depositing the perovskite
film directly onto ITO or fluorine doped
tin oxide.’! Furthermore, several works
measured the excitonic binding energy
in perovskite films to be in the order of
10-100 meV, which suggests that indeed
many or most excitons are dissociated into
electron—hole pairs at room temperature.*
These results suggest that perovskite
devices may be free carrier-based, whereby

6%. These results provide convincing evidence supporting the free carrier
model for methylammonium lead iodide perovskites and offer insights on

potential alternative designs for perovskite solar cells.

1. Introduction

Perovskite solar cells have attained power conversion efficien-
cies (PCEs) of over 22% in recent years. The potential for low-
cost solution processed devices combined with high efficiencies
compared to other emerging technologies has attracted sig-
nificant attention from researchers. However, fundamental
questions regarding the photovoltaic mechanism of these
devices remain unanswered. In particular, it is still unclear
whether photogenerated electron-hole pairs behave as free
carriers or exictons. Originally, it was believed that perovskite
solar cells were exciton-based devices, similar to organic or
dye-sensitized solar cells, whereby a heterojunction is needed
to dissociate tightly bound electron-hole pairs. In accordance
with this understanding, the first perovskite solar cells demon-
strated in laboratories involved coating the CH3;NH;PbI; film
onto a mesoporous titanium oxide scaffold and using a liquid
electrolyte.!l However, more recently, researchers have dem-
onstrated efficient planar heterojunction devices for both
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photogenerated electron-hole pairs disso-
ciate quickly and are free to move indepen-
dently. Thus, it is possible that perovskites
are more similar to conventional semi-
conductor photovoltaic materials such as
silicon. To further explore this idea, we build Schottky barrier-
based perovskite solar cells, where the perovskite is placed in
direct contact with a metal of appropriate work function. This
type of device structure relies on a built-in electric field to
separate electron—hole pairs and should therefore only work if
charge carriers in perovskite films are free or loosely bound. If,
on the other hand, electron-hole pairs are tightly bound, the
charge-neutral excitons will not be affected by the electric field
and will likely be quenched at the perovskite/metal interface.
Thus, the performance of this device structure will shed further
light on the nature of charge carriers in perovskite solar cells.
Conventional bulk semiconductors such as silicon or gal-
lium arsenide (GaAs) can be used to build Schottky barrier
solar cells by putting a metal in contact with the semicon-
ductor. This mismatch in work function between the metal
and semiconductor produces a built-in electric field, which
separates photogenerated electron-hole pairs. Advantages of
semiconductor-metal Schottky barrier solar cells over their
p—1 heterojunction counterparts include simplicity and lower
processing temperatures because a diffusion step is not neces-
sary. However, the PCE is typically lower than that of hetero-
junction devices.! Part of the difficulty in designing Schottky
barrier devices lies in finding a compatible metal with appro-
priate work function to achieve the highest possible Schottky
barrier height. Perovskite films are typically n-doped, which
require a high work function metal such as gold or silver to
form a Schottky barrier.®! In practice, there are several key
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challenges in fabricating such a device. Because metals are
not transparent, they must be patterned into a grid in order
to allow light to pass into the active layer. The required pitch
of the grid is determined approximately by carrier diffusion
lengths in the active material. In triiodide perovskites, dif-
fusion lengths are typically in the order of 100 nm — 1 pm,
compared to tens or hundreds of microns in silicon, which
makes the required grid pitch difficult to achieve with shadow
masks.” Moreover, it has been shown that gold can migrate
into perovskite layers and that the iodine in perovskites react
with silver.®l These issues were observed even though an HTL
was present between the metal and perovskite and are there-
fore likely to be exacerbated if the metal is in direct contact
with the perovskite.

Here, we choose graphene as the metal for forming the
Schottky barrier with the perovskite because it has several
key advantages that help overcome the challenges discussed
above. Graphene has been investigated as a potential alterna-
tive transparent conductor in numerous photovoltaic technol-
ogies, include perovskite solar cells.”) First, graphene is thin
enough to be optically transparent so it does not need to be
patterned into a grid. Also, graphene is chemically inert and
should not react with perovskite films. Furthermore, the work
function of graphene can be tuned via chemical doping; heavy
p-doping can raise the work function of graphene to be nearly
as high as that of gold,'” allowing it form a high Schottky bar-
rier with perovskite films. Graphene/silicon and graphene/
GaAs Schottky barrier solar cells have been demonstrated,
achieving PCE’s of 15% and 18%, respectively.'!l Previously,
reduced graphene oxide was used by Yan et al. to form a
Schottky junction with perovskite.['?l Here, we use graphene
synthesized via chemical vapor deposition (CVD) because
it offers better conductivity and uniformity. The particular
Schottky device structure we study in this work is graphene/
CH;NH;Pbl;/PCBM/Ca/Al (Figure 1a). In this case, the mon-
olayer CVD graphene, having relatively high carrier density
and zero bandgap, behaves as a metal and the perovskite layer
is the semiconductor, thereby forming a Schottky junction,
as shown in the energy band alignment diagram in Figure
1b. Like in a conventional Schottky diode, electrons transfer
from the perovskite to the graphene, causing band-bending at
the interface. Such a structure allows us to evaluate whether
a Schottky junction between the graphene and perovskite is
sufficient to separate electron-hole pairs (Figure 1b). Other
structures investigated for reference are standard ITO control
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devices (ITO/PEDOT:PSS/CH;NH;Pbl;/PCBM/Ca/Al) and
graphene/PEDOT:PSS control devices (graphene/PEDOT:PSS/
CH;NH;Pbl;/PCBM/Ca/Al).

2. Results and Discussion

Although graphene has important advantages, there are still
several challenges that impede the fabrication of such a device.
Graphene is highly hydrophobic, making it difficult to deposit
uniform films via spin-coating from polar solvents (such as
water). Unfortunately, the most common solvents used in
perovskite precursor solutions, such as dimethylformamide
(DMF) or dimethyl sulfoxide, are both polar and therefore
do not wet graphene well. In our case, the perovskite pre-
cursor solution is made using lead acetate (PbAc,) mixed with
methylammonium iodide (MAI) in a 1:3 molar ratio dissolved
at a concentration of 0.88 M in DMF. Lead acetate is chosen
because it produces dense, smooth films and allows for lower
annealing temperatures.’d ITO/PEDOT:PSS and graphene/
PEDOT:PSS control devices were fabricated by dynamically
dispensing 35 UL of precursor solution onto a substrate pre-
heated to 85 °C (Figure 2a). We find that DMF slowly dis-
solves PEDOT:PSS so dynamically dispensing the precursor
solution minimizes the time the PEDOT:PSS is exposed to
DMF. Furthermore, we find that preheating the substrate is
critical for achieving the best performance. The coated sub-
strate is then annealed at 85 °C for 15 min to convert the
precursors to perovskite. We use this procedure as a starting
point for finding the optimum process for devices with bare
graphene (i.e., devices without the PEDOT:PSS HTL). How-
ever, as expected, dynamically spin-coating the perovskite
precursor solution onto graphene (without PEDOT:PSS)
results in sparse coverage due to dewetting of the precursor
solution (Figure 2b). Furthermore, scanning electron micro-
scope (SEM) examinations reveal that even in regions that
are covered, the perovskite film is porous, whereas perovskite
films formed on graphene/PEDOT:PSS are dense (Figure 2b).
In a Schottky barrier solar cell, photogenerated carriers must
be collected by the electrodes in order to contribute to photo-
current. However, the diffusion length of carriers in lead
iodide perovskite films is typically in the order of 100 nm."l A
porous perovskite film will only form a partial contact with the
graphene and the photogenerated carriers will need to travel
further to reach the graphene electrode. Consequently many
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Figure 1. a) Structure of graphene/perovskite Schottky barrier solar cell. b) Energy band diagram showing approximate alignment between graphene

and perovskite and illustrating the free charge carrier model.
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Figure 2. a) Schematic of spin-coating process used to achieve optimal performance for control devices. b) SEM and photographs of resultant films
deposited onto Graphene/PEDOT:PSS and bare graphene using this procedure. ¢) Schematic of modified spin-coating procedure and d) SEM and
photographs of resultant films deposited using this modified procedure from precursor solutions with and without additives.

carriers will recombine and will not contribute to photocur-
rent. Based on this understanding, perovskite film porousness
should reduce Jsc of the device and is therefore expected to
be detrimental to performance. Thus, it is necessary to solve
both issues (porousness and film coverage) to achieve the best
device performance.

In devices with PEDOT:PSS, dynamic spin-coating is nec-
essary to avoid dissolving the PEDOT:PSS. However, since
PEDOT:PSS is no longer present in the graphene/perovskite
Schottky structure and graphene is resilient to solvents, it
is no longer necessary to dynamically dispense the pre-
cursor solution. We find that statically dispensing a larger
amount (70-100 L) of precursor solution so that the solution
spreads across the entire substrate allows for better coverage
(Figure 2c). However, the method is inconsistent and coverage
yield is about 70%, which is unsuitable for large-scale produc-
tion but sufficient for studying device properties. This method
is subsequently referred to as a direct spinning.

Additionally, we also evaluate the use of additives to improve
wetting. It has been previously reported that adding a small
amount of nonionic surfactant to aqueous PEDOT:PSS allows
it to be spin-coated uniformly onto graphene.'3l We find that
the same technique can be applied to perovskite precursor solu-
tion; adding as little as 0.2 wt% of nonionic surfactant allows
for consistent uniform coverage. Another possible additive is
1,8-diiodooctane (DiO). DiO has been shown to be effective
in improving the performance of organic bulk heterojunction
solar cells as well as perovskite solar cells.'* Here, we find that
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adding 0.5 wt% DiO into the precursor solution also consist-
ently results in complete coverage (Figure 2d).

In all cases, depositing the precursor onto a heated substrate
and immediately annealing results in porous films. However,
we find that depositing onto the substrate at room tempera-
ture and allowing the film to rest for 2 min before annealing
produces denser films for direct spinning and surfactant addi-
tives. Unfortunately, films deposited using DiO additive are still
porous. From these findings, we suspect that the porosity of
perovskite films may result from residual solvent evaporating
during the annealing process. Thus, depositing the precursor
onto the substrate at room temperature and allowing the film
to completely dry before annealing mitigate this issue. DiO
has extremely low volatility and is often used to control the
morphology of organic bulk heterojunction film in the fabrica-
tion of organic solar cells." Thus, it is likely that significant
amounts of DiO remain in the film after spinning and resting,
which again results in porous films after annealing. These find-
ings related to the deposition of perovskite films directly onto
graphene are summarized in Figure 2.

Another challenge is p-doping the graphene to achieve high
work function, which is necessary to maximize the Schottky
barrier height. A reliable method of substitutional doping has
not been found and chemical dopants such as AuCl; or HNO;
are easily removed when exposed to solvents.'® Thus, chemi-
cally doping the graphene prior to depositing the perovskite
film is unlikely to be effective. However, we find that the
process of depositing perovskite films onto graphene using
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PbAc, and MAI precursors p-dopes the graphene. The sheet
resistance of pristine monolayer graphene films is on glass
about 300 Q per square with sheet carrier concentration of
1.4 x 10! cm™2. After spin-coating the precursor solution, the
sheet resistance increases to 420 Q per square, as a result of
the carrier concentration decreasing. However, after baking the
films at 85 °C for 15 min, the carrier concentration increases
to 3.1 x 10'* cm™ and the sheet resistance decreases accord-
ingly. This occurs regardless of the method used to spin-coat
the perovskite precursor solution (direct spinning or addi-
tives). The benefit of this doping is twofold: first, the reduced
sheet resistance of the graphene films, resulting in lower series
resistance and higher fill factor; second, the doping raises the
work function of the graphene and the Schottky barrier height.
Equation (1) approximates the Fermi energy relative to the dirac
point as a function of doping level. The doping remains stable
for at least four months (longest period we have tested thus
far) after fabrication if the sample is left inside a nitrogen-filled
glove box. The individual chemicals in the precursor solution
(PbAc,, MAI, DMF) do not dope the graphene when spin-
coated and baked. However, Pbl, does dope graphene. Thus,
we believe that the doping results from PbAc, being converted
into PbI, and released during the perovskite formation process.
This would also suggest that the film is composed of PbAc, and
MAI immediately after spinning and is only converted to the
perovskite phase after baking. The measured sheet resistance
and carrier concentration at different stages in the deposition
process are shown in Table S1 in the Supporting Information
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According to Equation (1), the Fermi level of graphene
doped at 3.1 X 10" cm2 is 629 meV below the dirac point. Pre-
vious literature shows that the energy level of the dirac point
in graphene is approximately —4.6 eV, which suggests that the
work function of our heavily doped graphene is —5.23 eV. This
is higher than the work function of PEDOT:PSS, which is typi-
cally reported to be —5.0 eV. We should therefore expect more
band bending and, consequently, higher open circuit voltage
(Voc) in graphene/perovskite devices than ITO/PEDOT:PSS/
perovskite devices. This calculation would also suggest that the
Schottky barrier height is 1.45 eV if we simply take the barrier
height as the difference in electron affinities of the two mate-
rials. One peculiarity is that because perovskite is n-doped, we
would expect electron transfer from the perovskite to the gra-
phene in forming the depletion region, which should n-dope
the graphene. Yet, the graphene is still measured to be heavily
p-doped. This apparent inconsistency will be explained later by
C-V measurements.

The J/V characteristics of ITO/PEDOT:PSS, graphene/
PEDOT:PSS, and bare graphene devices made using the
standard dynamic spin-coating procedure (with porous perov-
skite films) are shown in Figure 3a. The short-circuit current
(Jsc) of devices with porous films on bare graphene is signifi-
cantly reduced, which is consistent with our understanding that
Schottky barrier solar cells require an intimate contact between
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Figure 3. a) Comparison of J/V characteristics of ITO/PEDOT:PSS, graphene/PEDOT:PSS devices, and graphene device fabricated using dynamic
spin-coating onto a heated substrate. b) J/V characteristics of graphene/perovskite devices fabricated using direct spinning, surfactant additive, and
DiO additive. c¢) EQE spectra (left axis) and expected current density integrated from EQE spectra (right axis) of dense (direct spinning) and porous
(dynamic spinning on heated substrate) perovskite films on graphene. d) J/V curves of graphene/perovskite/metal devices.
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the metal and the semiconductor. In addition, the fill factor is
also poor because the porous morphology inhibits carrier trans-
port from the perovskite into the graphene electrode. How-
ever, as expected from our calculation of the work function of
graphene, the device on bare graphene has the highest V¢ of
1.05 V. In fact, the Vi is even slightly higher than the 0.95 V
value reported for graphene/GaAs Schottky barrier devices.[!1?
The J/V characteristics of graphene/perovskite Schottky devices
made using the optimized spin-coating procedures (statically
dispense precursor solution onto cold substrate) are shown in
Figure 3b. Devices made by direct spinning without additives
show the best performance but have poor yield due to incon-
sistent coverage. Devices made with surfactant added to the
precursor solution have reduced fill factor, likely because of
residual surfactant in the film after annealing. Devices made
with DiO added to the precursor solution have poor Jsc and fill
factor because, as mentioned before, the perovskite films are
still porous. The difference between devices with dense and
porous films is also highlighted by the external quantum effi-
ciency (EQE) spectra, as shown in Figure 3c.

The maximum achieved PCE for graphene/perovskite
Schottky devices was 10.6% using direct spinning, which is still
somewhat lower than the 13% achieved for ITO/PEDOT:PSS
and graphene/PEDOT:PSS devices. The difference in per-
formance is attributed to lower Jsc in graphene/perovskite
Schottky compared to devices with PEDOT:PSS (=14.5 mA cm™
vs =17.5 mA cm™?). This difference indicates that the graphene/
perovskite Schottky junction is able to collect about 80-85% as
many carriers as a PEDOT:PSS/perovskite junction. Further-
more, it is uncertain whether the reduced Jyc is entirely attrib-
uted to the quenching of excitons at the graphene/perovskite
interface (which suggests that some carriers are still bound).
Another possibility is that polymer residue on the graphene
causes a partial contact, similar to the case of the porous perov-
skite films, which will reduce Jsc, as per the discussion in the
previous section. Nonetheless, this strongly suggests that most,
but possibly not all, photogenerated carriers in methylammo-
nium lead iodide perovskite films are indeed dissociated. To
further evaluate this hypothesis, we also fabricate devices omit-
ting the PCBM electron transport layer (graphene/perovskite/
metal). The perovskite film deposited using lead acetate pre-
cursor is smooth enough that metal can be directly evaporated
onto the perovskite without planarization (typically, the PCBM
serves a double role as an ETL and as a planarizing layer). When
the PCBM layer is present, the low work function cathode metal
forms an Ohmic contact with the PCBM and, ideally, should
also form an Ohmic contact with the perovskite film. How-
ever, since perovskite films chemically react with metals, the
selection of cathode material is critical. Here, we try Al alone,
Ca/Al, and Cr/Al The results are shown in Figure 3d. The Al
alone is visibly oxidized by the perovskite film, resulting in
very poor performance. The Ca/Al and Cr/Al are not visibly
oxidized, but the performance is evidently reduced compared
to devices with an ETL. The maximum efficiency achieved is
about 6% with the Cr/Al cathode. It is important to note that
the reduced performance is attributed to lower Vg and fill
factor, not to lower Jsc. Thus, in agreement with the Schottky
barrier model, it is likely that the majority of charge collection
takes place at the graphene/perovskite interface. Although the
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PCE is presently low, these results show that perovskite solar
cells can function without a HTL or ETL, which opens up pos-
sibilities for alternative device designs in the future.

To further advance our understanding of the graphene/
perovskite Schottky junction device, we perform C-V measure-
ments. Typically, in metal-silicon or graphene—silicon Schottky
barrier solar cells, the width of the depletion region in silicon
decreases with increasing forward bias. As a result, capacitance
increases with increasing forward bias. Typical depletion region
widths in silicon solar cells range from tens of nanometers to
several microns (depending on doping level) while the thickness
of the silicon itself is typically several hundred micrometers, so
the silicon is unlikely to be completely depleted. However, in
the case of perovskite solar cells, the situation is more compli-
cated because thickness of the semiconducting perovskite layer
is several hundred nanometers. Thus, if the perovskite film is
sufficiently lightly doped, it is possible that the perovskite layer
can be completely depleted. Likewise, the PCBM ETL, which
is reported in literature to be lightly n-doped, can also be fully
depleted.l'”] A typical measured C-V curve for an optimized
device is illustrated in Figure 4a. Qualitatively, the capacitance
is flat at zero-bias and begins increasing only at forward bias
voltages higher than 0.5 V. Furthermore, the C-V curve at
higher forward bias voltages is not entirely convex, as would
be the case for a silicon device. These observations can be
explained by the hypothesis that both the PCBM and the perov-
skite bulk are fully depleted at zero bias and the two regions of
the curve, as illustrated in Figure 4a, correspond to the PCBM
and perovskite depleting. This indicates that the perovskite film
is also quite lightly doped.

We fabricate devices with varying perovskite film thicknesses
and a constant PCBM thickness. At zero bias, the capacitance
is flat for all thicknesses, indicating that the measured value
is the combined capacitance of the perovskite and PCBM
film in series. We plot the capacitance as a function of thick-
ness (Figure 4b) and fit this curve using the capacitance of the
PCBM layer and the dielectric constant of the perovskite film
as fitting parameters. The details are provided in the Sup-
porting Information. Based on the fitting we extract a value of
14.9 £ 5.3 for the relative dielectric constant of the perovskite
film, which is reasonably consistent with prior reports.'¥! The
large error value reported here is mostly attributed to varia-
tions in the measured capacitance values and uncertainties in
the thicknesses of the perovskite film. The 1/C>-V plots for
several different thicknesses of perovskite films are shown
in Figure 4c. The plots show two distinct linear regions, cor-
responding to the PCBM and perovskite layer depleting. By
fitting the linear portion and extrapolating, we can further
estimate the built-in potential, which is about =0.93 eV for
the 400 nm film. Evidently, the built-in potential is lower for
thinner films, which agrees with the measured dark currents in
these devices (Figure 4d). Because the measured doping level in
the graphene is consistent, regardless of the perovskite thick-
ness, it is likely that the reduced barrier height can be attri-
buted to defects or trap states. From the electric constant and
the built-in potential, we estimate that the doping of the perov-
skite film is 1.8 x 10> cm™3 (see details in the Supporting Infor-
mation). The light doping also explains the observation that the
graphene remains heavily doped despite being in contact with
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Figure 4. a) C-V measurements of graphene—perovskite solar cell. Inset: illustration of depletion. b) Total capacitance of perovskite film in series with
PCBM film versus perovskite film thickness. Inset: illustration of series capacitance in this situation. c) 1/C? plot of capacitance for devices of various
thicknesses. Red lines are fitted to linear portions of plot. Built-in potential is estimated to be 0.93 eV. d) Dark current of corresponding devices.

an n-type semiconductor. We estimate that when the perovskite
layer is fully depleted, the change in carrier concentration in
the graphene necessary to maintain the built-in electric field
is in the order of 10 cm™? (see details in the Supporting
Information), which is negligible compared to the measured
doping level in graphene. Finally, if we take the effective density
of states in the conduction band of the perovskite film to be
N, =4 x 10" cm™3,% we can estimate that the Schottky barrier
height is 1.19 eV, which is lower than the simplistic prior esti-
mate from the difference in electron affinities (1.45 eV). This
barrier height obtained from C-V measurements is also more
consistent with the V¢ values, which is typically a few hundred
millivolts lower than the Schottky barrier height.

3. Conclusion

In conclusion, we fabricate graphene/perovskite Schottky bar-
rier solar cells to investigate the excitonic versus free carrier
models for perovskite solar cells. In order to uniformly deposit
perovskite onto graphene and achieve an intimate interface
between the perovskite and graphene, a variety of solution pro-
cessing techniques are investigated. Device performances sug-
gest that most photogenerated carriers in perovskite films are
indeed dissociated, offering convincing evidence supporting
the free carrier model. Furthermore, these devices have reason-
able efficiencies of up to 10.6%. Devices without an ETL are
also presented as a proof-of-concept demonstration. Although
further work is necessary to prevent the perovskite and the
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metal cathode from reacting, we show that perovskite solar
cells can function without a hole transport layer and an electron
transport layer. Through C-V measurements, we also estimate
the numerical values of some physical properties of perovskite
films. This work represents an important advancement in
understanding of perovskite solar cells and opens possibilities
for alternative device designs in the future.

4. Experimental Section

Graphene Synthesis and Transfer. Single-layer graphene was
synthesized on copper foil via low pressure chemical vapor deposition.
Prior to growth, the copper foil (Alfa Aesar, 25 um) was cleaned by
sonicating in nickel etchant (Transene, type TFB) for 90 s and rinsing in
deionized (DI) water. The as-grown graphene/copper was then coated
with a 300 nm layer of poly(methyl methacrylate) (PMMA) and the
copper was etched away using FeCl;-based copper etchant (Transene).
The floating graphene/PMMA was rinsed using DI water and scooped
onto the glass substrate. After drying, the PMMA was removed by
immersing in acetone at 80 °C.

Device Fabrication: PEDOT:PSS (Clevios PVP Al 4083) was filtered
through a 0.45 um syringe filter, spun onto ITO substrate at 4000 rpm
for 30 s, and baked at 130 °C for 15 min. To coat PEDOT:PSS onto
graphene, the filtered solution was mixed with surfactant (Triton X-100)
0.2 wt% and also spun at 4000 rpm. Lead acetate (Sigma-Aldrich) and
methylammonium iodide (Sigma-Aldrich) were mixed in a 1:3 molar ratio
and dissolved 43 wt% in DMF. Control devices (with PEDOT:PSS HTL)
were fabricated by first preheating the substrate on a hot plate at 85 °C
and dynamically spin-coating the precursor solution onto the PEDOT:PSS
at 2000 rpm for 40 s. The substrate was immediately placed back onto the
hot plate and baked at 85 °C for 15 min. Graphene—perovskite Schottky
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devices were prepared by statically dispensing 70 uL of precursor solution
onto a cold substrate and spinning at 2500 rpm for 90 s. To spin-coat onto
graphene with the aid of additives, the as-prepared precursor solution
was mixed with either 0.2 wt% surfactant or 0.5 wt% DiO and dynamically
spin-coated at 2500 rpm for 90 s. After 3 min, the spin-coated films turn
a light brown. The substrates are slowly heated to 85 °C by placing them
onto the corner of the hot plate and pushing them toward the center,
where they are left at 85 °C for 15 min. In all cases, the samples were
then left in dry air for 4 h. PCgoBM (1-material) was dissolved 35 mg mL™!
in chlorobenzene and spin-coated onto the perovskite film at 1200 rpm
for 30 s. The Ca/Al cathode (nominally 20 nm/80 nm) was thermally
evaporated onto the PCBM through a shadow mask in high vacuum. For
ETL-free devices, the metal was evaporated directly onto the perovskite
film. The device active area is defined as the overlap area between the
cathode and anode. Although the PEDOT:PSS layer and the PCBM layer
cover the entire substrate, these layers are not sufficiently conductive
to conduct carriers laterally. However, because this overlap area is not
always constant, a metal aperture (50 nm Al) was thermally evaporated
onto the back side of the device.

Measurements and Characterization: The sheet resistance and carrier
concentration of the graphene films were measured using a home-built
4-point probe station. Cross-section SEM images were taken on devices
physically cleaved using an FEI Helios 600. I/V curves were measured
in a nitrogen glove box under AM1.5 illumination calibrated using a
Newport 91150 V reference cell after light soaking for 5 min. A 50 nm
thick aluminum layer was thermally evaporated onto the back-side of
devices to serve as an aperture for measurements. Device area for ITO-
based electrodes is nominally 5.4 mm? and device areas for graphene-
based electrodes are nominally 1.6 mm? exact areas were measured
under an optical microscope. Reported power conversion efficiencies and
other performance parameters are based on the average and standard
deviations of the 10 best devices of each type. EQE measurements were
performed using chopped monochromatic light from a xenon lamp
(Thermo Oriel 66921) through an optical fiber without bias illumination.
C-V measurements were performed using an Agilent 4294A impedance
analyzer with source frequency of 50 kHz.
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