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By white light contrast spectroscopy, we have successfully identified number of graphene
oxide (GO) layers (<10 layers) and obtained a new refractive index of GO sheets (<10 layers)
of ngo = 1.2-0.24i. For few layers (<10 layers) GO sheets, both the contrast at ~580 nm wave-
length and the Raman intensity of G band linearly increase with the increase of the layer
numbers. However, due to the laser induced heating effects and the requirement of a ref-
erence Raman spectrum in Raman spectroscopy measurements, contrast spectroscopy is
non-destructive and more efficient. Simulations based on the Fresnel’s equations agree
well with evolution of the contrast and G band intensity as a function of number of layers.
The precise refractive index of GO obtained in this work can be widely used in further study
of GO. Therefore, our experimental contrast values can be directly used as a standard to
identify the thickness of GO on Si substrate with 300 nm SiO, capping layer, which paves
a novelty way towards future fundamental research and applications of graphene-based
materials.

© 2012 Elsevier Ltd. All rights reserved.

ness of GO sheets will intensify the study and exploration of
GO sheets. In the past few years, many methods [1,2,15-18]

1. Introduction

Graphene oxide (GO) sheets, free-standing two-dimensional
compounds with a variable ratio of carbon, oxygen and
hydrogen, have attracted significant attention because GO
sheets can be used for highly sensitive biosensing [4], biocom-
patible drug delivery [5], energy [6,7] and high-capacity hydro-
gen storage [8,9]. The electrical, mechanical, thermal and
optical properties of GO are strongly dependent on the chem-
ical and atomic structure [10-14], which can cover a broad
scope via chemical approaches. However, the determination
of number of GO layers remains to challenge to fully under-
stand and further develop potential applications for GO
sheets. A fast and accurate method for identifying the thick-

have been developed to identify the number of graphene lay-
ers, but only the optical methods are non-destructive and fac-
ile, such as Raman spectroscopy [15,19-23], contrast
spectroscopy [24], Rayleigh spectroscopy [25] and optical
microscopy [26-28]. Due to the weak optical absorbance that
originates from both the large optical gap caused by sp®
hybridization of the functional groups and the adsorbed
water on GO sheets, the identification of the thickness of
GO sheets has been only rarely studied. Compare to graphene,
GO sheets have a paler color and weaker optical absorbance.
Moreover, GO sheets can be easily reduced or damaged by
the laser or heating. Some optical microscopy, which is used
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to characterize graphene [26-28], is not an ideal method to di-
rectly and accurately identify the thickness of GO sheets. Up
to now, only a few papers reported the visualization of GO
sheets by fluorescence quenching microscopy (FQM) [29-32],
which was not capable of identifying the number of GO lay-
ers. For the accurate identification GO thickness, a more di-
rect and efficient method is desirable. Jung et al. [3] utilized
a laser source with three different wavelengths to obtain a
high-contrast optical image of GO sheets. However, the three
individual contrast values could not provide a complete re-
sponse of GO layers over the entire optical region, which
may limit the general adaptation of this method due to the
strict requirements of laser sources. In addition, in contrast
to graphene or reduced GO sheets, GO is very sensitive to la-
ser irradiation and easily reduced by laser induced heating
[33,34]. Therefore, low-power-based optical contrast spectros-
copy, with its advantages of rapid and non-destructive, is a
unique technique for identifying GO sheets. In this work, a
white light source is used to identify the number of GO layers.
This technique enables a contrast spectrum to be acquired
ranging from 420 to 800 nm. In comparison, Raman spectros-
copy is employed to determine the number of GO layers.
While accounting for the laser heating and the requirement
of a reference spectrum for the Raman spectroscopy, the con-
trast spectra and images can accurately and directly deter-
mine the thickness of GO sheets. To further understand the
contrast spectra of GO sheets, Fresnel‘s equations are used
to simulate the contrast of GO sheets [24]. The simulation re-
sults were well-matched with the experimental data within
the range from 520 to 800 nm. The experimental data can
be used as a criterion to determine the number of GO layers
accurately and directly.

2. Experimental

2.1. Chemicals

Commercial expanded graphite, 98% H,S0,, 30% H,0,, 85%
H,;PO, and KMnO, from Sigma-Aldrich were used without fur-
ther purification. Distilled water was used in all the processes
of aqueous solution preparation and washing.

2.2.  Synthesis of GO

Commercial expanded graphite (CEG) was used to synthesize
GO by a modified Hummers method [35-37]. In a different
manner from our previous work [38], 3 g of CEG was added
into a 9:1 mixture of concentrated H,SO,/H3PO,4 (360:40 mL)
in a flask, which was immersed in an ice bath. Afterwards,
15 g of KMnO, was slowly added to the solution. Meanwhile,
the temperature of the mixed solution was maintained below
20 °C for 2 h to avoid overheating and explosion. The mixture
was stirred for five days. Subsequently, 10 mL of 30% H,0,
was added to the solution to completely react with the
remaining KMnOy,, resulting in a bright yellow solution. Final-
ly, the mixture was washed with H,0 until the pH of the solu-
tion was approximately 5. GO powder was obtained after
freeze drying the suspension.

2.3.  Preparation of thin-film GO

Si wafer with a 300 nm SiO, (SiO,/Si) capping layer was used
as a substrate for preparing GO films. The SiO,/Si substrates
were cleaned in piranha solution [11] (a 3:1 mixture of con-
centrated 98% H,SO,4 and 30% H,0,) at 100 °C for 1 h. The sur-
faces of the SiO,/Si substrates became hydrophilic after the
piranha treatment. The GO films were deposited onto the
Si0,/Si substrates by the dip-coating method.

2.4. Contrast and Raman measurement

Both contrast and Raman spectra were measured on a WITEC
CRM200 Raman system with a 100x objective. For contrast
measurement, we used a normal white light (tungsten halo-
gen lamp, excitation range from 400 to 800 nm, across a
1mm slit) as the source to emit the incident light. The re-
flected light was collected via backscattering configuration
(with a 100 pm pinhole) and directed to a 150 lines/mm grat-
ing and detected with a TE-cooled charge-coupled-device
(CCD). The reflection spectra obtained from GO were com-
pared with that from a background spectrum of SiO,/Si to
generate the contrast spectra. For Raman measurement, the
excitation source is 532 nm with a laser power 0.1 mW. A
short integration time 3 s was used in this measurement in
order to reduce the effect of laser-induced heating as much
as possible. The contrast and Raman images were obtained
by scanning the sample on a piezostage under illumination
of white light and laser, respectively. The ScanCtrl Spectros-
copy Plus software (WITec GmbH, Germany) controlled the
stage movement and recorded the data point by point. WITec
Project software is used to perform the analysis of the spectra
and mapping images.

3. Results and discussions

Fig. 1a presents an optical image of GO sheets on a SiO,/Si
substrate. The GO sheets show five areas of different contrast,
which are likely due to five different thicknesses. The thick-
nesses of the GO sheets are further investigated by tapping
mode AFM and the image is shown in Fig. 1b. From the inset
of the height profiles in Fig. 1b, the thickness of single-layer
GO sheet is observed to be approximately 1 nm (the inset of
the height profile with white color) [10,39-41]. As the number
of layers increases, the thickness linearly increases. For
example, 2.1, 3.2, 4.2 and 5.3 nm correspond to two, three,
four and five layers, respectively (the inset of the height pro-
file with green color). Fig. 1c displays the typical Raman spec-
tra of a GO sheet with a single-layer to five-layer sample,
which were measured under the same conditions. The two
main peaks observed at 1342 and 1589 cm™ are the D and G
band, respectively [33]. As shown in the inset image in
Fig. 1c, the intensity of the G band increases linearly as the
number of GO layers increases, which is similar to observa-
tions reported in previous work [34]. Fig. 1d shows the typical
Raman mapping of a GO sheet with a single-layer to five-layer
sample plotted against the G band intensity of the GO sheet. It
clearly presents five different intensities.



530

CARBON 52 (2013) 528-534

(a) (C) ~—2100 F £
1800 | g
v S =
L1500 | T
@« 2
S1200} Blid oo
1 = = BT e
= Number of Layers
5 3 o @ 2
2 5 @
‘= 600
=
S 300 -
m 1 L 'l 1 1 Il 1  — |
1200 1500 1800 2100 2400 2700 3000 3300
Raman shift (cm )

Fig. 1 - (a) and (b) Optical and cross-sectional AFM images of GO sheets with 1-5 layers, respectively. The inset curves in (b)
represent the z-profiles. (c) The Raman spectra as a function of the number of layers, which shows a linear relationship
between the G band intensity and the number of GO layers. (d)The Raman image plotted against the G band intensity of the

GO sheet.

To further extend the scope of the above mentioned G-
intensity method, a thicker GO sheet (>5 layers) was studied.
The thicknesses of the GO layers were characterized by AFM
(Fig. 2a). Fig. 2b shows the optical image of the homologous
GO sheets, which are labeled by the number of the layers
according to the corresponding z-profiles from the AFM image.
Similar to the 1-5 layered GO sheets, the Raman intensity of G
band was observed to linearly increase as the number of GO
sheets increased to 10 layers, and similar observations were
made for few-layer graphene [42]. For more than 10 layers,

the intensity of the G band slightly increases (10-27 layers),
and then decreases as the number of GO layers increases.
Although the linear relationship between the G band intensity
and GO sheet thickness (<10 layers) exists, the precise identify
number of layers of the GO sheet cannot be identified, because
the absolute Raman band intensity can be affected by many
factors. To use this method, a pre-determined single layer GO
sheetis required as a reference. In addition to the lack of a ref-
erence spectrum, laser-induced heating is another major
impediment, which will be discussed later.

1
o 1 Hoight 5004m

Fig. 2 - (a) AFM image of GO sheets with various thicknesses. (b) The corresponding optical image of the GO, which is marked
by the number of the layers identified by AFM. (c) The optical image of the GO sheets after Raman measurements. The green
circles show the area reduced by the laser. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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During the Raman measurements, the areas irradiated by
the laser beam were observed to darken in the optical image
as shown in Fig. 2c, and are marked by green circles.

To investigate the effects of laser-induced heating on GO
sheets, two-step Raman mapping was performed. Firstly, a
4x4pm square region was scanned at a laser power of
0.1 mW, and the integration time for each spectrum was
0.5 s. These conditions were used because the laser-induced
heating effects were minimal and an acceptable Raman signal
to noise ratio was achieved. Subsequently, a larger area,
which included the square area previously mapped, was
mapped under the same condition as in the first step
(Fig. 3a). Although a very low laser power and short integra-
tion time were used for the acquisition of Raman measure-
ments, reduction [34] of the GO sheets by the laser
irradiation was unavoidable. The dark area highlighted by
the dash line in Fig. 3a provides evidence for this effect
[33,34] As shown in Fig. 3b, the decrease in the Raman inten-
sity before and after Raman mapping is obvious, which indi-
cates that laser irradiation greatly influences the GO sheets.
The decrease of intensity of the Raman modes is due to the
partial removal of functional groups from the GO with the la-
ser irradiation during the Raman measurements. These ef-
fects prohibit the use of Raman spectroscopy as a reliable
method to identify the thickness of GO sheets.

Because the Raman measurements always reduce the GO
sheets due to laser-induced heating, contrast spectroscopy
and mapping under white light illumination were exploited
to determine the thickness of GO sheets.

The origin of the contrast can be explained by Fresnel’s
equations. Consider the incident light from air (no= 1) onto
a GO, SiO,, and Si trilayer system. The reflection amplitude
from the air/GO/SiO,/Si system, ry can be calculated by Fres-
nel equation,

, Tor + 1 - e 2
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Here, 1’ is the reflection coefficient at the GO/(SiO, on Si) inter-

face. 1y = 2™ jg the reflection coefficient at the air/GO inter-

Nno+ny

face. rqyy :”jﬁi is the reflection coefficient at the GO/SiO,

interface. 72; Z ﬁi;g is the reflection coefficient at the SiO,/Si
interface) n; - (n,, n3) is the refractive index of GO (SiO,, Si).
¢y = M is the phase difference when light passes
through GO or SiO, layer. The reflection spectrum from the

air/GO/Si0,/Si system, R(1) can be calculated by

R(2) = |r,[? 3)

The reflection spectrum from air/SiO,/Si system Rq(1) is
calculated following the same method. Finally, the contrast
spectrum C(2) of GO can be obtained by
_Ro(4) —R(4)

Fig. 4 shows the contrast spectra for GO sheets of various
thicknesses on a SiO,/Si substrate. A peak at approximately
588 nm (in the visible range) was observed in the contrast
spectrum of a single-layered GO sheet, which almost main-
tains a constant value as the number of layers (within 10 lay-
ers) increased. The contrast value for the single-layer GO
sheet was approximately 0.035+ 0.005 and increased as the
number of layers increased. For thicker GO sheets (>10 layers),
the contrast peaks show a red shift. The shift is caused by dif-
ferent phase differences, which are determined by the path
difference of two neighboring light beams that have interfer-
ence (f = 2IIn(d/?)) [24]. Where n is the refractive index of GO
and d is the thickness of GO, which can be estimated as
d=NAd (Ad = 1 nm). Fresnel’'s equations are used to explain
the evolution of the contrast values. The simulation results
are discussed below.

Regarding the incident light into the trilayered system (air
to the GO sheet to the SiO,/Si), the contrast spectrum was cal-
culated. The thickness of the SiO, was 300 nm and the Si sub-
strate was assumed to be semi-infinite. The thickness of GO
sheets was estimated to be N * Ad, where Ad =1 nm, is the
average thickness of a single layer of GO and N is the number
of layers. The refractive index of the materials are n,i, ~1,
Nsioz = 1.46 and ng; = 4.15-0.0441i in the white light region rang-
ing from 400-800 nm, respectively. Firstly, the refraction index
Ngo = 1.7-0.2i (blue line in Fig. 5) was used as suggested previ-
ously [43]. The results of the calculations showed large devia-
tions from experimental data. Modification of the refractive
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Fig. 3 — (a) The Raman image plotted by the intensity of the G band of the GO sheets. The area marked by the black dashed line
was scanned twice. (b) Raman spectra of the single layer GO sheet (black curve) and laser-reduced GO sheet (red curve). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



532 CARBON 52 (2013) 528-534

0.6 -

04

——8 layers
15 layers
18 layers
22 layers
—24 layers
e 27 layers

Contrast (a.u.)
[=]
o

400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

Fig. 4 - The contrast spectra of GO sheets with different
thicknesses.

index was performed to have a better fit with the experiment
results, The optimized refractive index of a single-layer of a
GO sheet was determined to be ngo =1.2-0.24i (red line in
Fig. 5). This new refractive index was also used to fit the spec-
tra of few-layered GO sheet. The close agreement between the
simulated and experimental results supports the accuracy of
the refractive index (Fig. 6).

A disagreement between the simulated and experimental
results can be observed in the range of 420-520 nm. The rea-
son for the deviation is not clear. One possibility is that when
the contrast of the GO was calculated, the influence of the
functional groups and water on the GO sheets was not consid-
ered. The contrast of the GO sheet may be influenced. Further
investigation is required.

For the identification of the thickness of a GO sheet, the
accurate and effective way is to use the contrast spectra in
the range 520-800 nm.

Because the Raman band intensities of multiple layer
structures are sensitive to the refractive index, the new
refractive index (ngo = 1.2-0.24i) was used to fit the intensity
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Fig. 5 — Typical contrast spectra of a single-layered GO sheet
obtained from experiment (black line), the calculation using
n = 1.2-0.24i (red line) and n = 1.7-0.2i (blue line). (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)
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Fig. 6 - The contrast values of experimental data (black
square) and the simulated results using n = 1.2-0.24i (red
sphere) for 1-8 layers of GO sheets. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article.)

of the Raman G band based on Fresnel’s equations (shown
in Fig. 7). Good agreement between the experimental data
and the simulation curve can been clearly observed in
Fig. 7. The significant improvement over previously reported
values indicates that the refractive index of GO determined
in this work could be widely used in the future study of GO
sheets. For a GO sheet of unknown thickness, contrast spec-
troscopy can directly determine the thickness by comparing
the contrast value with the standard values shown in Fig. 6.
Alternatively, the thickness can also be obtained from our
empirical equation.
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Fig. 7 - The experimental (the blue dash-dot line curve is a
guide for the eye) and calculated results of the G band
intensity as a function of number of layers using n = 1.2-
0.24i (black line) and n = 1.7-0.2i (red line). (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)
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Fig. 8 - (a) The contrast image of GO sheets with a varied number of layers before laser exposure. (b) The contrast image of the

sample after the collection of a single Raman spectrum.

where N (<10) is the number of layers of GO. Eq. (5) was ob-
tained by fitting the experimental data.

To further confirm the effectiveness of the contrast spec-
tra for the determination of the thickness of GO sheets,
contrast mapping was performed. Fig. 8a shows the con-
trast image of the same sample shown in Fig. 2. It is worth
noting that the contrast image provides a better perspective
view of the sample. As was observed in the Raman image
plotted by the intensity of the G band, thicker GO sheets re-
sulted in higher contrast. Fig. 8b shows the contrast image
of the same sample collected after the single Raman spec-
trum measurement with a laser power of 0.1 mW and inte-
gration time of 3s. The obvious change in the contrast of
the GO before and after laser irradiation indicates that Ra-
man spectroscopy is inappropriate for thickness determina-
tion. Moreover, a high quality contrast image can be
acquired more quickly than a Raman image, which results
in a high-throughput method relative to the Raman meth-
od. Contrast spectroscopy and mapping can enable a non-
destructive and more efficient way to characterize the
thickness of GO sheets to be achieved without changing
the sample.

4, Conclusion

In conclusion, the facile and effective determination of the
number of GO layers was demonstrated using contrast
spectroscopy. A new refractive index for GO sheets (<10
layer) was obtained ngo = 1.2-0.24i. The agreement between
the simulated results and experimental data, for both the
contrast and G band intensities suggests that this new
refractive index can be used in further GO studies. Contrast
mapping further demonstrated that this method is a conve-
nient and powerful probe for the quick visualization of GO
sheets of different thicknesses. As additional properties are
discovered and new applications are proposed for single-
and few-layered GO sheets, contrast spectroscopy (an accu-
rate, easy-to-achieve and fast method to determine the
thickness of GO layers less than 10 layers thick) will be-
come very useful for future fundamental and practical
studies.
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