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We report on our joint spectroscopic study of the thermal reduction process of quasi-monolayer

graphene oxide films grown on fused silica substrates by spin-coating. We estimate that about 65%

of our film area consists of monolayer platelets of reduced graphene oxide, based on our quantitative

analysis of the local atomic force microscopy topography. With thermal annealing under suitable

conditions, clear signatures of monolayer graphene behavior were identified in the resonant excitonic

absorption at 4.55 eV, the overall decrease in the visible-range transmission, the re-emergence of the

Raman 2D band, the red-shift of the Raman G band toward the monolayer position, and the decrease

in the optical sheet resistance in the terahertz range. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4803713]

I. INTRODUCTION

Graphene oxide (GO) has recently emerged as a key

material component in the field of graphene science and

technology.1–5 While monolayer graphene is typically

obtained from graphite by micromechanical exfoliation6 or

grown in a thin-film form by chemical vapor deposition

(CVD),7 graphene oxide can be conveniently extracted from

graphite oxide through chemical exfoliation.4 Thin films of

graphene oxide can then be prepared by solution processing

and subsequently reduced by various means to yield reduced

graphene oxide (rGO), which retains many intrinsic proper-

ties of monolayer graphene.

Despite a number of advantages of the chemical exfolia-

tion approach such as low cost, chemical tunability, and

mechanical flexibility, routinely prepared rGO thin films suf-

fer from a formation of unwanted multilayers, polycrystal-

line structures, incompletely reduced regions, and defects.3

Ingenious chemical, thermal, and plasma- or photon-assisted

reduction methods have been employed to circumvent these

problems in the interest of harnessing and tailoring the

unique functionalities of rGO for a wide range of applica-

tions. Highly desirable in this effort is the development of an

effective method to monitor the thermal reduction process

that focuses on the changes in the intrinsic physical proper-

ties of GO such as its band gap and Raman activity.3,8

Here, we report on our terahertz, optical, and Raman

study of the thermal reduction process of graphene oxide thin

films, based on a complementary set of visible-ultraviolet

(VUV) spectroscopy, Raman spectroscopy, atomic force

microscopy (AFM), and terahertz time-domain spectroscopy

(THz-TDS). Spectroscopic measurements yield a wealth of

information on the intrinsic properties of thin-film materials as

the techniques are nondestructive, contact-free, and coupled to

fundamental electronic and lattice excitations.9–11 We moni-

tored resonant exciton (electron-hole pair) absorption, near

infrared (NIR)-visible transmission,12 the most prominent

Raman peaks, and the optical sheet resistance in the terahertz

range before and after thermal reduction, comparing our obser-

vations with the corresponding features of monolayer graphene

grown by CVD.13–15 Our results confirm that a substantial res-

toration of monolayer characteristics is possible under suitable

thermal annealing conditions, and that chemically exfoliated,

solution-based rGO thin films provide us with a highly viable

option for their synthesis, processing, and future applications.

II. EXPERIMENTAL DETAILS

Our GO thin films were fabricated from a uni-lamellar

GO colloid solution, which was in turn prepared by a modified

Hummers’s method. This wet process chemically exfoliates

bulk graphite oxide in its lateral direction, for its hydrogen

bond-based interlayer contacts are much weaker than the

covalent bonding within its intralayer honeycomb structure.

Although GO was first chemically synthesized from natural

graphite powder by the method of Hummers and Offeman,16

we adopted a modified method17 that involves one more oxi-

dation step for a more reliable oxidation of graphite. Our GO

flakes, which contain oxygen functional groups mainly at

edges rather than in the plane, thereby become hydrophilic

and are well dispersed in distilled water.

Our GO thin films were fabricated by spin-coating

on oxygen plasma-treated (450 W, 300 mTorr) fused silica

substrates. The uni-lamellar GO colloid solution was
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dropped onto a substrate and dispersed by spin-coating,

which is one of the easiest way to make colloid-derived thin

films on a few-layer scale.4 The oxygen plasma on a fused

silica substrate made it hydrophilic and hence amenable to

dispersion of our water-base GO colloid solution. After drop-

ping the colloid onto the substrate, we wait for 5 min to pro-

vide sufficient time for GO to attach to the surface. Then, the

film undergoes a spin-coating process of 3000 rpm for 30 s.

This leads to a formation of mostly monolayer GO platelets

absorbed onto the surface. The size of the graphene oxide

platelets exfoliated by modified Hummer’s method and

coated onto a substrate for this experiment was about a few

hundred nm to a few lm scale (average dimension: 1 lm) as

previously reported by Rani et al.18 (affiliated with our

group). Typically, other groups report that the size of simi-

larly prepared graphene oxide platelets is 0.3–10 lm2 in

area.19 Our GO platelets, sp2 clusters with few defects, as

confirmed by HRTEM (high-resolution transmission electron

microscopy) analysis, are embedded in a sp3 matrix, so oxy-

gen function groups reside mainly at the edge rather than in

the plane.20 A few droplets of the GO colloid were dropped

onto a copper grid (Lacey carbon film on 200 mesh copper

grid), and a transmission electron microscopy (TEM,

JEM.ARM.200 F) was used to acquire the image displayed

in Figs. 1(a) and 1(b). The inset of Fig. 1(b) shows a selec-

tive area diffraction (SAED) pattern, which indicates the pol-

ycrystalline structure of our GO platelets. This TEM image

reveals a stable state of solution prepared by the modified

Hummers’s method adopted in the present study. Our spin-

coated GO thin films on fused silica substrates (Fig. 1(c))

were annealed in vacuum at a pressure of about 4 mTorr.

Although, in previous investigations, reduction was fre-

quently controlled by hydrazine-vapor exposure3,5,11 or

high-temperature annealing,1,21,22 we focused on the effects

of annealing temperature and annealing duration in the pres-

ent study. We loaded our GO thin films inside an annealing

quartz, and furnace-heated the quartz and the enclosed sam-

ple inside up to 850 �C. A rapid increase in temperature was

achieved by pre-heating the furnace. A rapid cooling to room

temperature with a cooling rate of about 10 �C/s was per-

formed to terminate the annealing process as initially

designed. The resulting rGO thin films on fused silica sub-

strates (Fig. 1(d)) later turned out to be composed of primar-

ily monolayer and few-layer rGO platelets (Fig. 1(e)), as

explained below.

The VUV, terahertz, and Raman measurements on our

GO thin films, rGO thin films, and monolayer graphene

grown by CVD were carried out with a grating spectropho-

tometer (Cary 5G), a terahertz time-domain spectrometer

(Teraview 3000), and a WITEC ALPHA300M Raman sys-

tem (532 nm, 2.33 eV), respectively. The VUV transmission

was measured with a sample holder with a 5 mm-diameter

aperture; the transmitted intensity of the substrate (fused

silica), GO/substrate, and rGO/substrate were separately

recorded in the spectral range of 1.5–5.5 eV and later

normalized against the substrate as reference. A similar

approach was adopted for the normalization of the terahertz

transmission spectra. The AFM measurements on our rGO

thin films were performed with a Park Systems XE-100.

Here, we attempt to estimate the portion of monolayer

rGO platelets on the film area. For this purpose, AFM is a

useful tool to measure the actual topography of a film, with

measurements of local film thickness. Fig. 2(a) presents the

AFM image of an rGO film grown on a fused silica substrate

by spin coating and thermally annealed at 850 �C for 30 min.

The inhomogeneity comes from a distribution of rGO plate-

lets, the majority of which consist of monolayer or few-layer

rGO platelets. We identify the lowest-height regions as

monolayer rGO with a thickness of about 1–1.4 nm.3,23 This

is rather large compared to the corresponding value of

0.34 nm of monolayer graphene, but various functional

groups and adsorbed molecules on rGO should certainly lead

to a thickness number much larger than the ideal value for

monolayer graphene.3,5,23,24 Other rGO platelets exhibited a

thickness of 2.8 nm (bilayer), 4.2 nm (trilayer), and more

than 5.6 nm (at least four layers). Our AFM measurements

indicate that voids, monolayers, bilayers, trilayers, and

thicker layers cover about 19, 64.7, 15.5, 0.6, and 0.2%,

respectively (Fig. 2(b)).

FIG. 1. (a) The TEM image of a few droplets of GO on a TEM grid. (b)

High resolution TEM image of GO on a TEM grid. Inset shows the SAED

pattern image. (c) A spin-coated GO thin film on a fused silica substrate. (d)

An rGO thin film on fused silica, obtained by thermal reduction. (e) A sche-

matic illustration (bottom) and the AFM image (top) of our rGO thin film on

a fused silica substrate.

FIG. 2. (a) The AFM image of a spin-coated rGO thin film on a fused

silica substrate annealed at 850 �C for 30 min. (b) The corresponding

layer-dependent color AFM image (black: empty¼ 19%, blue: mono-

layer¼ 64.7%, white: bilayer¼ 15.5%, red: trilayer¼ 0.6%, and violet:

> thicker layers¼ 0.2%).

183502-2 Lim et al. J. Appl. Phys. 113, 183502 (2013)
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III. RESULTS AND DISCUSSION

We begin with the main results of the VUV measure-

ments on our GO and rGO thin films. In Fig. 3(a), the trans-

mission spectra of our GO and rGO thin films are compared

with that of graphene. The transmission of GO is very high,

close to 99%, in our measurement range of 1.5–5.5 eV, con-

sistent with its optical transparency. In contrast, rGO, e.g.,

the one thermally annealed at 850 �C for 30 min, exhibits a

lower transmission of 96–98% and a dip in transmission at

4.55 eV. The transmission of 98% at 1.5 eV in rGO is fairly

close to the corresponding value of 97.7% in graphene,

reported for a freely suspended monolayer in Ref. 12 and

interpreted to confirm the theoretically predicted value based

on its universal absorbance of pe2/�hc, where e, �h, and c are,

respectively, the elementary charge, the reduced Planck con-

stant, and the speed of light in vacuum. More importantly,

the dip feature at 4.55 eV clearly indicates restoration of

monolayer behavior in rGO as this feature matches the corre-

sponding feature in the transmission spectrum of monolayer

graphene grown by CVD (Fig. 3(a)). According to Yang

et al.,9 the direct interband transition in graphene expected at

5.1 eV is smeared out by a strong electron-hole interaction,

and the resulting resonant excitonic absorption causes a dis-

tinct absorption peak to appear at a red shifted energy of

4.55 eV, as verified experimentally by Lee et al.10 Therefore,

the absence and presence of this feature in GO and rGO,

respectively, clearly indicate restoration of monolayer

behavior in rGO. The re-emergence of this feature is most

naturally explained by the freeing of electrons from func-

tional groups and adsorbed molecules in GO during the ther-

mal reduction process. An increase in the electron density is

also consistent with a decrease in the VUV transmission.

In Fig. 3(b), we present the absorbance spectra of GO,

rGO (thermally annealed for 30 min at 550, 650, and

850 �C), and monolayer graphene grown by CVD. The peak

for the resonant excitonic absorption becomes stronger and

narrower with increasing annealing temperature. Thermal

annealing at higher temperatures actually destroyed our GO

thin films. A systematic red-shift in the absorption peak

energy from 4.62 to 4.55 eV is also notable from the absorb-

ance spectra. The 850 �C treatment appears to be the most

effective in restoring monolayer-like behavior with its

absorption peak energy matching that of monolayer gra-

phene whereas the annealing duration did not produce

noticeable changes (not shown). We note here that the

absorption peak energy of 4.55 eV does not strictly guarantee

the truly monolayer structure of our rGO platelets as few-

layer rGO platelets would exhibit a similar feature.

However, our AFM (Fig. 2) and Raman measurements indi-

cate that our rGO thin films consist primarily of monolayer

and few-layer rGO platelets, and, as such, our VUV meas-

urements are to be interpreted to address essentially the intra-

layer characteristics.

Fig. 4(a) presents the main results of the Raman meas-

urements on our GO and rGO thin films along with mono-

layer graphene grown by CVD. The most prominent Raman

peaks observed in graphene are the G band at 1590 cm�1 and

the 2D band (also called the G0 band) at 2700 cm�1 (with a

laser excitation energy of 2.41 eV).3,13,15 The G band is asso-

ciated with the in-plane Raman-active optical phonon of E2g

symmetry at the zone center.25 This band is also present in

GO and rGO, and the main change due to reduction is a red-

shift toward the monolayer position. This is consistent with

the fact that the G band is affected by the free electron

density;13,15 in the present case, electrons trapped by various

functional groups in GO are freed in rGO, leading to an

increase in the free electron density. In contrast, the 2D band

is associated with emission of two in-plane TO (transverse

optical) phonons at the K and K0 points and its spectral posi-

tion is a unique signature of monolayer graphene.3,13,15 We

can clearly notice its absence in GO and its re-emergence in

rGO close to the monolayer position. The D band, absent in

FIG. 3. (a) The optical transmission spectra of GO (blue), rGO (red), and

graphene grown by CVD (black). The rGO sample was annealed at 850 �C
for 30 min. (b) The optical absorbance spectra of GO, rGO (annealed for

30 min at 550, 650, and 850 �C), and graphene. The arrows indicate the

absorption peak energies for rGO and graphene.

183502-3 Lim et al. J. Appl. Phys. 113, 183502 (2013)
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graphene, is visible in both GO and rGO. This band is associ-

ated with emission of an in-plane TO phonon and a defect-

induced elastic scattering event, and its intensity is thought

to indicate the degree of disorder.3,13,15,26 We notice that

rGO (annealed at 850 �C for 30 min) exhibits a much stron-

ger D band to G band intensity ratio than in the case of GO.

This can be naturally explained with an increase in disorder

as the defects associated with the functional groups in GO

become more extended as the functional groups leave the

sample during the thermal reduction process. We also note

the appearance of a new Raman peak at around 2900 cm�1 in

GO and rGO, often assigned as the DþG peak. Finally, the

satellite band (film-substrate interaction related) in graphene

at around 2500 cm�1, which is much weaker than the corre-

sponding 2D band, is absent in GO but faintly observable in

rGO.

Fig. 4(b) summarizes the effect of annealing tempera-

ture on the Raman spectra of rGO relative to GO and mono-

layer graphene grown by CVD. In terms of the spectral

position of the G band and the intensity of the 2D band,

higher annealing temperature was more effective in restor-

ing monolayer behavior. The D band to G band intensity

ratio also increased with annealing temperature as the

removal of the functional groups is correspondingly more

effective at higher annealing temperature. As presented in

Fig. 4(c), annealing duration has varying effects on the

Raman spectra of rGO. For example, for the annealing at

850 �C, the reduction effect was enhanced with longer

annealing duration in terms of the intensity of the 2D band

and the D-to-G band intensity ratio. However, at lower

annealing temperatures such as 550 �C, the enhancement

was minimal. Our observations strongly suggest that a suc-

cessful thermal reduction of GO is possible by a sustained

exposure to high annealing temperature and long annealing

duration.

Fig. 5 presents the transmission spectra (main) and

calculated optical sheet resistance (inset) of our GO, rGO

(annealed at 850 �C for 30 min), and graphene in the tera-

hertz range. Here, we obtain the optical sheet resistance

qðxÞ from the absorbance AðxÞ¼ (4p/c)/qðxÞ.27–29 The

transmission (close to 100%) and the optical sheet resistance

of GO are higher than those of rGO and of graphene, in the

terahertz range. The decrease in the optical sheet resistance

from the GO to the rGO case can be explained with an

increase of the free carrier density through the thermal reduc-

tion process. In our study, the optical sheet resistance of

rGO, over 10 times lower than that of GO, is about 10 times

higher than that of graphene at 7 cm�1, the lowest frequency

of our measurement range. Overall, we notice that rGO with

thermally controllable terahertz transmission and optical

FIG. 4. (a) The Raman spectra of GO (blue), rGO (red), and graphene grown

by CVD (black). Their G bands are scaled to 1:1:0.7, respectively. (b) The

effect of annealing temperature on the Raman spectra of rGO, compared

with GO and graphene. The annealing duration is fixed to 30 min. The

curves are systematically shifted for visibility. The graphene data are scaled

to the G band of GO. (c) The effect of annealing duration on the Raman

spectra of rGO, compared with GO and graphene. The annealing tempera-

tures are 550 and 850 �C. The curves are shifted and scaled as in (b).

FIG. 5. The transmission spectra (main) and optical sheet resistance (inset)

of GO (blue), rGO (red), and graphene grown by CVD (black).

183502-4 Lim et al. J. Appl. Phys. 113, 183502 (2013)
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sheet resistance can be conveniently fabricated from a GO

solution.

IV. CONCLUSIONS

In conclusion, we have studied the optical and Raman

spectra of GO, rGO, and monolayer graphene grown by

CVD, observing key spectral signatures for restoration of

monolayer behavior after thermal reduction of GO to rGO.

Changes in the VUV transmission, the re-emergence of the

resonant excitonic absorption, the re-emergence of the Raman

2D band, the red-shift of the Raman G band, and the decrease

in the terahertz transmission and optical sheet resistance all

consistently demonstrate that under suitable annealing condi-

tions, it is possible to form monolayer rGO platelets on the

majority of the film area. Higher annealing temperature and

longer annealing duration led to more intrinsic monolayer

graphene behavior. Our study therefore provides us with an

exciting possibility to retain monolayer rGO thin films by

solution processing and to characterize them with reliable,

accurate, and physically insightful spectroscopic tools, all of

which will certainly be useful additions to the forthcoming

advancements in the field of graphene science and

technology.
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