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A B S T R A C T

We present a new method for transferring chemical vapor deposition (CVD)-grown graph-

ene onto the surfaces of organic materials directly. Raman and near edge X-ray absorption

fine structure measurements prove that high-quality and single layer graphene/organic

thin films can be obtained with minimized impurity introduction. In-situ synchrotron radi-

ation photoemission spectroscopy combined with ultraviolet photoelectron spectroscopy

experiments demonstrate that the inserted graphene can not only act as a buffer layer to

reduce the interfacial chemical reactions between the deposited Al and organic materials,

but also tune the metal/organic interface electronic structure significantly. This new graph-

ene transfer technique may have a great potential in the application of engineering the

metal–organic interface properties, which is one of the key technologies for the optimal

design and fabrication of organic electronic and optoelectronic devices.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Single layer or multi-layer graphene is a promising material in

the application of many organic-based devices, such as

organic light-emitting diodes (OLEDs) [1–3], organic solar cells
(OSCs) [4–8], and organic field-effect transistors (OFETs) [9–16],

due to its high optical transparency, large electrical/thermal

conductivity and chemical stability. Despite its prodigious

potential, fabricating high-performance and low-cost

graphene-involved devices still remains a great challenge.
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One major impediment is how to transfer the as-grown high-

quality graphene onto desired substrates with high fidelity.

Although millimeter-size single-crystalline graphene can be

produced using modified chemical vapor deposition (CVD)

method on metal substrates [17–21], it is difficult to transfer

it onto different target materials for device fabrication with

minimum change of the morphology and electronic property

of graphene [22–24].

One commonly used method for transferring graphene

onto desired substrates is using poly(methyl methacrylate)

(PMMA) or thermal release tape as the supporting transfer

materials [25–27]. However, previous studies have shown that

the organic residues remained on graphene surface and some

additional defects were created due to tearing and ripping of

graphene sheets during transfer process [28,29]. These prob-

lems can be partially solved through post transfer treatments,

e.g., annealing to high temperature (400 �C) or rinsing in

mixed organic solvents [30,31]. However, the above treat-

ments are only applicable for graphene transferred onto inor-

ganic substrates. For organic device fabrication where

graphene needs to be transferred onto organic substrates,

these methods are obviously not compatible because the

organic materials may be damaged during heating to high

temperature or dissolved in organic solvents. In addition,

the fact that defects can be created after multi-step transfer

process in this method is also a big issue that should be

addressed [32,33].

In order to overcome the issues of graphene quality degra-

dation during the transfer process using foreign supporting

materials, many efforts have been attempted to obtain a

high-quality graphene film on the substrates of interests.

For example, recently Tamaoki et al. reported a simple

method of transfer-free fabrication of a graphene field-effect

transistor (GFET) array by using solid-phase patterned growth

of graphene on a SiO2/Si substrate [34]. While Meng et al.

developed a novel top-emission OLED with copper/graphene

composite anode without graphene transfer process [3]. How-

ever, despite these developments, the transfer-free methods

have limited applications and are not suitable for fabricating

devices that requires the graphene to be on top of organic

materials.

Here, we report a simple and novel method for transferring

graphene onto organic materials directly. With this method,

no additional material is introduced during the transfer pro-

cess. Raman mapping and near-edge X-ray absorption fine

structure (NEXAFS) measurements confirm that highly

ordered single layer graphene on top of organic materials

(i.e., poly(3-hexylthiophene) (P3HT) and PMMA in this study)

can be obtained with reduced defects and minimized contam-

inants. We then in-situ deposit a thin Al electrode material on

the as-prepared graphene/P3HT film and investigate the inter-

face structure of Al/graphene/P3HT using synchrotron radia-

tion photoemission spectroscopy (SRPES) and ultraviolet

photoelectron spectroscopy (UPS). The results clearly demon-

strate that with the insertion of graphene layer, the unwanted

chemical reactions between Al and P3HT are substantially

suppressed during the interface formation. Besides, the Al/

P3HT interface electronic structure was also tuned by insert-

ing the single layer graphene buffer layer.
2. Experimental

2.1. Single layer graphene growth

Single layer graphene samples (1 in. · 2 in.) were synthesized

on 25 lm thick Cu foils (99.98% purity, Sigma–Aldrich) via a

conventional CVD method, following the procedure reported

previously [8]. Briefly, after cleaning the Cu foils with acetone

and isopropyl alcohol (IPA) to remove surface contaminants,

the single-layered graphene was grown on top of the copper

foils with a mixture of methane and hydrogen at a tempera-

ture of 1050 �C and a pressure of 4.4 · 10�1 Torr in a tube fur-

nace. The size of graphene can be increased for fabricating

large-size devices.

2.2. Graphene transfer onto organic films

The transfer procedure of graphene onto organic thin films is

presented in Fig. 1. First, polymer/chloroform solution (20 mg/

ml) was spin-coated on the graphene/Cu surface at 2000 rpm

for 1 min in a nitrogen glove box. These polymer/graphene/Cu

samples were annealed at 120 �C for 15 min to remove any

possible solvent residues. Thereafter, the underlying Cu foil

was etched away using etchant so-called copper etch CE-100

(Transene, LOT No. 101204) for 6 h. Then, the graphene/poly-

mer films were rinsed in ultrapure water for three times

(30 min for each) to remove the remaining etchants. Next,

clean silicon (Si) wafers were put on top of the films and then

were flipped over in the water slowly and carefully. After the

graphene/polymer/Si samples were taken out of water, they

were put in nitrogen atmosphere and dried overnight. Here,

PMMA and P3HT were chosen as the organic materials and

the graphene/PMMA/Si and graphene/P3HT/Si samples were

characterized by Raman mapping and NEXAFS experiments,

respectively. Note that the yield of the transfer process is

related with the thickness of the polymer films. In this study,

the thickness of polymer films is made to be no less than

100 nm to avoid possible break or wrinkling of graphene.

For comparison, we also prepared pure P3HT/Si and

PMMA/Si samples by spin-coating the polymer/chloroform

solutions onto Si wafers directly. These samples were treated

in the same conditions as those samples with graphene. All

samples were stored in an ultra-high vacuum chamber before

measurements.

It should be mentioned that for device fabrication, the

electrical contact properties and mechanical adhesion

strengths between graphene/organic film and rigid substrates

may be less than ideal after graphene transfer. Thus, pressing

and annealing at mild temperature after this process may be

needed for real device fabrication.

2.3. Characterization

Raman spectroscopy and Raman mapping experiments were

performed using a LabRAM ARAMIS system from HORIBA

Inc. A 50-timesobjective lens was used and the laser spot size

was ca. 0.5 lm for the 532 nm excitation. The laser power at

samples was set to be 0.1 mW to avoid laser-induced heating

[35]. For Raman mapping, the sample was placed on a piezo



Fig. 1 – Schematic of transfer process of the single layer

graphene onto target polymer organic materials. (a) Single

layer graphene on Cu foil obtained by CVD growth, (b) spin-

coating target polymer on single layer graphene, (c) after Cu

etching, a foreign substrate (i.e., Si wafer) is covered on top

of polymer and then the sample is flipped over in ultrapure

water. (d) Single layer graphene on top of target polymer. (A

color version of this figure can be viewed online.)
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stage for movement and the step size was set to be 1 lm for

both x and y directions. It took about 27 h for each mapping.

The C K-edge NEXAFS experiments were performed at

Beamline 8.0.1 at the Advanced Light Source (ALS), Lawrence

Berkeley National Laboratory (LBNL), USA. This beamline is

connected with a 5 cm period undulator and covers photons

with energy ranging from 80 to 1250 eV. The total electron

yield (TEY) mode was used for NEXAFS measurements and

the signal was obtained by monitoring the sample drain
current. The energy resolution was 0.1 eV. To avoid the possi-

ble beam damage, all the samples were measured at two-

bunch time with a reduced beam flux. Before the NEXAFS

experiments, the samples were annealed to 120 �C for 1 h to

remove possible surface contaminants.

The SRPES experiments were carried out at Beamline 4D 1

PES II in Pohang Accelerator Laboratory, Korea. This bending

magnet source delivers photons with an energy range from

200 to 1000 eV. The base pressure of the endstation analysis

chamber is �5 · 10�10 mbar. Al was in-situ deposited onto

graphene/P3HT film by thermal evaporation at an average

deposition rate of 0.6 nm/min. All SRPES spectra were taken

at normal emission. In addition, UPS measurements were

also performed at the same samples and He I with the photon

energy of 21.2 eV was used as the light source.

3. Results and discussion

3.1. Raman measurements

We first transferred CVD-grown single layer graphene onto

PMMA using the procedure shown in Fig. 1. The structural

property of the graphene/PMMA sample was investigated

with Raman measurements and the results are shown in

Fig. 2. It should be mentioned that we used PMMA instead

of P3HT for Raman experiments because the high lumines-

cence background from P3HT generated by 532 nm wave-

length light excitation is thousands of times stronger than

the peak intensity of graphene, making it difficult to collect

signals from single layer graphene (see Fig. S1). Fig. 2a pre-

sents the 100 lm · 100 lm optical image of the graphene/

PMMA sample. The presence of defects and number of graph-

ene layers can be identified using Raman spectroscopy [36,37].

The black line in Fig. 2b is the Raman spectrum of the graph-

ene/PMMA sample from the center spot of Fig. 2a. Compared

with the Raman spectrum of pure PMMA (red line), several

peaks which are typical for graphene can be observed, as

labeled on top of the spectrum. The intensity of 2D peak

(�2684 cm�1) is more than two times stronger than that of G

peak (�1591 cm�1), and, moreover, this 2D peak can be per-

fectly fitted by one Lorenz peak [38,39], suggesting that the

graphene on top of PMMA is single layer [38]. Note that a

red shift (�3 cm�1) of the 2D peak for graphene/PMMA

(�2684 cm�1) as compared to the 2D peak for as-grown graph-

ene on Cu (�2687 cm�1) (as shown in Fig. S2) may be attrib-

uted to a very weak strain, if it presents, between graphene

and PMMA [38–42]. In addition, the D peak (�1340 cm�1),

which is ascribed to the breathing mode of sp2 atoms and

activated by the existence of defect states [38], can hardly

be observed, providing strong evidence that this transfer pro-

cess does not introduce too many defects in graphene. Fur-

thermore, the appearance of the very intense 2D peak

(�3246 cm�1) further confirms that the graphene possess high

sp2 hybridized crystalline quality [43].

We also performed the Raman mapping experiment

within the same area of Fig. 2a and the corresponding results

are summarized in Fig. 2c–f. As can be seen in Fig. 2c, the I2D/

IG ratio over the entire area is much greater than 1. Therefore,

the graphene samples on top of PMMA are indeed single layer



Fig. 2 – (a) Optical image of 100 lm · 100 lm graphene/PMMA film, (b) Raman spectra of graphene/PMMA and pure PMMA

obtained with 532 nm excitation, (c)–(f): I2D/IG, ID, IG and I2D Raman maps over the same area of the optical image. (A color

version of this figure can be viewed online.)
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[44]. In addition, the intensity of D peak (Fig. 2d) is much lower

than those of G peak (Fig. 2e) and 2D peak (Fig. 2f) in the whole

measured area, revealing that most of the PMMA surface is

covered with high quality single layer graphene, although a

few defects can be induced during the growth and/or

graphene transfer process.

3.2. Angle-dependent NEXAFS measurements

Due to the fact that the graphene/P3HT system is not suitable

for Raman measurements, as explained above, we employed

NEXAFS to identify the structural difference of the P3HT films

with/without graphene on top. Fig. 3a–c show the surface-

sensitive, TEY mode angle-dependent C K-edge NEXAFS spec-

tra from the samples of graphene, pure P3HT and graphene/

P3HT on Si wafers, respectively. The graphene/Si wafer sam-

ple was prepared using a conventional PMMA-supported

transfer method, as described in our previous study [38]. As

can be seen in Fig. 3a, the features at 285.5, 291.8 and

292.7 eV can be attributed to the transitions from the C 1s core

level to the p*, excitonic and r* states of graphene, respec-

tively [38]. For the spectra of pure P3HT (Fig. 3b), the peak at

285.4 eV can be attributed to the transition from C 1s to the

p* state, while the features at 287.0 and 292.5 eV correspond

to the transition from C 1s to the C–S/C–H and C–C r* states,
respectively [45]. Compared with the spectra shown in Fig. 3a,

except for the characteristic peak at 287.0 eV of P3HT, an obvi-

ous difference is that no sharp peak at 291.8 eV can be

observed. Thus, the feature at 291.8 eV can be used as a fin-

gerprint for the presence of graphene in our NEXAFS

experiments.

As can be seen in Fig. 3c, in addition to the features of

P3HT, signals from graphene are also observed for the graph-

ene/P3HT/Si wafer sample. Firstly, the fingerprint peak of

graphene at 291.8 eV is observed. Secondly, in contrast to

the C K-edge spectrum of pure P3HT, the intensities of C 1s

to p* and r* change significantly with X-ray incident angle,

which is similar to that of graphene. These two observations

provide a clear evidence of the presence of graphene on P3HT.

In addition, we have used the same procedure to transfer

graphene onto poly(9,9-dioctylfluorene-co-benzothiadiazole)

(F8BT) and similar results has been achieved (see Fig. S3 for

detail). Thus, we can confirm that this transfer approach is

suitable for transferring single layer graphene on any polymer

organic materials besides PMMA, such as P3HT and F8BT.

In contrast to the conventional transfer methods using for-

eign supporting materials for graphene transfer, there are

three advantages for the present approach: (1) by using the

target polymer organic materials as the supporting materials,

the transfer procedure is simplified since no transfer material



Fig. 3 – TEY mode C K-edge NEXAFS spectra of (a) pure

graphene, (b) pure P3HT and (c) graphene/P3HT on top of Si

wafers at different incident angles (h). The inserts show the

schematic drawings of samples used in the angle-

dependent NEXAFS experiments. (A color version of this

figure can be viewed online.)
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removal is needed besides etching away the Cu substrate for

graphene growth. (2) Transfer-induced contaminants can be

minimized. (3) This heating- and organic solvent-free transfer

method is prone for transferring graphene on organic materi-

als, because many organic materials are soluble in organic

solvents (i.e., acetone) or can be damaged or degraded when

heated to high temperatures. Therefore, this transfer

approach is feasible to obtain high-quality graphene on top

of organic materials.

3.3. In-situ SRPES experiments on Al/P3HT and Al/
graphene/P3HT interfaces

In order to study the influence of single layer graphene inser-

tion on the interface structure between metal electrode and

polymer organic material, which is the common interface in

the polymer based organic electronic and optoelectronic

devices, we utilized in-situ SRPES measurements to investi-

gate the interface formation of Al with pure P3HT and
graphene/P3HTon Si wafer samples. To minimize the possible

variation of Al deposition, we mounted the two samples on

the same sample holder in parallel and deposited Al at the

same time. Moreover, to increase the surface sensitivity, we

used the photon energies to be 50–100 eV higher than the

binding energies of the measured core-levels (e.g., hm = 250 eV

for S 2p) [46].

Fig. 4 shows the S 2p SRPES spectra from the samples of

pure P3HT and graphene/P3HT on Si wafers deposited with

different thicknesses of Al at 300 K, namely, 0, 0.04 and

0.7 nm. Before Al deposition, the intensity of S 2p from graph-

ene/P3HT (Fig. 4d) is about 5 times weaker than that of pure

P3HT (Fig. 4d) due to the damping effect of the single layer

graphene on top of the P3HT. In addition, the S 2p peak shifts

by 0.4 eV towards the lower binding energy side compared

with that of pure P3HT, implying the formation of an upward

band bending induced by electron transfer from P3HT to

graphene. Similar phenomenon was also reported at the F4-

TCNQ/graphene interface [47].

After 0.04 nm Al deposition, both the original S 2p peaks

(labeled as ‘‘unreacted’’ S) of P3HT and graphene/P3HT shift

slightly to higher binding energy side by 0.1 eV, which is

attributed to the downward band bending due to the electron

transfer from Al to the underlying substrate films. Similar

band bending phenomena have also been observed for Ca/

P3HT [48,49] and Li/P3HT [46]. In addition, a new doublet fea-

ture at a binding energy of 1.5 eV lower than the original peak

(the blue shaded area, labeled as ‘‘reacted’’ S) appears (Fig. 4b

and e). This can be attributed to the strong chemical reactions

between Al and P3HT, leading to the formation of Al-thio-

phene (Al-T) complex [50]. In contrast to Al/P3HT interface,

the intensity of this new peak from Al/graphene/P3HT is sig-

nificantly weaker, suggesting that the chemical reaction

between Al and P3HTwith the existence of single layer graph-

ene has been reduced.

Further deposition of Al to 0.7 nm leads to the total S 2p

signal damping and increased intensity of ‘‘reacted’’ S compo-

nent on both P3HT and graphene/P3HT surfaces, suggesting

that on both surfaces, part of the deposited Al stays on top

of the surface and part of them diffuses to subsurface to con-

tinue the chemical reaction of Al with P3HT. However, by

comparing the S 2p spectra on both surfaces, it can be clearly

seen that on the P3HT surface, the intensity ratio between

‘‘unreacted’’ S to ‘‘reacted’’ S is much smaller than that on

the graphene/P3HT surface (22:78 in Fig. 4c to 62:38 in

Fig. 4f), implying that the single layer graphene can effectively

prevent the diffusion of Al atoms into P3HT and the interfa-

cial chemical reaction between Al and P3HT is suppressed sig-

nificantly. Generally speaking, the strong interfacial chemical

reactions between low-work-function metal electrodes and

organic materials are usually detrimental for the stability

and lifetime of organic electronic device [51]. Therefore, the

insertion of such a graphene layer between metal electrodes

and active organic materials is helpful to obtain a sharp and

stable metal/organic interface. In addition, on the graphene/

P3HT surface the deposition of 0.7 nm Al leads to the shift

of S 2p spectrum towards lower binding energy side by

0.4 eV, which may be caused by the formation of a downward

interface dipole between the top Al layer and the underlying

graphene/P3HT substrate.



Fig. 4 – S 2p SRPES spectra (hm = 250 eV) of pure P3HT (a), P3HT with 0.04 nm (b) and 0.7 nm (c) Al deposited on the surface,

respectively. The S 2p spectra of graphene/P3HT with the same Al thicknesses are presented in (d)–(f) for comparison. The

purple shaded area (left) and blue shaded area (right) are attributed to unreacted P3HT and P3HT reacted with Al, which are

labeled as ‘‘unreacted’’ S and ‘‘reacted’’ S, respectively. The inserts are simplified models of Al/P3HT and Al/graphene/P3HT

interfaces. The photoelectron detection angle relative to the surface normal is 0�. (A color version of this figure can be viewed

online.)
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Note that structural defects commonly exist during the

CVD growth of graphene on Cu foil [52]. In addition, defects

can also be introduced during transferring, leading to the fact

that not all the P3HT surface is covered by single layer graph-

ene. This can be the major reason why chemical reaction

between Al and P3HT still occurs at Al/graphene/P3HT inter-

face, although the extent of reaction has been reduced

significantly.

3.4. In-situ UPS measurements on Al/P3HT and Al/
graphene/P3HT interfaces

Fig. 5a–d present the UPS spectra of Al/P3HT and Al/graph-

ene/P3HT interfaces, respectively. The detailed explanation

of the UPS spectra of P3HT can be found in our previous

studies [46]. For pure P3HT, the work function is 3.36 eV, as

determined from the width of the UPS spectrum. When

P3HT is covered with a single layer graphene, the work func-

tion increases to 3.91 eV. Meanwhile, the band bends

upwards by 0.4 eV, judged from the shift of S 2p binding

energy. It is well-known that by subtracting the band bend-

ing effect from the work function change, a local interface
dipole can be obtained. This yields a 0.15 eV interface dipole

formation after transferring a single layer graphene on top

of P3HT. The direction of this interface dipole is from P3HT

to graphene (upward), indicating charge transfer from

P3HT to single layer graphene.

After Al was deposited on both P3HT and graphene/P3HT

sample surfaces, both the work functions decreased. When

0.04 nm Al was deposited on both films, the work function

decreases 0.02 and 0.36 eV for Al/P3HT and Al/graphene/

P3HT, respectively. Taking the band bending (again judged

from the S 2p binding energy shift) into account, the interface

dipoles at Al/P3HT and Al/graphene/P3HT interfaces can be

calculated to be 0.08 and �0.26 eV, respectively. Similarly,

after 0.7 nm Al deposition, the interface dipoles change to

0.06 and 0.03 eV for the two samples, respectively. These

results indicate that with the insertion of single-layer graph-

ene, it is possible to control the interface dipole direction by

controlling the Al thickness. In addition, with very low Al cov-

erages, a downward interface dipole at Al/graphene/P3HT

interface can be formed, while there is almost no dipole at

Al/P3HT interface. The formation of a downward interface

dipole can reduce the barrier for electron transfer from



Fig. 5 – UPS spectra of Al/P3HT and Al/graphene/P3HT

interfaces. The thicknesses of Al on P3HT and graphene/

P3HT are 0, 0.04 and 0.7 nm. (A color version of this figure

can be viewed online.)
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organic layer to cathode, which may be helpful for increasing

the organic solar cell efficiency.

4. Conclusions

In summary, we have developed a new approach that enables

us to transfer single layer graphene on top of organic polymer

materials. By directly using the target organic materials as the

supporting materials for graphene suspension, this simple,

heating- and organic solvent-free transfer method makes it

possible to obtain high-quality and single layer graphene/

organic interface with minimized contaminants. It is demon-

strated that the single layer graphene, acting as a buffer layer

between metal electrodes and organic functional materials,

can significantly reduce the metal diffusion into the organic

subsurface and the reaction with the organic materials. More-

over, the insertion of a single layer graphene between metal

cathode and organic functional layer enables us to tune the

metal/organic interfacial electronic structure via controlling

the cathode thickness. We hope the information we have

gained in this study will help to optimally design novel

organic (opto-)electronic devices with longer lifetime and

high stability.
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