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On-Fabrication Solid-State N-Doping of Graphene by
an Electron-Transporting Metal Oxide Layer for Efficient

Inverted Organic Solar Cells

Hobeom Kim, Jinwoo Byun, Sang-Hoon Bae, Towfig Ahmed, Jian-Xin Zhu,
Sung-Joo Kwon, Yeongjun Lee, Sung-Yong Min, Christoph Wolf, Hong-Kyu Seo,

Jong-Hyun Ahn, and Tae-Woo Lee*

Graphene is a promising transparent conducting electrode for
organic electronic devices!!l due to its excellent electrical, optical
and mechanical properties.?l Especially, graphene grown by
chemical vapor deposition (CVD) method is suitable for use in
electrodes of organic electronics due to its low sheet resistance
R, and ease of synthesis and patterning.l’!

Organic solar cells (OSCs) are light-weight, flexible, and have
the potential to be produced over large areas at low cost; they
have recently exceeded power conversion efficiencies (PCEs) of
10% for both single and tandem structure, and are therefore
considered to be promising power-supply devices for future
electronics.**! OSCs with inverted structure (i0SCs) have been
regarded as a better configuration than conventional struc-
ture because iOSCs do not need (i) acidic poly(3,4-ethylene
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) which
can cause corrosion of ITO electrodes, or (i) metallic cathode
interlayers with low work function (e.g., Ca, Ba) which can be
easily oxidized, but instead can use air-stable interfacial layers
(e.g., ZnO, TiO,, M00O;).[51% For these reasons, iOSCs based
on CVD-grown graphene electrodes should be developed. How-
ever, to develop an iOSC that uses graphene as an electrode,
three challenges must be overcome.

(1) Deposition of a uniform electron transport layer (ETL) on
graphene electrodes is a difficult task. For example, sol-gel
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derived ZnO, which is widely used as an ETL in iOSCs,
cannot be easily coated on hydrophobic graphene surface
because the precursor solution of ZnO is generally com-
posed of hydrophilic alcohol-based solvents, so dewetted
regions form. The nonuniform ZnO layer with a lot of
large-size dewetted regions on graphene can cause short-
circuit current and leakage current in the iOSCs because
the dewetted regions cannot efficiently block holes and
have protruding edges over 1 pm in height which is much
higher than general thickness of photo-active layer of
organic solar cells (Figure S1, Supporting Information).

(2) Conventional graphene n-doping methods are undesirable.
Substitutional n-doping graphene significantly degrades
its electrical conductivity because incorporation of dopant
impurities destroys the inherent lattice structure of gra-
phene.l'' Nondestructive surface doping,!’>'7l is also
not so effective in graphene cathodes of iOSCs, because
charge carriers flow vertically through the device, so a layer
of an insulating chemical surface dopant on graphene can
impede efficient transfer of charges generated in a photo-
active layer to electrodes in iOSCs.

(3) Although studies on the interface between graphene and
an overlying interfacial layer have been reported in the lit-
eratures, much more intensive research on the interface
physics and mechanism of charge transfer at the interface
is required to clearly understand correlation with device
efficiency of organic solar cells.['8-21]

In this study, solid-state n-doping of graphene directly by a
nonvolatile charge transporting layer during device fabrication
which would be an ideal approach was demonstrated. First-prin-
ciples calculations using density functional theory (DFT) were
performed to reveal solution-processed solid-state n-doping of
graphene induced by electron transfer from ZnO. The n-doping
effect was also experimentally confirmed by Raman spectros-
copy analysis and Dirac point shift of graphene field-effect
transistors (GFETs) after overcoming the problem of poor film
formation of ZnO on graphene by adding a fluorosurfactant,
Zonyl, to the precursor solution of ZnO. By exploiting the uni-
form ZnO film on graphene and the n-doped graphene, we suc-
cessfully developed highly-efficient iOSCs with the graphene as
a cathode without additional chemical doping, and achieved a
high PCE = 7.5%, which was the same as that of an otherwise-
identical device with an ITO cathode. To date, this is the highest
reported PCE among single-junction OSCs with graphene
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in total 96 Zn, 96 O, and 50 C atoms in this
supercell.

We benchmarked the density of states
(DOS) of isolated ZnO slab and 2D gra-
phene sheet and have relaxed our ZnO/gra-
phene heterostructure using van der Waals
(vdW) interaction. To keep the calculation cnawe
expense reasonable, we have only considered (J)
six layers of ZnO planes in 001 direction. To
mimic the bulkness of ZnO layer, we kept the
ZnO ions frozen but relaxed the C ions in
graphene using vdW interaction. 0

To incorporate the vdW interaction E-Ef (eV)
between the graphene and ZnO surface, we
have used optB86b-vdW functional where Figure 1. Curves in (a) are DOS of representative Zn ions Zn; (oxygen poor ZnO 001 surface),
the exchange functionals were optimized for an (bu||.< Iike), Zn? (bulk like), and Zn, (oxygen. rich Z.nO 001 .sur.face). These particular Zn
the correlation part.’8 Therefore, the local ions are identified in (b)..A shows the band gap in Zn; ions which is compara'ble to the bgnd

. . . . gap in bulk ZnO. Curves in (c) show electron transfer trend from surface Zn* ions to C* ions
density approximation (LDA) correlation part of graphene for the combined ZnO/graphene system as identified in (d). DOS of Zn; ions in
present in the PBE functional is removed by pure ZnO slab is shown by the lowest curve (solid black) while DOS of pristine graphene is
using the parameter AGGAC = 0.000 in the  shown by the top most curve (solid red) as reference points to compare electron transfer in the
input file in order to avoid double-counting. combined system. e) Distance dependence of DOS of C atoms in graphene for the combined

For ionic relaxation of ZnO/graphene ZnO/graphene system. The curves in the left panel show the DOS of C atoms in graphene
systems, we have used the T' point to corre§ponding to the cgnﬁguration displayed by (f) (orang'e), (g) (blue), (h) (green), (i) (red),

. . . and (j) (black) on the right. The top most curve (orange) is DOS of C atoms when graphene
sample the B.rlllo.uln Zonf}, W_hlle we used position is relaxed with vdW interaction in our DFT calculation. The other configurations (f)—(j)
5% 5 x 1 k-points in the Brillouin zone forall ;¢ fo; increasing distances between graphene and ZnO surface. The vertical dashed lines in
other calculations. (a), (c), and (e) are at the Fermi energy.

To keep the calculation affordable, we have
taken a slab of ZnO with six Zn and O planes (Figure 1b). In  gap of 2.2 eV. For this we have used DFT with PBE exchange
Figure 1a, DOS of Zn sites at different layers are presented. We  correlation functional. Experimental band gap in bulk ZnO is
note that the DOS of Zn, and Zn;, which are located near the  3.44 eV, which is underestimated due to the well-known limi-
central part of the slab, show bulk ZnO like behavior with band  tation of ground state nature of DFT, and can be treated using

4 electrodes. To understand this result, we 5 2.0 @) " Znin bulk ZnO (b)
(o] conducted systematic analysis of light har- !
= vesting and recombination kinetics. Also, we ¢ 1.8 M
- 4 revealed electron transfer mechanism at the % ' Zn,
2 interface between graphene cathode and the & 1.0 M HhrZn,
4 electron transporting ZnO layer by analyzing ' A 2 _’%ng
—) photoemission spectroscopy (PES) results. 2 05 M X zn,
E All calculations are performed using the & | Zn,
E plane-wave pseudo-potential code Vienna ab & ¢.0 ) TN ®cC
o initio simulation package (VASP)2224 under -10 -5 EE 0 5 10 ® o
(5 the generalized gradient approximation of .~ “Er (eV)
Perdew, Burke, and Ernzerhof (PBE).25! For 3 15[ (C) E (d) © Zn
atomic core-levels, we have used projected & w
augmented wave (PAW) potentials/>¢?7] g 10k n E
treating the 2s2p of O, 4s3d of Zn, and 2s2p 8 v ATV A I A N C*
of C as the explicit valence electrons. A 2 i ' o - c*
maximum energy cutoff of 400 eV is used : 05f ‘.""/\,«,Jv"\—-\\_ ’_E»,:\»"f"f TN Zn ) Zn*
for plane-wave basis set. The Bulk ZnO has g L o o
hexagonal unit cell with P63MC space group  $ 0 0: I\\J‘/\"'\—\_ M,‘ .
(lattice constants: a = 3.2494 A c=52054 A, 0O 10 5 0 5 10
o= B=90°, y=120°). For the combined ZnO/ E-E. (eV)
graphene system, we have taken a supercell
with 4 X 4 X 6 unit cells of ZnO and 5 x 5 x 1 12 i Cingraphene | () S95%2tz=247A
unit cells of graphene, and thus making both . (e) ! vaw relaxed
ZnO slab and 2D graphene sheet commensu- 10k ] ®cC
rate with each other. The lattice constants of ’ : ®o
this hexagonal supercell are a = b =12.997 A, ] ® Zn
c=80A, = =90° and y=120°. There are 08l !
I
1

BB

Density of states (a. u.)
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quasiparticle correction (e.g., GW2%3%). But for the purpose
of the current discussion, such treatments are not essential as
long as our DFT calculations correctly determine the presence
of semiconducting band gap. This also confirms the validity of
our calculations in determining the semiconducting or metallic
nature of a given system. Interestingly, we note that due to sur-
face termination in the ZnO slab, the preservation of stoichi-
ometry makes one of the surfaces oxygen poor and the other
one oxygen rich. Such asymmetric oxygen distribution makes
the Zn ions on top surface (e.g., Zn,) electron doped. However,
the Zn ions in the central region (e.g., Zn,, Zn;) show band
gap in the DOS (Figure la) mimicking the Zn ions in bulk
ZnO. When combined into a hetero-structure ZnO/graphene
system, our DFT calculation finds electron transfer from sur-
face of ZnO to graphene. Figure 1c shows the DOS of C atoms
in graphene in the combined system. Comparing with pristine
graphene (top solid red curve in Figure 1c), the C atoms in com-
bined ZnO/graphene are clearly electron doped. On the other
hand, Zn in the combined system (Zn*) is found to loose elec-
trons (dotted black in Figure 1c) when compared with the DOS
of Zn, ion in the pure ZnO slab. We also investigated how the
graphene becomes increasingly electron doped as it approaches
ZnO surface (Figure le). The optimized distance between gra-
phene and ZnO is 2.47 A and the Dirac point in graphene is
on the left of Fermi energy for this distance, which clearly indi-
cates the electrons doping or transfer onto graphene from ZnO.

To realize the solid-state n-doping of graphene experi-
mentally, a uniform ZnO layer on graphene surface should
be formed. However, the pristine ZnO did not fully cover
the hydrophobic graphene surface, because the precursor
solution of ZnO is composed of hydrophilic mixed alcohol
solvents (2-methoxyethanol (2-ME) and methanol with 1:1
volume ratio). To overcome this problem, we added small
amount of Zonyl (0.8 vol%) to the precursor and it resulted
in formation of a homogeneous ZnO layer on graphene sur-
face (Figure 2; Figure S1, Supporting Information). The high
quality of the Zonyl-added ZnO (ZZ0) film on the graphene
surface can be attributed to the amphiphilic chemical struc-
ture of Zonyl which consists of ethylene glycol and fluori-
nated groups in a molecule.?! To be specific, ethylene glycol
groups help itself be well dissolved in the precursor solution
and fluorinated groups dominantly lower surface tension of
the solution.?

One signal of doped graphene can be observed from the
change in the intensity ratio 2D/G of Raman spectroscopy after
doping. The 2D/G ratio with ZZO layer on graphene was 20%
lower than that with pristine graphene (Figure 2d) Also, upshift
of G bands from 1584 to 1593 cm™' was observed; this result
indicates that graphene is n-doped by ZZO and is in agreement
with previous works in which the n-doping of CVD-grown gra-
phene was explained.?*3] It is well known that G peak shift
and change in I,p/I; ratio occur as graphene is doped because
the Fermi surface of graphene changes by the doping condi-
tion. Specifically, since the doping of graphene makes the
Kohn anomaly moves away from q = 0 point in the energy-
momentum graph, we can observe the G peak shift and change
in Ip/Ig ratio.3637]

To further confirm the n-doping of graphene, we fabricated
GFETs with bottom-gate, top-contact structure. The GFETs
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consisted of a 300-nm-thick SiO, dielectric layer on Si substrate,
and patterned Ti/Au as source and drain electrodes deposited
using thermal evaporation. The channels in the devices had
length = 100 pm and width = 1500 pm, and were composed
of either single-layer graphene or ZZO coated single-layer gra-
phene. After measuring electrical characteristics of the devices,
we compared the Dirac point positions of each device to dem-
onstrate the n-doping effect of ZZO on graphene. The pristine
graphene transistor showed a p-type behavior with a positive
Dirac point >50 V, which is caused unintentionally by mois-
ture, oxygen, or defects during the general wet-transfer pro-
cess of CVD-grown graphene;l'®38 the device with ZZO layer
showed strong n-type behavior with a Dirac point near —60 V
(Figure 2e). This result indicates that graphene was strongly
n-doped by ZZO and that electron transfer from ZZO layer to
graphene occurred which is in agreement with our results of
DFT calculation.

The n-doping of graphene is directly correlated to energy
level change in the system. To examine this, we analyzed ultra-
violet photoemission spectroscopy (UPS) spectra of graphene
and ZZO deposited graphene as a function of thickness of
ZZ0. The cutoff energy of UPS spectrum showed a clear shift
to higher binding energy as increasing thickness of ZZO until
17.6 nm which means that vacuum level shift occurs with
deposition of ZZO on graphene (Figure 2f). Also, onset point
shift was observed with the same trend as cutoff energy shifted
(Figure 2g).

Based on the UPS spectra and band gap of ZZO which is
obtained from its absorption spectrum (Figure S3d, Supporting
Information), the schematic energy band diagram of graphene,
ZZ70 and interface between them is presented (Figure 2h).
Despite the existence of Schottky barrier and another barrier
arising from band bending at each side of graphene and ZZO,
charge transfer through the interface where pinned contact
is formed can be facilitated from both directions according to
Bardeen model. Bardeen described that if the density of sur-
face states is sufficiently high and contact is made with a metal,
barrier height and band bending become independent of metal
work function and thereby pinned contact where charges can
tunnel easily across the interface.l?% Since ZZO layer is formed
by solution process in ambient condition, it has defects such
as intrinsic oxygen vacancies and impurities which are respon-
sible for the presence of surface states with high density.0*]
Therefore, we can expect that graphene can effectively collect
charges from ZZ0O and the iOSCs with the graphene cathode
can operate efficiently.

Also, we analyzed X-ray photoemission spectroscopy (XPS)
C1s spectra where shift of C—C peak of graphene was observed
after deposition of ZZO from 284.4 to 285.9 eV (Figure S4,
Supporting Information). The large shift evidently indicates
n-doping of graphene by ZZO layer.

Based on the n-doping effect and formation of a uniform
film of ZZO on graphene, we developed graphene-based iOSCs
where ZZO plays a double role as an n-type dopant for gra-
phene and an ETL. The device consists of a bottom three-layer
stacked CVD-grown graphene cathode layer, a 100 nm-thick
layer of ZZ0, and a 120-nm-thick photo-active layer consisting
of a bulk-heterojunction (BH]) of thieno[3,4-b]-thiophene/ben-
zodithiophene (PTB7) and [l-phenyl-C;-butyric acid methyl
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Figure 2. Optical microscopy images of (a) graphene, (b) graphene/ZnO, and c) graphene/ZnO with Zonyl (ZZO). d) Raman spectra of the pristine
graphene (black) and ZZO doped graphene (red). e) Resistance of the pristine graphene transistor (black) and ZZO doped graphene transistor (red) as

a function of applied bottom gate voltages (Vys =
thickness of ZZO. h) Energy-band diagram of graphene/ZZO.

ester (PC;;BM) (Figure 3Db). The device was completed by
thermal evaporation of a 5 nm-thick MoOs hole interfacial
layer and a 100 nm-thick Ag layers as an anode (Figure 3a).
The energy level diagram (Figure 3c) shows good matching of
each level for charge transfer and collection. For comparison,
we fabricated otherwise-identical devices that used ITO as a
cathode.

Current density-voltage (/-V) characteristics of iOSCs
with graphene or ITO cathodes with varying the ETL were

1600172 (4 of 8)
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0.1V). f) Cutoff and (g) onset region of UPS spectra of graphene and ZZO on graphene as increasing

measured under simulated AM 1.5 with 100 mW cm2 illu-
mination (Figure 4a). The iOSC device based on the graphene
cathode with a ZZO layer achieved open-circuit voltage
(Voc) = 0.766 V, short-circuit current (Jsc) = 15.87 mA cm™2,
fill factor (FF) = 61.8%, and PCE = 7.51%; these were quite
similar to those of the device with ITO cathode and ZZO layer,
which had Vo =0.759 V, Jsc = 14.91 mA cm 2, FF = 66.4% and
PCE = 7.51% (Table 1). The graphene device had a slightly
higher Jsc but slightly lower FF than did the ITO device, so the

Adv. Energy Mater. 2016, 6, 1600172
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Figure 3. a) Schematic device configuration of iOSC device based on CVD-grown graphene cathode. b) The chemical structures of photo-active mate-
rials (PTB7 and PC5,BM) and fluorosurfactant Zonyl which was used for modification of precursor solution. c) Energy level of materials used for devices.

devices had the same PCE. The graphene device had higher
external quantum efficiency (EQE) (Figure 4b) and higher
transmittance of the cathode layer (Figure 4c) than did the ITO
device, particularly in the blue and orange-red regions. More-
over, higher optical electric field is situated in the photo-active
layer of the graphene device according to calculation using the
transfer matrix method (Figure S6, Supporting Information).
Based on the higher average transmittance of graphene and
the higher optical electric field in the PTB7:PC;;BM layer of
the graphene device, absorbance of PTB7:PC;;BM on graphene
was also higher than that on ITO (Figure 4d); this difference is
the reason for Jsc being higher in the graphene device than in
the ITO device.

To investigate why Jsc was higher in the graphene device
than in the ITO device, we plotted net photocurrent density
Joh = Ji=Jp, where J; and Jp, are respectively the photocurrent
density under illumination and in the dark, as a function of

a i . .
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effective voltage V.q = Vo—V,, where Vj is the compensation
voltage at which J,, = 0 and Vj is the applied bias voltage
(Figure 5a); this is a powerful method to analyze light har-
vesting and the underlying physics of photovoltaic devices.*?43]
Here, we assumed that all photogenerated excitons dissociate
into free charge carriers at a high Vg (here, Vo= 1.8 V). Thus,
the amount of absorbed incident photon flux is the only factor
that limits the saturation current density J,,. Then we calcu-
lated the maximum exciton generation rates Gp,, from the
equation given as Jg,; = G, L, where e is the charge on an elec-
tron and L is the thickness of the photo-active layer, 120 nm in
our system. The graphene device had G, = 8.65 X 102 m~ 57!
and the ITO device had G,,,, = 8.22 x 10 m~ s71. The higher
Gmax Of graphene device implies higher light absorption
which can be attributed to higher transmittance of graphene
and higher optical electric field of the graphene device, which
results in higher Jsc and EQE, all compared to the ITO device.
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20 ——ITO 1

0 1 1 1 1
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Wavelength (nm)
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Figure 4. a) Current density versus voltage (J-V) characteristics and (b) EQE characteristics of iOSC devices. c) Transmittance of graphene and ITO
cathode. d) Absorption spectra of PTB7:PC;;BM on graphene/ZZO and ITO/ZZO.
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Table 1. Summary of photovoltaic parameters of devices in Figure 4a.

Cathode Vo Jse FF PCE [%]

vl [mA cm™] %] Average Best
Graphene 0.766 15.87 61.8 7.30£0.15 7.51
ITO 0.759 14.91 66.4 7.44 £0.08 7.51

To gain insight of the recombination kinetics of our devices,
we measured J-V characteristics as a function of the light
intensity (Figure S1, Supporting Information) and plotted
Voc (Figure 5b) and Jsc (Figure 5¢).*+*] At the open-circuit

—
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——1IT0O
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Figure 5. a) Net photocurrent density versus effective voltage (Joh—Vef)
of iOSC devices with graphene and ITO cathode. Variation of (b) Vo and
(b) Jsc as a function of light intensity for devices with ITO and graphene
cathode.
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condition where the photocurrent is zero, recombination of all
photogenerated charges occurs and reveals information about
the recombination mechanism in a device. Vo of BHJ OSCs
can be expressed as

kT . (n.n
ullerene olymer e*h
(EFU EIIjloyhtAno )_71 (ch ) (1)

where n, and n, are electron and hole densities, respectively, at
open-circuit condition in the BHJ, and are proportional to the
light intensity; N, is the effective density of states; Eftnes" is
the lowest unoccupied molecular orbital (LUMO) energy level
of fullerene; E7¥™¢ is the highest occupied molecular orbital
(HOMO) energy level of donor material; A represents energy
shift by band tailing of LUMO of acceptor and HOMO of donor,
which originates from disorder of solution cast and phase sepa-
rated polymer and fullerene regions; e is the charge on an elec-
tron; k is the Boltzman constant; and T is absolute temperature.
If nongeminate recombination is the dominant mechanism,
then n.ny, = G/, where G is the generation rate of the bound
electron-hole pair and y is the Langevin recombination con-
stant. Because G is proportional to the incident light intensity I,
Equation (1) can be rewritten as

A =(keT)ln( )+ const. (2)

where kT/e is the slope of Vp¢ versus In(l). Otherwise, if
geminate recombination is the dominant mechanism, both
n. and ny, are proportional to the light intensity and the slope
becomes 2 kT/e*! The slope was 0.99 kT/e in graphene
devices and 1.00 kT/e in ITO devices; these results indicate
that nongeminate recombination is the main loss mechanism
in them and that geminate recombination is negligible. This
result is in agreement with a previous report that devices with
PTB7:PC;;BM processed from chlorobenzene (CB) with addi-
tive, 1,8-diiodooctane (DIO) which is the same photo-active
layer as in our system, are dominated by nongeminate recombi-
nation but by geminate recombination without DIO.[9]

We also measured Jsc of the devices as a function of I
(Figure 5c¢) to further understand the recombination mecha-
nism in them. Jsc follows a power-law dependence on I as
Jsc o< I* where o/ = 0.96 in graphene device and o = 1.00 for
ITO device. o = 1 indicates that all the dissociated photoexcited
charges were swept out before nongeminate recombination
occurs.**8] The larger deviation of ¢ from linear scaling for
graphene device means that nongeminate recombination has
more influence on graphene device than on ITO device. Con-
sidering the result of these analyses of recombination kinetics,
and the fact that the device configuration of both devices is the
same except for the cathode, we conclude that a little more non-
geminate recombination in the graphene device than in the
ITO device occurs due to a little less efficient collection to the
graphene cathode arising from a high R, traps in the PMMA
residues, and thus a little more build-up of space charges.[*’]
Therefore, the graphene devices showed a little less FF com-
pared with the ITO devices.

In summary, we theoretically observed electron transfer from
ZnO to graphene which in turn leads n-doping of graphene
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from first-principles DFT calculations. After obtaining a uni-
form film of ZnO on graphene by adding fluorosurfactant,
Zonyl, into ZnO precursor solution, we experimentally con-
firmed the effective solid-state n-doping of graphene by analysis
of Raman spectroscopy and GFETs. Also, study on the graphene
interface physics by UPS and XPS presented efficient electron
transfer can occur from the ZZO to graphene. This indicates
that graphene was n-doped by ZZO without additional chem-
ical doping process and ZZO can perform an additional role as
an ETL of i0OSCs. The iOSCs with ZZO and the n-doped CVD-
grown graphene cathodes achieved the identical PCE (=7.5%),
slightly higher Jsc, but slightly lower FF than iOSCs with ITO
cathodes; the higher Jsc was mainly attributed to higher trans-
mittance of graphene, higher optical electric field of the photo-
active layer on graphene/ZZ0, and consequent increase in light
harvesting of photo-active layer on graphene cathode than ITO.
Meanwhile, the lowering of FF seemed to be due mainly to
higher R, and charge trapping caused by presence of impurities
such as PMMA residues on the graphene surface. To under-
stand the -V characteristics, we compared G,,, values of each
device and exploited the light-intensity dependency of V¢ and
Jsc to analyze recombination kinetics; results suggested that
higher G, of graphene device than ITO device makes higher
Jsc and nongeminate recombination in the device with gra-
phene cathode reduced FF. We believe the fact that the device
with graphene electrodes achieved the same PCE as the device
with ITO suggests that graphene is applicable as a transparent
conducting electrode to replace ITO.

Experimental Section

Graphene Electrodes Preparation: Graphene was synthesized on Cu
foil (Alpha Aesar) by chemical vapor deposition (CVD) method in a
quartz tube. The Cu foil was loaded into a CVD chamber and heated to
1060 °C with H, gas inflow at 15 sccm after evacuation of the chamber
(=15 mTorr). After annealing for 30 min, CH, gas was additionally
injected at 60 sccm for 30 min at the same temperature and the sample
was rapidly cooled to room temperature while maintaining H, gas flow.
Poly(methyl methacrylate) (PMMA) was spin coated as a supporting
layer on the Cu foil, and an etchant (CE-100, Transene) was used to etch
the Cu foil to transfer graphene onto the substrates. Then, acetone was
used to remove the PMMA supporting layer. This transfer process was
repeated three times to achieve three-layer stacked graphene for use as
a cathode of iOSCs.

Preparation of the ZnO and Zonyl-Added ZnO Precursor: To
make the ZnO precursor solution, 1 g of Zinc acetate dihydrate
(Zn(CH;C0O0),2H,0, Sigma-Aldrich) and 0.28 g of ethanolamine
as a stabilizer were dissolved in 10 mL of a solvent composed of
2-methoxyethanol  (CH;OCH,CH,0OH, Sigma-Aldrich, 99.8%) and
methanol (1:1 vol%) under vigorous stirring. Zonyl-added ZnO
precursor was obtained by addition of 0.8 vol% Zonyl to ZnO precursor.

Solar Cell Device Fabrication: Devices were fabricated on graphene
transferred on glass with Ry = 300 Q sq™' or ITO-coated glass with
R, = 15 Q sq'. Graphene was used after rinsing with acetone and
iso-propanol without sonication; ITO was used after sonication with
acetone and iso-propanol. To prevent graphene from peeling off during
measurement, a 100-nm-thick Al layer was thermally evaporated at the
edge of the graphene. Zonyl-added ZnO precursor solution was spin-
coated at 1000 rpm for 60 s on graphene or ITO. UV-ozone treatment
was not used, because it can damage graphene. After spin coating,
the samples were annealed at 150 °C for 1 h. As a photo-active layer,
a blend of 10 mg of PTB7 and 15 mg of PC7;BM were dissolved in
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1 mL of a mixed solvent chlorobenzene:1,8-diiodoctane (97:3 vol%). The
solution was filtered through a 0.45 pm-pore PTFE syringe filter, then
the blend was spin coated at 1000 rpm for 30 s and then annealed at
70 °C for 10 min. The samples were loaded into a high-vacuum chamber
(2 x 1077 Torr), and then MoO; and Ag (5 nm and 100 nm) were
thermally evaporated as a hole extraction interfacial layer and an anode
layer in sequence. Metallic shadow masks were used to define the photo-
active area where bottom cathodes and Ag anodes overlapped; the pixel
areas were 0.04 cm?. The complete devices were encapsulated by a glass
lid using UV-curable resin.

Graphene Field-Effect Transistors (GFETs) Fabrication: Au 60 nm/Ti
3 nm for source-drain electrodes were thermally evaporated through
shadow masks onto a monolayer graphene sheet which was on a
300 nm-thick SiO,/Si substrate. For doping of Zonyl-added ZnO on
graphene, Zonyl-added ZnO film was formed on the graphene surface
under the same conditions applied to solar cell fabrication.

Characterization and Measurement: The J-V characteristics of solar
cell devices were measured using a Keithley 2400 source measurement
unit under a simulated illumination generated by a Newport 69907
solar simulator. The illumination intensity was determined based on a
single-crystal silicon reference cell (SRC-1000-TC-QZ-N, VLSI standards
incorporated, Oriel Newport). EQEs of devices were measured using
the EQE measurement system of PV Measurements (Model QEX7)
in ambient condition. Electrical transport properties of GFETs were
measured using a probe station in an Ny-filled glove box.

UV-vis absorption and transmittance were measured using a UV-
visible spectrometer (S-3100, SCINCO). Raman spectra were collected
using a confocal Raman microscope (Alpha 300R, Witec).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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