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The transferred chemical vapor deposition (CVD)-grown graphene from copper foils to other desired
substrates by using poly(methyl methacrylate) (PMMA) as supporter, suffers from problems of rough
surface, low conductivity and poor wettability, which hinders its applications in optoelectronic devices.
In this work, a combined thermal annealing and HNO3 doping treatment for graphene electrode has been
employed to simultaneously improve its smoothness, conductivity and wettability. The thermal
annealing process results in the improved surface smoothness by removing the PMMA residue. HNO3
doping treatment for the graphene enhances its conductivity and surface wetting to PEDOT:PSS.
Furthermore, the work function (WF) of two-step treated graphene increased from ~4.4 eV to ~5.1 eV.
Small-molecule organic solar cells (OSCs) based on the two-step treated graphene anodes exhibit a
power conversion efficiency (PCE) of 2.43%, which is comparable to that of ITO electrode (2.48%). This
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work demonstrates the bright future of graphene transparent electrodes as a replacement for ITO.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Organic solar cells (OSCs) have gained much attention as the
next generation of clean electricity due to its fascinating properties
such as light weight, low cost, large-area processes and flexibility
[1-5]. Indium tin oxide (ITO) is generally used as a transparent
conducting electrode (TCE) in optoelectronics [6—8]. However, the
intrinsic sensitivity to acid and heat has restricted its use in some
special area, beyond that, the limited storage of indium on earth
and mechanical brittleness of ITO would further limit its applica-
tion in tomorrow OSCs [9—11]. Graphene grown by chemical vapor
deposition (CVD) has shown dramatic advances in the past several
decades, offering many remarkable advantages including high
transparency, mechanical stability and ultrahigh carrier mobility
[12—14]. Monolayer graphene is a one-atom thick planar sheet
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consist of carbon atoms forming by hexagonal arrangement, which
has been widely used as TCEs in optoelectronics, such as circuits
[15], organic light-emitting diodes (OLEDs) [16] and OSCs [12,13],
emerged as a promising material choice for a potential alternative
to commonly used ITO as a TCE.

However, the further application of graphene usually requires a
wet transfer process from grown Copper foils to other desired
substrates through a PMMA supporting layer, which could induce
obvious PMMA residue on its surface though after a treatment with
hot acetone (here named “as-transferred graphene”) [17,18]. The
PMMA residue results in a rough surface of the graphene, a mass of
protuberances on electrode surface would significantly decrease
their performance, due to a high leak current or even breakdown
[19—21]. In this way, it seems reasonable that graphene is broadly
used in bulk polymer OSCs rather than small molecule-based OSCs
for the prior's lower request of surface roughness [22—24]. In order
to decrease the surface roughness caused by the PMMA residue, a
quite long heating period (usually several hours) in acetone is
required to get a smooth graphene surface [25]. Jens et al. also
mentioned a thermal annealing process in H; to further remove the
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polymer, but particular research on its effect process was not car-
ried out [26]. In addition, as-transferred monolayer graphene al-
ways suffers from the challenge of relatively high sheet resistance
(Rs) and poor surface wetting to hole-transporting layer. Most of
the as-transferred monolayer graphene film reported in the pre-
vious literature has shown a high Rs of ~1 kQ/o or even higher
[20,27—29]. Furthermore, the work function (WF) of as-transfer
graphene is usually around 4.4 eV, which is mismatched with the
energy level of hole-transporting layer, and hinders the carrier in-
jection or extraction in the optoelectronic devices used as its
electrodes [13,30,31].

Here, we demonstrate a two-step treatment method of the
transferred CVD-grown graphene from the Cu foil to the desired
substrate by combining thermal annealing and HNOs3 doping
treatment to improve its properties and apply it as electrode in
0OSCs. The thermal annealing process in CVD furnace under H; flow
for graphene after a hot acetone treatment significantly improves
its surface morphology. A large range of disposed temperature
(200—500 °C) and the corresponding characteristics of graphene
are discussed in detail. As the temperature increasing, the G band
position of graphene Raman spectra shows a blue-shift from
1577 cm™! to 1598 cm™!, consistent with an increased p-type
doped effect. HNO3 were used as a dopant to further enhance
graphene's conductivity and surface wetting to PEDOT:PSS. Rs
value for the two-step treated graphene is ~400—500 Q/o, which is
twofold less than as-transferred graphene. Moreover, the WF of the
two-step treated graphene is 0.7 eV increased, which is benefit to
the carrier collection in the OSCs. The small molecule-based OSCs
with the two-step treated graphene electrodes exhibit a compa-
rable PCE to that of the devices based on ITO electrode.

CVD grown graphene
on both sides of Cu foil

PMMA is spin-coating on
one side

(9)
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2. Experimental methods
2.1. Growth, transfer and treatment of the monolayer graphene

Large area (2 x 1.8 cm?) monolayer graphene is synthesized via
low pressure CVD (LPCVD) on 25 pm thick copper foils (Alfa Aesar,
7440-50-8) is shown in Fig. 1a, with 5 sccm CHg4, 10 sccm H; and 100
sccm Ar flowing during growth at a growth temperature of 1060 °C
for 30 min. PMMA-supported graphene wet transfer process is
shown in Fig. 1b—g. 5% wt PMMA (Aladdin, 9011-14-7) dissolved in
anisole is spin-coated on one side of the graphene on copper foils
with a thickness of ~300 nm for graphene protection, and the other
side is treated with Ar plasma for 5 min to destroy the structure of
this side's graphene. 0.5 M FeCl3 solution is used for copper etching,
leaving the PMMA-graphene membrane floats on the solution after
approximately 5 h, then the membrane is transferred to glass or Si/
SiO; substrates. PMMA first removed in 80 °C acetone for 30 min,
followed by a alcohol and DI water washing. In order to further
remove the PMMA residue, graphene is thermally annealed in a
LPCVD furnace with 50 sccm H; for 1 h (Fig. 1h), a large range of
temperature is employed, from 200 °C to 500 °C. The doping
treatment is shown in Fig. 1i, 5% vol HNOj3 in DI water is first drop
on graphene surface for a full coverage, then maintains for 2 min to
realize the doping process, finally a spin-coated step at 3000 r is
applied to throw off the dopant, repeat this section once again for
exhaustive dope of graphene.

The morphologies of the monolayer graphene have been
detected by atomic force microscopy (AFM, Dimension Icon, Bruker
Corporation) in tapping mode. Raman spectra of graphene
measured by Raman Spectrometer (LabRAM HR Evolution,
HORIBA) with a laser excitation energy of 532 nm. UV-Vis spec-
trophotometer (UV-2550, SHIMADZU) and four point probe tester
are used to measure the transmittance/absorption spectra and
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\ ==
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Fig. 1. (a)—(g) Schematic of the wet transfer process for the PMMA-supported graphene. (h) An added thermal annealing process to further clean the graphene surface in a CVD

furnace. (i) HNO3 doping treatment for annealed graphene by a spin coater.
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Fig. 2. AFM images of as-transferred graphene (a), 200 °C annealed graphene (b), 300 °C annealed graphene (c), 400 °C annealed graphene (d) and 500 °C annealed graphene (e). (f)
The corresponding graphene rms surface roughness (Ra) variation in (a)—(e).
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Fig. 3. (a) Raman spectra of as-transferred graphene and different temperatures annealed graphene, a dash line shows blue-shift of G bands as temperature rising. (b) Histogram
distributions of Ip/Ig intensity ratio extracted from Raman spectra data in Fig. 3(a). (c) Sheet resistance variation of as-transferred graphene and different temperatures annealed
graphene. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Raman spectra of as-transferred PMMA and “PMMA-converted material” at
different annealed temperatures, the condition is identical as described in Fig. 1 except
on Copper foils without graphene grown.

sheet resistance, respectively.

2.2. Fabrication and evaluation of the small-molecule OSCs

For small-molecule OSCs fabrication, PEDOT:PSS is firstly spin-
coated (3000 r 1 min) on graphene as a smoothing and hole-
transporting layer, then a 5 nm MoOs, 15 nm boron sub-
phthalocyanine chloride (SubPc), 40 nm fullerene (Cggp), 3 nm
bathocuproine (BCP), and Ca (2 nm)/Ag (80 nm) are evaporated
sequentially in a thermal evaporation chamber at a base pressure of
5 x 10~ Pa. The device performance of solar cells is measured by a
sourcemeter (Keithley 2400) under 1 sun simulated AM 1.5 G
illumination (100 mW/cm?).

3. Results and discussion

As for surface morphology of graphene electrode, PMMA merely
disposed with hot acetone for a relatively short possible time re-
mains abundant PMMA residue. As can be observed in the AFM
image shown in Fig. 2a, PMMA residue are very strongly adhered to
as-transferred graphene surface with numerous “island” higher
than 10 nm. In order to remove the PMMA residue, graphene is
further annealed in a LPCVD furnace with different temperatures.
H, plays the part of protection gas and constructs reducing atmo-
sphere. Considering the melting point of PMMA (130—140 °C), 200,
300, 400, 500 °C have been examined, corresponding AFM images
are shown in Fig. 2b—e, respectively. With a thermal annealing
process, PMMA melt into nanoparticle-liked states. As the tem-
perature rising, both the density and size of “nanoparticles”
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Fig. 5. (a) Transmission spectrum of the monolayer graphene and ITO. (b) Absorption
spectra of the SubPc and Cgp films.

decreasing because of the “burn effect” to PMMA, confirming
smoother graphene morphology is obtained. Fig. 2f shows gra-
phene root-mean-square (rms) surface roughness (Ra), which is
changed with different annealing temperatures. The Ra at anneal-
ing temperature of 500 °C is 0.98 nm, which reduces to about half of
that without thermal annealing process (1.86 nm).

We investigate the Raman spectra of the monolayer graphene
on Si/SiO; substrates before and after thermal annealing treatment,
as shown in Fig. 3a. The G band and 2D band of as-transferred
graphene are located at 1577 cm~! and 2654 cm™! with Lp/Ig ~2,
verifying its monolayer nature. It is noted that no discernible
defect-related D band is observed, and it is clearly indicative of the
high quality of the samples [13,32]. After thermal annealing pro-
cess, the G band position shows a blue-shift from 1577 cm~! to
1598 cm~! as the temperature increasing. Assuming that
AQg = AEg x 42 cm~! eV~ where AQg is the G peak shift and AEg is
the Fermi level shift, the WF of as-transferred graphene and 500 °C
annealed graphene are measured to be 4.4 and 4.9 eV, which shows
a strong p-type doping effect [33,34]. Fig. 3b shows the corre-
sponding relative changes in the Ip/Ig ratio after graphene disposed
with different temperatures. The Ip/I; ratio is less than 0.05 for the
as-transferred graphene. As the temperature is equal or higher than
300 °C, detectable D band around 1351 cm™! is found in Fig. 3a, and
the corresponding Ip/Ig ratio is ~0.2. It seems like high temperature
would cause obvious defect to graphene, however, sheet resistance
of monolayer graphene maintains around 1 kQ/z in all conditions,
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Fig. 6. PEDOT:PSS—500 °C annealed graphene contact angles before (a) and after (b)
HNO; doping.

as can be seen in Fig. 3c. We consider the contradictory phenom-
enon might have a potential mechanism under its cover.

Li et al. have reported that PMMA as carbon source for graphene
grown at a relative low temperature [35]. Considering this, contrast
experiment under identical conditions as described in Fig. 1 is
carried out on Copper foils without graphene grown, correspond-
ing Raman spectra of “PMMA-converted material” is shown in
Fig. 4. As-transferred PMMA without a thermal annealing process
shows a Raman signal peak around 1446 cm™!, which is supposed
to belong to PMMA. As the temperature reaching to 300 °C, dumpy
D and G band are discovered around 1356 cm~! and 1586 cm .
Further increasing the temperature to 400 °C, relatively sharp D
and G band appears accompany with a weak 2D band. When the

(a)

PEDOT:PSS
Graphene

temperature is increased to 500 °C, graphene-liked Raman spectra
with significant D, G and 2D band is obtained, confirming graphene
formed from PMMA. Therefore, the D band shown in Fig. 3a might
come from “PMMA-converted material”, additionally has effect to
dwarf the intensity of 2D band compared to G band at the tem-
perature of 400 and 500 °C, which is consistent with an increase in
p-type doping for graphene after an annealing process [36—38].

The transmittance of the monolayer graphene and ITO are
compared in Fig. 5a, the prior has ~97% transmittance in the visible
region, higher than ITO in some certain wavelength, which has
been confirmed in previous research [19,34]. To further improve
the conductivity and surface wetting of annealed graphene, HNO3 is
chosen as the chemical dopant because it is an effective approach to
tailor the electronic properties of graphene films. After doping, the
sheet resistance of the two-step treated graphene is reduced by
approximately one half to ~400—500 Q/o compared with 500 °C
annealed graphene. The PEDOT:PSS—graphene contact angles
before and after doping is investigated in Fig. 6. The contact angle of
the 500 °C annealed graphene is calculated to be 72.16°, while it is
48.78°for the two-step treated graphene, indicating an improved
graphene surface wetting to PEDOT:PSS. We believe that improved
surface wetting of graphene is beneficial to form smooth and tight
PEDOT:PSS films, which would further enhance the performance of
our device.

The small-molecule OSCs device structure and energy level
distribution schematic diagrams are shown in Fig. 7. The WF of the
two-step treated graphene is measured to be 5.1 eV with Kelvin
Probe, higher than 4.9 eV of 500 °C annealed graphene, which is
well matched with HOMO level of PEDOT:PSS (5.2 eV). The per-
formance of small-molecule OSCs devices with different conditions
are compared in Fig. 8 and the detail photovoltaic parameters are
list in Table 1. For graphene-based small-molecule OSCs, the PCE
shows obvious enhancement as the annealed temperature grows
up, which originates from the improvement of fill factors (FF)
mainly connected with surface roughness. The FF for as-transferred
graphene-based device is 33.97%, and it is increased to 46.34% for
the 500 °C annealed graphene-based device, which corresponds to
an enhances PCE from 1.59% to 2.24%. The two-step treated
graphene-based device exhibits a higher FF up to 50.90%, which
might attribute to the lower interface resistance and matched en-
ergy level, as well as a smoother PEDOT:PSS layer. Comparing with
the ITO, graphene has higher transmittance in some certain
wavelength which is beneficial for increasing the active layers'
absorption, as shown in Fig. 5b. As a result, the short-circuit current
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Fig. 7. (a) Schematic diagram of photovoltaic device structure. (b) Energy level distribution diagram of the small-molecule OSCs. With 500 °C thermal annealing and HNO3 doping

treatment, the WF of as-transferred graphene increased from ~4.4 eV to ~5.1 eV.
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Fig. 8. Current density-voltage characteristics of small-molecule OSCs with different
conditions treated graphene electrodes and ITO electrode.

Table 1
A summary of photovoltaic performance parameters of small-molecule OSCs
investigated in this work.

Voc[V]  Jsc[mA/cm?]  FF[%]  PCE[%]
As-transferred graphene 1.06 443 33.97 1.59
200 °C annealed graphene 1.10 4.39 40.41 1.95
300 °C annealed graphene 1.10 437 42.85 2.06
400 °C annealed graphene 1.10 4.39 4428 2.14
500 °C annealed graphene 1.09 4.45 46.34 224
Two-step treated graphene 1.07 4.45 50.90 243
ITO 1.07 4.30 53.86 248

density (Jsc) has been improved from 4.30 mA/cm? to 4.45 mA/cm?,
small-molecule OSCs based on 500 °C anneal-doped graphene
obtains a PCE of 2.43%, comparable to that of ITO electrode (2.48%).
These results demonstrate that the two-step thermal annealing and
HNOs doping treatment for graphene is potential electrodes for
efficient small-molecule OSCs.

4. Conclusions

In summary, we have demonstrated a two-step treatment
method of the transferred CVD-grown graphene from Cu foil to the
desired substrate by combining thermal annealing and doping
treatment to simultaneously improve its smoothness, conductivity
and wettability. The PMMA residue has been removed by the
thermal annealing treatment to obtain a smoother graphene sur-
face. Combined with chemically doping treatment, the conductivity
and the surface wetting to PEDOT:PSS is significantly improved.
Moreover, the WF of two-step treated graphene further shifts to
5.1 eV, which is well matched with the energy level of PEDOT:PSS.
Small-molecule OSCs based on the two-step treated graphene
shows a PCE of 2.43%, which is comparable with ITO-based device,
further confirming the two-step treatment for graphene electrodes
has an obviously beneficial effect for graphene-based device.
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