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Influence of Hydrophobicity on the Chemical Treatments of Graphene
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The defect-free transfer of graphene grown by using chemical vapor deposition is essential for its
applications to electronic devices. For the reduction of inevitable chemical residues, such as polar
molecules and ionized impurities resulting from the transfer process, a hydrophobic polydimethyl-
siloxane (PDMS) film was coated on a SiO2/Si wafer. The hydrophobic PDMS film resulted in
fewer defects in graphene in comparison to a bare SiO2/Si wafer, as measured with Raman spec-
troscopy. We also studied the influence of the hydrophobic PDMS film on the chemical doping
of graphene. Here, nitric acid (HNO3) was used to make p-type graphene. When graphene was
transferred onto a SiO2/Si wafer coated with the hydrophobic PDMS film, fewer defects, compared
to those in graphene transferred onto a bare SiO2/Si wafer, were created in grapheme by HNO3 as
measured with Raman spectroscopy. The experiments suggest that when graphene is transferred
onto a hydrophobic film, the number of defects created by chemical molecules can be reduced.
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I. INTRODUCTION

Graphene, a single layer of sp2-bonded carbon atoms,
has attracted considerable interest for its extraordinary
electrical, mechanical, and optical properties [1,2]. With
these properties, graphene has become an ideal mate-
rial for flexible electronic devices. Graphene field-effect
transistors (FET) require an energy band gap to oper-
ate efficiently [3]. To create such an energy band gap,
several methods have been used, such as chemical func-
tionalization [4], applying mechanical strain [5], doping
during growth [6], and applying an external electromag-
netic field [7,8]. In addition, chemical functionalization
has also been used to tune the Fermi energy of graphene
through charge transfer [9]. Controlling the chemical
functionalization is necessary to shift the Fermi energy of
graphene as well as to introduce the energy band gap in a
designed manner. According to reports, the rate and the
yield of chemical functionalization can be altered by a
supporting substrate [10], the number of graphene layers
[11,12], and the presence of defects and grain boundaries
[13,14]. When chemical-vapor-deposition (CVD)-grown
and mechanically-exfoliated graphene is transferred onto
a SiO2/Si wafer, charge puddles are induced by charged

∗E-mail: jrahn@skku.edu

impurities introduced during the transfer process and
by ionized impurities on the SiO2 film [9]. Molecules
left during the fabrication process of graphene field ef-
fect transistors (FETs) might also be the cause of the
charged impurities resulting in the charge puddles [15–
17]. In addition, chemically reactive ions, such as Na+,
and nanoparticles make controlling the chemical func-
tionalization difficult [9,18,19]. The impurities existing
in the graphene-covered SiO2/Si wafer strongly influence
the electronic properties of graphene [15,20].

When a hydrophilic film such as silanol (SiOH) is
formed on a SiO2/Si wafer, it easily attracts polar adsor-
bates, such as water molecules, and causes carrier dop-
ing in graphene transferred onto a SiO2/Si wafer [20–
23]. A thin water layer was also reported to be formed
when exposing hydrophilic surfaces to an ambient atmo-
sphere, which can be captured under the impermeable
graphene layer [24]. According to Lafkioti et al. [20],
the use of hexamethyldisilazane (HMDS) for hydropho-
bization on a SiO2/Si wafer can remove SiOH groups
and prevent their formation. The HMDS film was also
reported to screen the effects of the Coulomb interaction
due to the ionized impurities on a SiO2/Si wafer [21]. In
contrast to the HMDS film, the reactivity of chemicals
with graphene on a hydrophobic polydimethylsiloxane
(PDMS) substrate, which is equally important, is not
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Fig. 1. (Color online) (a) HNO3 doping on a graphene/SiO2/Si wafer. (b) HNO3 doping on a graphene/PDMS/SiO2/Si
wafer. (c) An SEM image of the cross section of a PDMS-coated SiO2/Si wafer (scale bar : 200 µm).

yet understood, where the PDMS film has been used as
a substrate for flexible electronics [25]. In this research,
we have studied the influence of the hydrophobicity of
PDMS, confined between CVD-grown graphene and a
SiO2/Si wafer, on the chemical treatments of graphene.

II. EXPERIMENTS AND DISCUSSION

Compared with other techniques, CVD is one of the
most promising techniques proposed to synthesize large-
area high-quality graphene, which is not possible us-
ing the conventional method of mechanical exfoliation
of graphite. Monolayer graphene was synthesized on
a copper foil (with a thickness of 25 µm) in a CVD
chamber by using a gas mixture of methane, hydrogen,
and argon at flow rates of 21, 99, and 99 sccm, respec-
tively and at a pressure of 9.7 Torr at 1020 ◦C for 15
min. The copper foil was etched using ferric chloride
(FeCl3), followed by rinsing with poly(methyl methacry-
late) (PMMA)/graphene in deionized (DI) water more
than five times (for approximately 30 min each). The
PMMA/graphene samples were transferred onto a bare
SiO2/Si wafer with a 300-nm-thick SiO2 film and onto a
PDMS-coated SiO2/Si wafer. The PMMA film was then
removed by immersing the samples in acetone for 30 min.
To hydrophobize a SiO2/Si wafer, we added PDMS as a
thin film over the SiO2/Si wafer by submerging it in a
PDMS solution (Sylgard 184A : Sylgard 184B = 10 : 1)
for 72 h.

For chemical doping, we dipped the graphene/SiO2/Si
and graphene/PDMS/SiO2/Si wafers in 35% concen-
trated nitric acid (HNO3) because it is stable at this
percentage value [26]. This 35% concentrated solution
of HNO3 was prepared using DI water. The samples
were doped with HNO3 for 15 min and then rinsed for
a few seconds with DI water. Finally, Raman spectra
were acquired using an InViva Raman system with an
1800-line/mm grating and a 532-nm excitation laser.

We investigated the influence of the hydrophobicity of
PDMS on the chemical doping of CVD-grown grapheme
by using Raman spectroscopy. Figures 1(a) and 1(b)
show schematic of HNO3 doping on a graphene/SiO2/Si
wafer and HNO3 doping on a graphene/PDMS/SiO2/Si

Fig. 2. (Color online) Representative Raman spectra of
graphene on bare SiO2/Si (black line) and PDMS-coated
SiO2/Si (red line) wafers, where the Raman spectra were en-
larged to clarify the positions of the Raman peaks (P1 and
P2) originating from PDMS.

wafer respectively. As described in Fig. 1(b), the HNO3

doping was partially limited by the hydrophobic PDMS
film. Figure 1(c) shows a scanning electron microscopy
(SEM) image of a cross section of a PDMS-coated
SiO2/Si wafer.

Raman spectroscopy is a powerful tool for detect-
ing the electronic properties of graphene and for dis-
tinguishing between single-layer, bilayer, and multilayer
graphene [27]. In addition, it is sensitive to the carrier
doping level [28], defects [29,30], and strains [31–33]. Fig-
ure 2 shows the Raman spectra of monolayer graphene
on bare SiO2/Si and PDMS-coated SiO2/Si wafers. The
positions of the G and the 2D peaks of graphene on the
bare SiO2/Si were 1591 and 2678 cm−1, respectively,
where the G peak (E2g mode) corresponds to the in-
plane stretching of the C−C bonds of the graphitic sp2

crystalline carbon atoms and the 2D peak (G′ mode) is
an indicator of graphene that originates from the second-
order double-resonance process related to a phonon near
the K point in graphene. The positions of the G and
the 2D peaks of graphene on the PDMS-coated SiO2/Si
wafer were 1592 and 2685 cm−1, respectively. The P1

(2907 cm−1) and the P2 (2964 cm−1) peaks in the en-
larged spectra originate from PDMS [34].

The Raman spectra of graphene on the bare SiO2/Si
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Fig. 3. (Color online) Representative Raman spectra of
graphene on a bare SiO2/Si wafer before (black line) and
after (red line) the chemical treatment with HNO3.

and the PDMS-coated SiO2/Si wafers are different.
First, the positions of the G and the 2D peaks of
graphene on the PDMS-coated SiO2/Si wafer exhibit
blue shifts compared to those of graphene on the bare
SiO2/Si wafer. The blue shifts could be attributed to
the compression strain of graphene due to the PDMS film
[35]. Second, the intensity of the 2D peak of graphene
on the PDMS-coated SiO2/Si wafer is higher than that
of graphene on the bare SiO2/Si wafer, but both have
nearly the same intensity of the G peak. Thus, the in-
tensity ratio I2D/IG of graphene on the PDMS-coated
SiO2/Si wafer is greater than that of graphene on the
bare SiO2/Si wafer. This increased the I2D/IG ratio of
graphene on the PDMS-coated SiO2/Si wafer indicates a
reduction in impurities, as observed in the case of HMDS
[28].

The Raman peaks of graphene on the bare SiO2/Si
wafer at 1342 cm−1 and of graphene on the PDMS-
coated SiO2/Si wafer at 1343 cm−1, known as the D
peak, arise from the breathing of the hexagonal car-
bon ring due to the presence of defects [36, 37]. The
D peak originates from the transverse optical phonon
due to the intervalley double-resonance process at the
Brillouin zone corner [36, 37]. Of note is that a sub-
stantial change in the intensity of the D peak was ob-
served after the PDMS treatment. The ID/IG ratio
of graphene on the PDMS-coated SiO2/Si wafer is 0.47
where the average value of the ID/IG ratios obtained
from different graphene samples is 0.43 ± 0.04, which is
smaller than the ID/IG ratio of 0.59 for graphene on
the bare SiO2/Si wafer, where the average value of the
ID/IG ratios obtained from different graphene samples is
0.53±0.07. The decrease in the ID/IG ratio also suggests
that, compared to the bare SiO2/Si wafer, the impurities
are reduced when graphene is transferred onto the PDM-
coated SiO2/Si wafer. The increase in the I2D/IG ratio
and the decrease in the ID/IG ratio demonstrate that
carrier-doping sources, such as polar molecules, can be
effectively prevented by hydrophobization. The Raman
results are consistent with the enhanced performance of

Fig. 4. (Color online) Representative Raman spectra of
graphene on a PDMS-coated SiO2/Si wafer before (black line)
and after (red line) the chemical treatment with HNO3, where
the Raman spectra were enlarged to clarify the positions of
the Raman peaks (P1 and P2) originating from PDMS.

grapheme FETs after hydrophobization of a substrate
[20]. On the other hand, the existence of the typical Ra-
man peaks of PDMS at 2907 and 2964 cm−1, as shown
in the enlarged Raman spectra in Fig. 2, indicates that
the PDMS film still underlies graphene after the transfer
process.

We further studied the influence of the hydrophobic
PDMS film on the chemical doping of graphene using
HNO3, and the results are shown in Figs. 3 and 4. When
graphene is chemically functionalized using HNO3, the
intensity of the D peak related to defects of graphene
was reported to increase [38]. HNO3 was also reported
to act as a p-type dopant in graphene [26]. We confirmed
that the ID/IG ratio was enhanced after graphene on a
bare SiO2/Si wafer was doped with HNO3, as shown in
Fig. 3. The ID/IG ratios of graphene on a bare SiO2/Si
wafer before and after the chemical doping with HNO3

were 0.36 and 0.44 respectively where the average val-
ues of the ID/IG ratios obtained from different graphene
samples were 0.36 ± 0.03 and 0.41 ± 0.04, respectively.
As a comparative experiment, the Raman spectra of
graphene on a PDMS-coated SiO2/Si wafer before and
after the same chemical doping with HNO3 were mea-
sured, and the results are shown in Fig. 4. Before the
chemical doping with HNO3, the ID/IG ratio was 0.32,
where the average value of the ID/IG ratios obtained
from different graphene samples was 0.32 ± 0.01. Af-
ter the chemical doping, the ID/IG slightly increased by
smaller increments (i.e., 0.03), where the average value of
the ID/IG ratios obtained from different graphene sam-
ples was 0.35 ± 0.01. When a bare SiO2/Si wafer was
used, as described above, the ID/IG ratio increased from
0.36 to 0.44 after the chemical doping with HNO3, and
the difference between these values was very large (i.e.,
0.12). The changes in the ID/IG ratios suggest that when
a PDMS film is used, fewer defects are created after the
chemical doping with HNO3.
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III. CONCLUSION

We have studied the influence of a hydrophobic film
on the chemical treatment of graphene. As a hydropho-
bic film, PDMS was used and coated on a SiO2/Si wafer.
CVD-grown graphene was transferred onto the PDMS-
coated SiO2/Si wafer, which was compared to graphene
on a bare SiO2/Si wafer. The number of defects in
graphene was measured from the ID/IG intensity ratio
of the Raman spectrum. During the transfer process of
graphene, defects on graphene can be created by chemi-
cal residues. We also used chemical doping with HNO3

to create defects in graphene. In both cases, when the
hydrophobic film underlies graphene, fewer defects are
created in graphene after the chemical treatments.

ACKNOWLEDGMENTS

This study was supported by the following grants
from the National Research Foundation of Korea:
NRF-2015R1A2A2A01004853 and NRF-2017M2A2A6A
01019384.

REFERENCES

[1] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S.
Novoselov and A. K. Geim, Rev. Mod. Phys. 81, 109
(2009).

[2] K. S. Novoselov, V. I. Fallko, L. Colombo, P. R. Gellert,
M. G. Schwab and K. Kim, Nature 490, 192 (2012).

[3] F. Schwierz, Nat. Nanotechnol. 5, 487 (2010).
[4] K. P. Loh, Q Bao, P. K. Ang and J Yang, J. Mater.

Chem. 20, 2277 (2010).
[5] M. Huang, H. Yan, T. F. Heinz and J. Hone, Nano Lett.

10, 4074 (2010).
[6] L. Zhao et al., Science 333, 999 (2011).
[7] Y. C. Chuang, J. Y. Wu and M. F. Lin, Sci. Rep. 3, 1368

(2013).
[8] B. Sahu, H. Min and S. K. Banerjee, Phy. Rev. B 82,

115426 (2010).
[9] X. Fan, R. Nouchi and K. Tanigaki, J. Phys. Chem. C

115, 12960 (2011).
[10] Q. H. Wang et al., Nat. Chem. 7, 724 (2012).
[11] F. M. Koehler, A. Jacobsen, K. Ensslin, C. Stampfer and

W. J. Stark, Small 6, 1125 (2010).
[12] R. Sharma, J. H. Baik, C. J. Perera and M. S. Strano,

Nano Lett. 10, 398 (2010).
[13] F. Banhart, J. Kotakoski and A. V. Krasheninnikov,

ACS Nano 5, 26 (2010).
[14] M. A. Bissett, M. Tsuji and H. Ago, J. Phys. Chem. C

117, 3152 (2013).
[15] E. H. Hwang, S. Adam and S. Das Sharma, Phys. Rev.

Lett. 98, 186806 (2007).

[16] J. Martin, N. Akerman, G. Ulbrich, T. Lohmann, J. H.
Smet, K. Von Klitzing and A. Yocoby, Nat. Phys. 4, 144
(2008).

[17] Y. Zhang, V. W. Brar, C. Girit, A. Zettle and M. F.
Crommie, Nat. Phys. 5, 722 (2009).

[18] A. B. Kuper, Surf. Sci. 13, 172 (1969).
[19] M. A. Bissett, S. Konabe, S. Okada, M. Tsuji and H.

Ago, ACS Nano 7, 10335 (2013).
[20] M. Lafkioti, B. Krauss, T. Lohmann, U. Zschieschang,

H. Klauk, K. V. Klitzing and H. Hosono, Nano Lett. 10,
1149 (2010).

[21] D. B. Asay and S. H. Kim, J. Phys Chem. B 109, 16760
(2005).

[22] T. O. Wehling, M. I. Katsnelson and A. I. Lichtenstein,
Chem. Phys. Lett. 476, 125 (2009).

[23] T. O. Wehling, M. I. Katsnelson and A. I. Lichtenstein,
Appl. Phys. Lett. 93, 202110 (2008).

[24] M. Temmen, O. Ochedowski, M. Schleberger, M. Reich-
ling and T. R. J. Bollmann, New J. Phys. 16, 053039
(2014).

[25] Y. Lee, S. Bae, H. Jang, S Jang, S. Zhu, S. H Sim, Y.
Song, B. H. Hong and J. H. Ahn, Nano Lett. 10, 490
(2010).

[26] L. D’Arsie, S. Esconjauregui, R. S. Weatherup, X. Wu,
W. E. Arter, H. Sugime, C. Cepek and J. Robertson,
RSC Adv. 6, 113185 (2016).

[27] A. C. Ferrari, J. C. Meyer, C. Casiraghi, M. Lazzeri, F.
Mauri, S. Piscanec, D. Jiang, K. S. Novoselov, S. Roth
and A. K. Geim, Phys. Rev. Lett. 97, 187401 (2006).

[28] A. Das, S. Pisana, B. Chakraborty, S. Piscanec, S. K.
Saha,U. V. Waghmare, K. S. Novoselov, H. R. Krishna-
murthy, A. K. Geim, A. C. Ferrari and A. K. Sood, Nat.
Nanotechnol. 3, 210 (2008).

[29] J. L. Chen, W. G. Cullen, C. Jang, M. S. Fuhrer and E.
D. Williams, Phys. Rev. Lett. 102, 2368051 (2009).

[30] Z. H. Ni, L. A. Ponomarenko, R. R. Nair, R. Yang, S.
Anissimova, I. V. Grigorieva, F. Schedin, P. Blake, Z. X.
Shen, E. H. Hill, K. S. Novoselov and A. K. Geim, Nano
Lett. 10, 3868 (2010).

[31] Z. H. Ni, Y. Y. Wang, T. Yu and Z. X. Shen, Nano Res.
1, 273 (2008).

[32] C. C. Chen, W. Z. Bao, J. Theiss, C. Dames, C. N. Lau
and S. B. Cronin, Nano Lett. 9, 4172 (2009).

[33] Z. H. Ni, T. Yu, Y. H. Lu, Y. Y. Wang, Y. P. Feng and
Z. X. Shen, Nano Lett. 2, 2301 (2008).

[34] G. Socrates, Infrared and Raman Characteristic Group
Frequencies, 3rd ed. (John Wiley and Sons, New York,
2001).

[35] J. Ding, F. T. Fisher and F. H. Yang, J. Vac. Sci. Tech-
nol. B 34, 051205 (2016)

[36] A. Jorio, R. Saito, G. Dresselhaus and M. S. Dresselhaus,
Raman Spectroscopy in Graphene Related Systems, 1st
ed. (Wiley VCH Verlag GmbH and Co. KGaA, Weinhein,
Germany, 2009).

[37] M. S. Dresselhaus, A. Jorio, M. Hofmann, G. Dresselhaus
and R. Saito, Nano Lett. 10, 751 (2010).

[38] T. Oh, Trans. on Electrical and Electronic Mater. 14,
246 (2013).


