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The effect of vacuum annealing followed by exposure to oxygen and water vapor on the

unintentional doping of CVD-grown graphene was investigated. CVD graphene samples were

cycled between room temperature and 500 �C in vacuum while in situ Raman measurements were

recorded. During the heating and cooling cycle, a hysteresis in the Raman response due to the

desorption of p-dopants was observed. Upon exposure to O2 gas or air, a blue shift in the Raman

response with respect to the as grown film was observed which was due to increased adsorption of

p-dopants on the sample. Experiments showed that a combination of water vapor and oxygen is

more effective in p-doping the samples than just oxygen and that the doping effects are reversible

in both cases. Electrical measurements performed on back-gated field effect graphene devices

indicate that shifts in the Dirac point correlate well to the shifts in the Raman peak positions as

well as changes found in XPS and Kelvin Probe measurements, verifying the changes in doping of

the graphene. VC 2012 American Vacuum Society. [http://dx.doi.org/10.1116/1.4731472]

I. INTRODUCTION

The development of CVD graphene1,2 is of technological

importance as it readily enables large area films from which

transparent electrodes, transistors, and other electronic devices

can be developed.3–5 However, CVD graphene requires the re-

moval from its metal growth substrate for integration into

components and devices. This process often involves expo-

sure of the graphene to a range of aqueous solutions as well as

the atmospheric gas environment,6 resulting in a host of

chemical groups that are attached to the graphene once it is

transferred to the target substrate. The impact of these chemi-

cal species on single layer graphene is of significant impor-

tance in controlling the electronic properties as molecules

adsorbed on the surface may change the level and nature of

doping in the graphene and is often not the intent of the pro-

cess (referred to as unintentional doping).7 Previous research

has shown that the doping level in graphene can be modified

through adsorption or desorption of gas/vapor molecules (e.g.,

H2O, CO, NH3, etc.).8 This effect has been explored in order

to develop graphene for environmental and biological sensor

applications.9–13 Other examples of such graphene-based

devices include ultrafast sensors made using positively gated

reduced graphene oxide field effect transistors (FETs)14 and

low cost, miniaturized graphene pH sensors.15

Thermal annealing has been investigated as a method to

change the interaction of graphene with adsorbed molecules

from the environment thereby affecting its electrical

properties.16–20 However, it is still unclear as to the

mechanisms or functional groups which are responsible for

the unintentional doping in graphene, and how the attach-

ment of the functional groups correlates to shifts in the p-

doping level and charge mobility of graphene. Therefore,

additional work is needed to better understand this environ-

mentally induced unintentional doping effect and the degree

to which it can be controlled or manipulated.

Here, we present a study of the effects of vacuum anneal-

ing and the subsequent exposure of CVD graphene to con-

trolled environmental conditions on its unintentional doping

levels. CVD graphene films were grown on copper foils and

subsequently transferred onto insulating substrates. The gra-

phene films were characterized in an environmental chamber

using in situ Raman spectroscopy and ex situ x-ray photo-

electron spectroscopy, Kelvin probe measurements, and

using back gated field effect transistor structures before and

after annealing. The results indicate that the vacuum anneal-

ing process alters the concentration of adsorbed/desorbed

molecules on the CVD graphene, as expected. However, this

desorption process leaves active sites for oxygen and water

vapor molecules from the environment to be re-absorbed on

graphene resulting in a more highly p-doped film. The com-

plexity of the process shows the importance of the thermal

and environmental history on the unintentional doping of

graphene films.

II. EXPERIMENT

Graphene was grown on 25 lm Cu foils using a low pres-

sure chemical vapor deposition technique.5 The Cu sub-

strates were heated up to 1000 �C in a low pressure Ar/H2

environment and were annealed for 30 min to increase the
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Cu grain size. In a typical growth step, CH4 was introduced

for 15 min, and the sample was cooled to room temperature

rapidly maintaining the same gas flow. The graphene sam-

ples were transferred onto SiO2 substrates while care was

taken to minimize the introduction of defects during the

transfer process.5 During the transfer process, the Cu was

etched in iron chloride (30%) overnight and graphene sam-

ples were treated with hydrochloric acid (10%) for 10 min,

followed by washing in deionized water to remove contami-

nants on the graphene film.21

After their transfer onto the SiO2 substrate, Raman spec-

troscopy was utilized to investigate the quality of the as-

grown graphene on Cu by examining the D, G, and 2D

bands. All spectra were excited with visible (532 nm) laser

light and collected in the backscattering configuration with a

laser power below 0.5 mW to avoid laser-induced heating.16

A 50x objective lens was used to focus the laser on the gra-

phene samples during the Raman measurements. The sam-

ples were placed inside an environmentally controlled

microscope stage with heating, vacuum, and gas delivery

capability (Linkam TS 1500) for in situ Raman measure-

ments. The thermal stage was mounted onto an X-Y-Z

micropositioning stage to control focusing and the measure-

ment position. A quartz window was used to allow optical

access to the sample while a vacuum pump was used to

evacuate the pressure down to 1 mTorr. The temperature

was controlled between room temperature and 500 �C. The

drift of the laser spot on the graphene due to thermal expan-

sion was minimized before all measurements. The sample

was heated up to each set point temperature and held for

15 min to ensure temperature stability and to allow for de-

sorption of surface functional groups bonded to the sample.

Raman measurements were performed at each temperature

set point both on heat up and cool down at several different

spots on the surface of the graphene to verify reproducibility.

After cool down, the sample was exposed to N2, O2, and air

while Raman measurements were repeated on the same mea-

surement locations using the micropositioning stage. All

Raman peaks were fitted with Gauss-Lorentzian line shapes

to determine the peak position, linewidth, and intensity of

the D, G, and 2D Raman peaks. A Thermo K-Alpha x-ray

photoelectron spectroscopy system was also utilized to deter-

mine the elemental composition of the graphene and chemi-

cal bonding state before and after annealing and re-exposure

to air as well. The transferred graphene films were also fabri-

cated into back-gated field effect transistors with Au/Cr con-

tacts to test the mobility, doping level, and observe the

position of the Dirac neutrality point. Highly p-doped Si was

used as the gate and a 300 nm of thermally grown oxide as

the gate dielectric. Finally, a Besocke Delta Phi Kelvin

Probe system was used to evaluate the work function of the

graphene before and after vacuum annealing and re-

exposure to air.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the graphitic peak position

measured under controlled environmental conditions. Red

and blue data indicate the measurement results during the

heat up and cool down process of each graphene film,

respectively. The G and 2D peak positions shifted to lower

wave numbers as the temperature increased as previously

observed.22,23 This is partially attributed to both a tempera-

ture effect and thermal expansion of graphene at high tem-

peratures. The intrinsic temperature effect depends on

anharmonic potential constant as well as phonon occupation

number. As the Debye temperature of carbon materials is

�2800 K, the anharmonic contribution can be ignored.16

Therefore, direct coupling of the phonon modes and thermal

expansion induced volume change both contribute to the

resulting temperature dependence of Raman spectra. In addi-

tion, vacuum annealing at elevated temperature can cause

desorption of oxygen groups and moisture which results in

de-doping of graphene. A decrease in Raman graphitic peak

position due to the de-doping process may also occur. A sud-

den drop in G and 2D peak position measured after vacuum

annealing at 100 �C is indicative of possible evaporation of

moisture of the substrate. A hysteresis effect observed in G
and 2D peak positions measured during heat up and cool

down process confirm that the desorption of oxygen groups

and moisture during vacuum annealing has some impact on

the Raman peak position. This is in contrast with previously

observed temperature dependence of exfoliated gra-

phene16,23,24 where G and 2D peaks showed a red shift of

FIG. 1. (Color online) (a) Temperature dependence of G peak with

�12 cm�1 blue shift due to vacuum annealing and re-exposure to air. (b)

Temperature dependence of 2D peak with �9 cm�1 blue shift due to vac-

uum annealing and re-exposure to air.

041213-2 Sojoudi et al.: Impact of post-growth thermal annealing and environmental exposure 041213-2

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

Downloaded 22 Aug 2013 to 18.63.6.21. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvstb/about/rights_and_permissions



�5 cm�1 and �3 cm�1 due to vacuum annealing, respec-

tively. Temperature coefficient for the shift in the G and 2D

bands in CVD-grown graphene was measured as

0.024 cm�1 �C�1and 0.044 cm�1 �C-1, respectively. This

indicates the higher sensitivity of the 2D peak to temperature

change as the 2D peak is a second-order phonon peak and

the shift is enhanced for the second harmonic.25

After vacuum annealing and cool down, the sample was

exposed to N2 gas in the Linkham stage and the Raman

measurements were repeated after 30 min as a control. The

peak positions did not experience a significant change as

expected. Next, O2 was introduced inside of the Linkham

stage and the samples were exposed from 5–60 min. In situ
Raman measurements showed a significant increase in the G
and 2D peak positions. It is important to note that a satura-

tion in the oxygen adsorption was observed as further

increase in exposure to O2 gas did not result in an additional

shift in the peak position.19 Following oxygen exposure, the

sample exposed to air resulting in a further increase in the

Raman peak positions indicative of additional doping

through the adsorption of water vapor to the edges and defect

sites of the graphene.16 Figure 1(a) shows the blue shift in

the G peak position up to �12 cm�1, which is in accordance

with other reported doping effects by air exposure.25,26 The

2D peak position is known to increase with hole doping and

decreases with electron doping.25 In our analysis, the 2D

peak position shifted �9 cm�1 through O2 exposure fol-

lowed by air exposure. The observed shift in the 2D peak

position induced by atmospheric p-dopants is similar to the

one that reported after graphene p-doping by electrostatic

gating.16,25 It is important to note that this vacuum annealing

and re-exposure to air process does not induce defects to the

structure of the graphene. Raman spectra of graphene after

undergoing vacuum annealing, cooling, and air/gas exposure

cycles show no detectable defect peaks as shown in the

supplementary material Fig. S1.27

Since it is believed that the oxygen containing groups re-

sponsible for the p-doping are physisorbed to the graphene,

their attachment and detachment may be reversible depend-

ing on changes in the environmental conditions. To explore

this, another set of measurements was performed to investi-

gate the reversibility of the doping process through O2 gas

and air exposure. Figure 2(a) shows the in situ Raman G
peak position of graphene samples having undergone various

annealing and gas/air exposure steps. First, sample #1 was

placed inside of the Linkham stage and heated in vacuum to

500 �C, resulting in a decrease in G peak position from

1587 cm�1 down to 1574 cm�1. Upon cooling to room tem-

perature, the peak position increased, but remained at a

reduced value of 1581 cm�1 corresponding to the de-doping

of the graphene film. Next, a N2 exposure resulted in no sig-

nificant change in the Raman peak position. After the N2 ex-

posure, a 5 min O2 exposure resulted in a significant shift in

the G peak position to 1585 cm�1 while further exposure

from 30–60 min caused a slight change to 1587 cm�1. This

indicates that the O2 adsorption is a fast process and satu-

rates before an hour exposure.19 Re-exposure of the sample

to N2 environment for 30 min resulted in a decrease in the

peak position back to 1581 cm�1 showing the reversibility of

the doping process by O2 adsorption. Subsequent exposure

to oxygen resulted in the G peak shifting back to its saturated

O2 doped position of 1587 cm�1. This is in accordance with

the reversibility of doping with dry O2 reported for exfoli-

ated graphene.19 Subsequent exposure to air resulted in a sig-

nificant increase in the G peak position to 1594 cm�1 as

shown in Fig. 2(a). In Fig. 2(b) sample #2 was subjected to a

similar heating and cooling cycle, but exposed to air directly

rather than having an intermediate O2 exposure step. As

expected, a significant blue shift was observed in Raman G
peak position, increasing from 1581 cm�1 after vacuum

annealing to 1594 cm�1. However, in contrast to doping with

FIG. 2. (Color online) Oxygen and water vapor doping reversibility study.

(a) Variation in G peak position of sample #1 as it undergoes annealing and

gas/air exposure steps. (a) Variation in G peak position of sample #2 as it

undergoes annealing and gas/air exposure steps. (c) Variation in FWHM (G)

peak of sample #3 as it undergoes annealing and gas/air exposure steps. (d)

Variation in FWHM (G) peak of sample #3 as it undergoes annealing and

gas/air exposure steps.
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dry O2, exposure of the sample to a N2 environment did not

shift the peak position back to its initial position of

1581 cm�1, but 1589 cm�1. It should be noted that the sam-

ple exposed to air can be doped by water vapor as well as O2

and other oxygen containing molecules. The decrease in the

doping level during the exposure to dry N2 may be a result

of the removal of molecules such as O2 that are weakly

absorbed to the graphene. However, other molecules such as

water have much stronger bonds to the graphene and do not

readily desorb in the dry N2 environment. Next, the sample

was vacuum annealed in the Linkham stage up to 500 �C to

determine if the adsorbed molecules could be removed. The

data show that after heating to 500 �C and cooling back to

room temperature, the Raman peak position returned to

1581 cm�1. Again, another exposure to air resulted in an

increase in the Raman peak position to 1594 cm�1 demon-

strating the reversibility of the process. Additional O2 gas

followed by air-exposure did not result in a significant shift

in the peak position.

Figures 2(c) and 2(d) illustrate the variation of FWHM of

the G peak and intensity ratio of 2D to G peak (I2D/IG) of

sample #3 before and after vacuum annealing and controlled

exposure to different gas/air environments. The significant

difference of intensity ratio while heating and cooling is an

indication of a change in the electronic structure of CVD

graphene due to annealing in vacuum and before exposure to

air. A sharpening of �3 cm�1 in G peak with 0.5 decrease in

the I2D/IG ratio was observed. The change in the FWHM of

the G peak and I2D/IG ratio for both samples having under-

gone N2, O2, and air exposure cycles is consistent with the

shift in the G and 2D peak position indicative of de-doping

and p-doping processes. However, FWHM of the G peak

experienced a temperature dependence which is in contrast

with the previous report.23

To investigate the effect of the thermal annealing of CVD

graphene and re-exposure to air on its chemical composition,

x-ray photoelectron spectroscopy was utilized. XPS data were

acquired using a spectrophotometer (VG Scientific ESCALAB

210) with an Al Ka x-ray source (ht ¼ 1486:68 eV). Each

surface was examined over a minimum of at least three spots.

XPS measurements were first conducted on a SiO2 substrate

that had been taken through the same graphene transfer pro-

cess. This initial test was designed to determine the baseline of

any residual elements and chemical groups on the substrate.

Next, CVD graphene films transferred onto SiO2 substrates

were measured before as well as after vacuum annealing fol-

lowed by re-exposure to air. The survey scan spectra were col-

lected over the binding energy (BE) range of 0–1100 eV with

a step size of 1 eV at a pass energy of 200 eV and a spot size

of 400 lm. This scan showed the most prominent peaks to be

C1s and O1s. Oxygen was abundant on the surface, as the gra-

phene had been transferred to a substrate of SiO2. Conse-

quently, it was not easy to detect changes in the oxygen peak

in samples that were evaluated before and after the heat treat-

ment. Therefore, only high resolution XPS spectra of C1s BE

acquired over 282–293 eV with 400 lm spot size, 0.1 eV step

size, and 50 eV pass energy (in Fig. 3) were used for analysis.

Thermo Avantage v4.54 Build 02750 software was utilized for

the analysis of the collected spectra where a Shirley-type back-

ground was subtracted and 70% Gaussian-30% Lorentzian

curve fitting was performed. The O1s BE was utilized for cali-

bration purpose through charge shifting the O1s peak from

SiO2 to BE of 533 eV.28 The O1s BE before and after vacuum

annealing and re-exposure to air is given in the supplementary

material Fig. S2.27 In order to deconvolute the C1s peak, its

BE was set at 284.6 eV, and the peak-fitting procedure was

repeated until an acceptable peak was obtained. A line shape

analysis revealed four main components centered at binding

energies of 284.6, 285.4, 286.1, and 287.8 eV. In agreement

with results published elsewhere,29 the peak at 284.6 eV is

assigned to the C-C (sp2), while the 285.4, 286.1, and 287.8 eV

are attributed to defect (sp3), C-OH, and C¼O, respectively.

These peaks verify the presence of surface functional groups

on CVD graphene due to the process it undergoes in growth

and transferring onto insulator substrates. The atomic concen-

tration of different peaks assigned to C1s was compared before

and after vacuum annealing followed by exposure to air (see

Table I). Hydroxyl (-OH) and carbonyl (C¼O) groups are the

most dominant groups that decrease after vacuum annealing

and re-exposure to air. This decrease provides more room for

oxygen and water vapor to be adsorbed on graphene upon ex-

posure to dry gas or air and that results in an additional

p-doping of graphene. The energy position of the C1s core

level peak shifts as indicated by the dashed line in Fig. 3 which

is in accordance with previous reports of graphene

p-doping through chemical treatment.29 As explained earlier,

oxygen and water vapor are well-known electron acceptors.

FIG. 3. (Color online) Core-level x-ray photoelectron spectroscopy (XPS)

peaks showing typical shift and broadening caused by vacuum annealing

and exposure to air.

TABLE I. (Top) Work function changes with vacuum annealing and exposure

to air measured by Kelvin Probe. (Bottom) Atomic % of different peaks

assigned to C1s before and after vacuum annealing followed by exposure to

air.

Before annealing

5.0 6 0.05

After annealing

5.2 6 0.05

Work function At. % At. %

XPS C (sp2) 284.6 eV 61.2 68.5

C (sp3) 285.4 eV 12.5 14

C-OH 286.1 eV 14.1 5.7

C¼O 287.8 eV 12.2 11.8
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Therefore, adsorption of these species on graphene makes

electron ejection more difficult, which translates to a higher

C1s BE Table I summarize those changes in the atomic per-

centages before and after annealing and re-exposure to air.

To further investigate the p-doping in graphene due to

annealing followed by air exposure and to corroborate the

results of XPS and Raman spectroscopy measurements, elec-

trical characterization using field effect transistors was per-

formed. A back-gated FET was fabricated by transferring

CVD graphene onto heavily doped Si with a 300 nm thick

thermal oxide layer followed by lithography, plasma etching,

and Cr/Au metallization with a FET channel size of 50 lm

wide and 2 mm length. The image of the device is shown in

Fig. 4(a). Figure 4(b) shows source-drain current (IDS) versus

gate voltage (Vg) of a graphene-based FET device as trans-

ferred and then after annealing and re-exposure to air. A pos-

itive neutrality point voltage (VNP) on the order of 20 V

demonstrates p-doped characteristics, which are attributed to

chemical groups bounded to graphene due the transfer

process. The electron and hole mobility for the as-made de-

vice is �108 6 50 cm2/Vs and �217 6 50 cm2/Vs. Anneal-

ing at 200 �C results in a decrease in VNP close to zero and

an increase in electron and hole mobility up to �217 6 50

cm2/Vs and �434 6 50 cm2/Vs, respectively. This is due to

the removal of p-dopants by annealing that leads to pristine

graphene with higher mobilities. After annealing and re-

exposure to air, an increase in the VNP higher than 60 V

observed. This confirms an increase in accumulation of

p-dopants due to annealing and re-exposure to air. A dopant

concentration of 1� 1013 cm-2 was calculated for the device

after annealing and re-exposure to air with a hole mobility

65 6 35 cm2/Vs. Figure 4(c) shows the IDS vs Vg measured

on the same sample after being annealed. An increase in

annealing time and temperature showed a decrease in VNP

corresponding to the de-doping process. This confirms the

removal of p-dopants due to annealing as the VNP shifted to

zero voltage after 3 h annealing indicative of very little dop-

ing in the graphene sample. The stability and reversibility of

atmospheric doping were also investigated. To this end, the

annealed sample at 200 �C for 3 h exposed to air for 1 h. VNP

is shifted from zero to more than 10 V indicative of p-doping

and electron and hole mobility decreased to the order of

�130 6 50 cm2/Vs and �220 6 50 cm2/Vs, respectively.

The sample underwent the same heat treatment cycle and as

a result VNP shifted back to zero and electron and hole mo-

bility shifted back to their initial values. (�217 6 50 cm2/Vs

for electrons and �434 6 50 cm2/Vs for holes.) However, an

inert N2 environment resulted in no change in the VNP. The

observed atmospheric doping effect reversible by heat treat-

ment and irreversible by N2 environment is consistent with

the Raman measurements.

The work function of graphene before and after vacuum

annealing and environmental exposure was measured by

Scanning Kelvin Probe (Besocke Delta Phi).30,31 Kelvin Probe

work function measurements were averaged over three loca-

tions on each substrate. A highly ordered pyrolytic graphite

sample with a work function of 4.5 eV was used as the refer-

ence sample. The measurement results are shown in Table I.

The work function measured on as-transferred CVD graphene

was �5 eV which is higher than pristine graphene, �4.7 eV,

indicative of intrinsically p-doped sample. Kelvin probe

measurements were repeated on transferred CVD graphene

after vacuum annealing and re-exposure to air. An increase in

the work function after annealing and re-exposure to air up to

0.2 eV was observed indicative of further adsorption of atmos-

pheric p-dopants. A higher annealing temperature results in

heavier p-doping, which translates to more shift in the Fermi

energy level. This increase is considered to provide direct

evidence for chemical/molecular desorption/adsorption of O2,

H2O, and chemical groups on the graphene surface.

IV. CONCLUSIONS

We demonstrate that a change in the oxygen containing

groups on the graphene film induced by both annealing and

FIG. 4. (Color online) (a) IV curve showing p-doping of graphene after

annealing and re-exposure to air. (b) De-doping of graphene due to heating

in vacuum over time. Inset: Schematic of device (stack).
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re-exposure to air results in a p-doping on graphene samples.

The shift in the Raman graphitic peak positions and neutral-

ity point of FET device made of graphene before and after

annealing confirms this change. XPS measurements revealed

the change in chemical species on graphene, resulting in a

p-doping. The change in the Fermi energy level was confirmed

by work function measurements before and after annealing

and exposure to air. The ability to use vacuum annealing to

systematically tailor the surface potential of CVD graphene

makes it a potential material for device applications.
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