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1. 서론 

Graphene is two-dimensional hexagonal lattice 
structure of sp2 carbon atoms, which is 3.4 Ǻ thick 
and 97.7% transparent in visible range [1]. This 
material is drawing great attention these days. The 
main reason is that it is not only extremely thin but 
also has superior physical properties [2-4].  

Visualization of graphene-based materials by 
optical methods is crucial step for in-depth 
characterizations or further processing for fabricating 
devices. To optically visualize a thin layer of 
graphene, the substrate needs to be deposited on a 
dielectric film coated substrate in order to maximize 
the optical interference effect. There have been many 
studies investigating the visualization of graphene-
based materials. The effects of thickness and 
wavelength on the visualization of both monolayer 
and multilayers have been investigated. The effect of 
the detection angle has been studied both 
theoretically and experimentally. Methods for 
enhancing the visibility of graphene layers on various 
substrates have been proposed. Some recent works 
have offered methods to visualize graphene without 
relying on the optical interference effect. Although 
lasers would be an ideal light source to maximize 
visibility, microscope systems generally use white 
light. Methods for evaluating visibility using white 
light sources have been proposed. In these cases, 
RGB parameters were used to quantify visibility and 
generate the colors of graphene-based sheets.  

In most cases, these research activities are mainly 
focused on utilizing the visibility/contrast model 
based on thin film optical theory. However, the use of 
visibility/contrast is rather limited to finding 
optimized conditions for visualization of graphene-
based sheet. In fact, this visibility information cannot 
offer full details on how graphene-based sheet/films 
look under an optical microscope. The proposed 

work suggests more active use of thin film optical 
theory for full visualization of graphene-based 
sheet/films. To achieve this, we have expanded 
graphene visibility theory to facilitate calculating 
colors of graphene-based sheet/film on arbitrary 
dielectric film grown substrate. In addition, we have 
combined the color calculation procedure with 
thickness information measured by either atomic 
force microscopy (AFM) or profilometry. Using this 
developed tool, optical image of graphene based 
sheet/film on any types of substrate can be simulated 
based on information on thickness of materials, the 
numerical aperture of the lens, and spectrum of the 
light source. There will be two main usages of this 
developed routine. One is simulating image to predict 
the visible appearance of graphene-based 
sheets/materials with measured thickness information. 
If thickness information is assumed, visible 
appearance of graphene-based sheets/materials can 
be predicted even without sample preparation. The 
second is that the developed routine can be a 
convenient tool for analyzing optical image e.g., 
estimating the number of layers and the thickness of 
graphene-based sheet/film. 

 
2. 이론 

RGB parameters were determined from the 
optical reflectance of a multilayer system. From thin 
film optics theory, the optical reflectance of 
multilayer systems is a function of the thickness and 
the optical properties of each layer. To generate RGB 
parameters based on reflectance, the effect of the 
incidence angle and the spectrum of the light source 
intensity should be considered. We assumed that the 
light intensity from the lens follows a Gaussian 
distribution. The reflectance is converted into XYZ 
parameters by multiplying by the light source 
intensity spectrum (I(λ)) and the color-matching 
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functions (Xλ(λ), Yλ(λ), Zλ(λ)), then integrating over 
the wavelength. The XYZ parameters are converted 
to RGB parameters by a matrix calculation.  

 
3. 결과 및 토의 

Fig. 1(a) shows an optical microscope image of 
folded graphene oxide monolayer on a 60 nm 
Si3N4/Si substrate. The graphene oxide sample was 
thermally reduced at 200°C for 2 hrs with 1×10-4 
Torr base pressure. Optical properties of thermally 
reduced graphene oxide monolayer is n=1.87, k=0.46. 
For three layer graphene oxide, the value increase to 
n=1.99 and k=0.69. For this analysis, we have used 
averaged values. The R, G, and B components of the 
color image were extracted and are shown in the right 
panel. It can be seen that the R component shows the 
highest visibility of the graphene oxide layer. 
Together with the optical image, the AFM results 
were used to determine the number of layers. The 
AFM results for the folded graphene oxide sheet 
indicated that there were 1, 2, 3, 4, 6, and ~8 layers in 
a single sheet (Fig. 1(b)). To be able to utilize AFM 
thickness profiles in reconstructing an optical image, 
the profile of the background substrate should be flat. 
Therefore, the profiles were corrected using an 
additional fitting procedure. In addition, the effect of 
the numerical aperture of the lens, 0.9 in this case, is 
included. Fig. 1(c) shows a reconstructed color image 
based on the procedure stated above. Although the 
simulated image is not identical to the acquired 
image from the optical microscope, the changes in 
the intensity and colors as the number of layers 
increases are similar to the optical image. The 
mismatch is supposed to be due to the lack of proper 
modeling about the response function of the RGB 
detector in microscope system. The right panel of Fig. 
1(c) shows the calculated RGB differences, which are 
also closely correlated with the measured profiles.  

 
 4. 결론 

The colors of graphene-based materials on 
dielectric film substrates were generated as a function 
of the thicknesses of the dielectric layer and the 
material layer. The calculated color charts can 
facilitate the choice of the type and thickness of 
dielectric film in order to obtain the highest visibility 
in graphene-based materials. Using these color charts, 
it was demonstrated that the visibility of graphene 
oxide film is greatly maximized on Si3N4/Si substrate, 
which was also validated by the quantitative analysis. 
We expanded the color calculation routine for 

reconstructing optical images by combining the 
measured thickness profiles. The image 
reconstruction routine can be actively used for 
various situations such as analyzing optical images, 
predicting the colors of graphene-based materials, 
and selecting an appropriate substrate. 

 

 
 
Fig. 1. (a) Optical microscope image of a folded 

graphene oxide (thermally reduced) monolayer on a 
Si3N4/Si substrate where the NA of the lens was 0.9. (b) 
Atomic force microscopy (AFM) results of the area in the 
dashed rectangle of the microscope image. (c) 
Reconstructed color image of the folded graphene oxide 
monolayer based on the AFM thickness results (left) and a 
reconstructed map of the RGB difference based on the AFM 
thickness result (right). (d) Reconstructed map of the RGB 
difference obtained from an optical microscope image. 
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