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Graphene layers on SiO2/Si substrates were exposed to chemicals or gases commonly used in

semiconductor fabrication processes, including solvents (isopropanol, acetone), acids, bases

(ammonium hydroxide), UV ozone, H2O, and O2 plasmas. The recovery of the initial graphene

properties after these exposures was monitored by measuring both the layer resistance and Raman

2D peak position as a function of time in air or vacuum. Solvents and UV ozone were found to

have the least affect, while oxygen plasma exposure caused an increase of resistance of more than

3 orders of magnitude. Recovery is accelerated under vacuum but changes can persist for more

than 5 h. Careful design of fabrication schemes involving graphene is necessary to minimize these

interactions with common processing chemicals. VC 2012 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4732517]

I. INTRODUCTION

Graphene has many potential applications in high speed

electronics,1,2 transparent conductive electrodes,3–5

sensors,6–8 and nanocomposites.9 Due to its electronic struc-

ture and high surface to volume ratio, the electronic proper-

ties of graphene are highly sensitive to chemical interactions

with its environment.10,11 As a consequence, some conven-

tional lithographic processing for nanoelectronic devices

adversely affect graphene surface properties, including expo-

sure to oxygen atoms,12 presence of photoresist residues,13,14

and adsorption of water molecules.15,16 In particular, it is

found that O2 plasma treatments can improve contact resis-

tances and adhesion for metals on graphene by removing

photoresist residues and making the surface hydrophilic.14,17

More studies are needed to determine the sensitivity of gra-

phene layers to common solvents, acids, and gases used in

semiconductor fabrication processes as more focus is paid to

integrating graphene into the platforms discussed above.

In this letter, we report on the recovery of graphene con-

ductivity after exposure to a variety of common solvents,

acids, and gaseous environments used for semiconductor

processing. The recovery of both the resistance and position

of the 2D Raman peak for graphene were monitored as a

function of time for drying the surface in either air or vac-

uum. The changes in resistance can be profound and persist

for many hours.

II. EXPERIMENT

The monolayer graphene used for these experiments were

grown on 25 lm thick copper foil in a quartz tube furnace sys-

tem using a CVD method involving methane and hydrogen

gases.8 After PMMA was coated on top of the graphene, the

PMMA/graphene/Cu-foil structure was dipped in diluted am-

monium persulfate (H8N2O8S2) solution to selectively etch

only the Cu-foil. Then, the PMMA/graphene layer was trans-

ferred to the SiO2Si substrate, followed by removal of the

PMMA using acetone. Ti/Au contacts were made to the gra-

phene by evaporation through a stencil mask. A schematic of

the process flow is shown in Fig. 1. The resulting structure

schematic and an optical micrograph of the completed devices

are shown in Fig. 2. Based on our subsequent measurements,

the resistance of these fabricated structures was allowed to

come to its equilibrium value prior to commencing exposure

of different chemicals. We did not observe any significant

changes beyond the experimental uncertainty as a result of

PMMA residues, Cu residues, or acetone residues. We care-

fully selected graphene samples with similar initial sheet

resistances of 1310 6 50 X cm to ensure that changes due to

chemical exposure were significant. Five different devices
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were used for each measurement and the data shown is the av-

erage of these results in each case. A typical variation between

different devices was less than 50 X cm. The transferred gra-

phene was characterized by Micro-Raman Spectroscopy

(532 nm wavelength, single-mode DPSS laser, Omicron). The

Raman spectrum evolves with the number of layers of gra-

phene and is used to determine both the thickness and

electronic structure of the particular film.18 The transferred

graphene showed the typical G-peak around 1584 cm�1 and

2D-peak around 2678 cm�1. The ratio of G/2D-peak heights

indicated that the thickness of the suspended graphene was

monolayer. While we did not make gated structures in this

study to directly get mobility and Dirac point data, in

similar layers on SiO2, we measured mobilities at 300 K of

�3900 cm2 Vs. This is competitive with most literature

values.

The fabricated structures were exposed for different treat-

ment times (typically on the order of 6–60 s) to common sol-

vents (acetone and isopropanol), acids (1:10 HCl:H2O),

bases (ammonium hydroxide, 0.5 M), de-ionized water at

room temperature or oxygen in the form of UV-generated

ozone (the ozone source is air and the temperature of the

process was 25 �C) or an oxygen plasma in a barrel reactor

(the process pressure was 0.5 Torr at 25 �C, oxygen gas flow

was 500 standard cubic centimeters per minute). The resist-

ance of the graphene was subsequently measured with a 2

point probe at room temperature and a bias of 0.5 V as a

function of time after exposure for drying in either air or

vacuum (10�5 Torr). The position of the 2D Raman peak

was also monitored as the graphene surface recovered from

exposure to the chemicals.

III. RESULTS AND DISCUSSION

Table I summarizes the effect of the chemical exposure

on the resistance of the graphene films. There are a number

of noteworthy results, as follows:

(1) Rinsing the graphene surface in acetone or water pro-

duces an initial increase in resistance of 15%–23%.

(2) Isopropanol has a minimal effect on the resistance and

mitigates the effects of an initial exposure to acetone or

water.

(3) UV ozone does not affect the graphene resistance but ex-

posure to the flux of oxygen atoms, molecules, and radi-

cals in a plasma environment increases the resistance by

more than 3 orders of magnitude. The strong effect of

atomic oxygen is consistent with previous reports13,14,16–20

but does point out that using an O2 plasma ashing step to

remove photoresist residues is not benign and attention

must be paid to post-processing steps and recovery of the

initial graphene resistance.

Figure 3 shows the time dependence of graphene resist-

ance after exposure to H2O and subsequent drying in air or

vacuum. Note that the increase in resistance from

1310–1680 X persists much longer for drying in air com-

pared to vacuum and that even in the latter case the recovery

is not complete after 5 h. Some preliminary data shows that

more than 40 h are required to restore the initial resistance at

room temperature. Previous reports have shown that adsorp-

tion of water molecules had profound effects on graphene

band structure and can be used to open a bandgap by break-

ing lattice symmetry.15 A bandgap of 0.206 eV could be

opened by simply exposing the sample to a relatively low

absolute humidity level equivalent to 0.31 kg of water per

1 kg of dry air in an environmental chamber. This effect was

reversible upon drying and the bandgap reverted to 0.029 eV

in vacuum.15 The opening of the gap is most likely due to

the breaking of the sublattice and molecular symmetries of

graphene by the adsorbed water molecules. Berashevich and

Chakraborty20 showed from density functional theory

FIG. 1. (Color online) Schematic of process flow for exposing graphene to

different chemicals and fabricating test structures.
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calculations that adsorption of water molecules has a dra-

matic effect on the band structure of graphene. They found

that clusters of water molecules acted as defects and could

exclude the wave functions of the molecular orbitals corre-

sponding to the a-spin and b-spin states to the opposite edges

of the graphene, leading to breaking of the symmetry. The

resultant bandgap was found to be very sensitive to the inter-

action of the graphene with water molecules, with the

bandgap varying from 0.8–2.0 eV depending on whether the

TABLE I. Summary of experiments to determine how the resistance of gra-

phene was affected by exposure to different chemicals or gases. After expo-

sure to wet chemicals, the graphene surface was blown dry in filtered N2.

Sample

Treat

time (s)

Resistance

(Ohm) 6 50

As grown 1310

Acetone/N2 10/10 1500

Isopropanol/N2 10/10 1300

Acetone/Isopropanol/N2 10/10/10 1300

H2O/N2 10/10 1680

H2O/Acetone/Isopropanol/N2 10/10/10 1390

Diluted HCl/H2O/N2 10/10/10 1580

Diluted Ammonium Hydro-oxide/H2O/N2 10/10/10 1600

UV ozone 60 1200

Oxygen plasma 18 W 6 >106

FIG. 2. (Color online) Schematic of structure for measuring the conductivity of graphene after exposure to different process treatments and optical micrograph

of completed structure.

FIG. 3. (Color online) Time dependence of graphene resistance after expo-

sure to H2O and subsequent drying in air or vacuum.
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dipole moment of the adsorbed molecules was aligned per-

pendicular or parallel to the graphene surface. The same

mechanism might be expected in the case of other polar sol-

vents. Our result shows that even simple exposure to water

can influence the resistance of graphene layers for extended

periods.

It is known that the band structure of graphene band

structure is sensitive to lattice symmetry. There have been

a number of different techniques reported for breakingthis

symmetry and opening an energy gap, including defect gen-

eration,21 doping with species such as potassium,22 the

presence of internal or external electric fields,23,24 or the

adsorption of some gases. The available theory suggests

that adsorbed water molecules break the symmetry by act-

ing as defects. The mechanism for the observed changes

with oxygen plasma exposure is not yet determined but the

oxygen plasma does contain energetic ions and reactive

neutrals that can create displacement defects or alter sur-

face chemistry. In semiconductors, ion-induced defects cre-

ated during plasma exposure may make the surface more

susceptible to reaction with adsorbed molecules. However,

in the case of graphene more work is needed to determine

the mechanism for conductivity changes after oxygen

plasma exposure.

Figure 4 shows the Raman 2D band position for the gra-

phene layers as a function of time after exposure to H2O and

subsequent drying in air or vacuum. We did not observe the

presence of the so-called D peak near 1350 cm�1 due to

defects either before or after chemical exposure. The 2D

peak in graphene is due to two phonons with opposite mo-

mentum and is widely used for the determination of the num-

ber of layers and changes in the electronic structure. In our

case, the 2D peak position gradually recovers back toward

its initial value as a result of drying air or vacuum after

chemical exposure, indicating a recovery of the original

electronic structure as the adsorbed molecules are removed.

Note that the peak position recovers faster for drying in vac-

uum as expected, since the water will be removed faster

from the graphene surface and does not rapidly return to the

original value.

We found that solvents and UV ozone have the least

affect while oxygen plasma had an impact. In semiconductor

fabrication, in some cases, wet processes are carried out at

elevated temperatures. We expect that solvents or UV ozone

treatment at an elevated temperature could show different

magnitudes of the effect on resistance but we have not yet

tried these conditions. Similarly, elevated temperatures dur-

ing recovery after water exposure might be expected to

enhance the recovery rate of the resistance, just as vacuum

drying was more effective than atmospheric pressure. The

bandgap change is clearly not permanent and is impacted by

the recovery conditions.

IV. SUMMARY AND CONCLUSIONS

In conclusion, graphene layers display strong changes in

resistance and position of the 2D Raman band upon expo-

sure to some chemicals commonly used in semiconductor

processing. These parameters for water exposed samples

recover faster for subsequent drying in vacuum compared

to air, and isopropanol is an attractive final rinse after any

previous chemical exposure since it has the least effect on

resistance.

ACKNOWLEDGMENTS

This work was supported by the National Science Council

of Taiwan under Grant No. NSC 100-2112-M-009-018 and

by NSF (J. M. Zavada). A portion of this research was con-

ducted at the Center for Nanophase Materials Sciences,

which is sponsored at Oak Ridge National Laboratory by the

Office of Basic Energy Sciences, U.S. Department of

Energy.

1Owen C. Compton and SonBinh T. Nguyen, Small 6, 711 (2010).
2Jian Lin et al., Small 6, 1150 (2010).
3Goki Eda, Giovanni Fanchini, Manish Chhowalla, Nat. Nanotechnol. 3,

270 (2008).
4Sukang Bae et al., Nat. Nanotechnol. 5, 574 (2010).
5Keun Soo Kim et al., Nature 457, 706 (2009).
6F. Schedin, A. K. Geim, S. V. Morozov, E. W. Hill, P. Blake, M. I. Kats-

nelson, and K. S. Novoselov, Nature Mater. 6, 652 (2007).
7Jeremy T. Robinson, F. Keith Perkins, Eric S. Snow, Zhongqing Wei, and

Paul E. Sheehan, Nano Lett. 8, 3137 (2008).
8C. W. Chen, S. C. Hung, M. D. Yang, C. W. Yeh, C. H. Wu, G. C. Chi, F.

Ren, and S. J. Pearton, Appl. Phys. Lett. 99, 243502 (2011).
9Katsuyuki Wakabayashi, Cynthia Pierre, Dmitriy A. Dikin, Rodney S.

Ruoff, Thillaiyan Ramanathan, L. Catherine Brinson, and John M. Torkel-

son, Macromolecules 41, 1905 (2008).
10C. Casiraghi, S. Pisana, K. S. Novoselov, A. K. Geim, and A. C. Ferrari,

Appl. Phys. Lett. 91, 233108 (2007).
11Sunmin Ryu, Li Liu, Stephane Berciaud, Young -Jun Yu, Haitao Liu, Phi-

lip Kim, George W. Flynn, and Louis E. Brus, Nano Lett. 10, 4944 (2010).
12Gwanghyun Ahn, Hye Ri Kim, Byung Hee Hong, and Sunmin Ryu, Car-

bon Lett. 13, 34 (2012).
13Joshua A. Robinson, Michael LaBella, Mike Zhu, Matt Hollander, Richard

Kasarda, Zachary Hughes, Kathleen Trumbull, Randal Cavalero, and

David Snyder, Appl. Phys. Lett. 98, 053103 (2011).
14Masa Ishigami, J. H. Chen, W. G. Cullen, M. S. Fuhrer, and E. D. Wil-

liams, Nano Lett. 7, 1643 (2007).
15Fazel Yavari, Christo Kritzinger, Churamani Gaire, Li Song, Hemtej Gula-

palli, Theodorian Borca-Tasciuc, Pulickel M. Ajayan, and Nikhil Korat-

kar, Small 6, 2535 (2010).
16Tim O. Wehling, Alexander I. Lichtenstein, and Mikhail I. Katsnelson,

Appl. Phys. Lett. 93, 202110 (2008).

FIG. 4. (Color online) Raman 2D band position as a function of time after

exposure of graphene to H2O and subsequent drying in air or vacuum.

040602-4 Chen et al.: Effects of semiconductor processing chemicals 040602-4

J. Vac. Sci. Technol. B, Vol. 30, No. 4, Jul/Aug 2012

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 23:56:34

http://dx.doi.org/10.1002/smll.200901934
http://dx.doi.org/10.1002/smll.200902379
http://dx.doi.org/10.1038/nnano.2008.83
http://dx.doi.org/10.1038/nnano.2010.132
http://dx.doi.org/10.1038/nature07719
http://dx.doi.org/10.1038/nmat1967
http://dx.doi.org/10.1021/nl8013007
http://dx.doi.org/10.1063/1.3668105
http://dx.doi.org/10.1021/ma071687b
http://dx.doi.org/10.1063/1.2818692
http://dx.doi.org/10.1021/nl1029607
http://dx.doi.org/10.5714/CL.2012.13.1.034
http://dx.doi.org/10.5714/CL.2012.13.1.034
http://dx.doi.org/10.1063/1.3549183
http://dx.doi.org/10.1021/nl070613a
http://dx.doi.org/10.1002/smll.201001384
http://dx.doi.org/10.1063/1.3033202


17Alfonso Reina, Xiaoting Jia, John Ho, Daniel Nezich, Hyungbin Son, Vla-

dimir Bulovic, Mildred S. Dresselhaus, and Jing Kong, Nano Lett. 9, 30

(2009).
18A. C. Ferrari et al., Phys. Rev. Lett. 97, 187401 (2006).
19Min Sup Choi, Seung Hwan Lee, and Won Jong Yoo, J. Appl. Phys. 110,

073305 (2011).
20Julia Berashevich and Tapash Chakraborty, Phys. Rev. B 80, 033404

(2009).

21Xiaochen Dong et al., Phys. Rev. Lett. 102, 135501 (2009).
22Taisuke Ohta, Aaron Bostwick, Thomas Seyller, Karsten Horn, and Eli

Rotenberg, Science 313, 951 (2006).
23Young-Woo Son, Marvin L. Cohen, and Stephen G. Louie, Nature 444,

347 (2006).
24Yuanbo Zhang, Tsung-Ta Tang, Caglar Girit, Zhao Hao, Michael C.

Martin, Alex Zettl, Michael F. Crommie, Y. Ron Shen, and Feng Wang,

Nature 459, 820 (2009).

040602-5 Chen et al.: Effects of semiconductor processing chemicals 040602-5

JVST B - Microelectronics and Nanometer Structures

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 23:56:34

http://dx.doi.org/10.1021/nl801827v
http://dx.doi.org/10.1103/PhysRevLett.97.187401
http://dx.doi.org/10.1063/1.3646506
http://dx.doi.org/10.1103/PhysRevB.80.033404
http://dx.doi.org/10.1103/PhysRevLett.102.135501
http://dx.doi.org/10.1126/science.1130681
http://dx.doi.org/10.1038/nature05180
http://dx.doi.org/10.1038/nature08105

