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Abstract: Optical transmittance of exfoliated multilayer graphene (MLG) was investigated and cross-

referenced with a monolayer purchased from Graphene Supermarket USA, #Y060515. The transmittance was 

found to decrease exponentially with increase in the number of layers. Plots of grayscale values against position 

on the images from the thinnest edge generated step-like profiles. From the analysis of step heights and step 

widths, the transition from MLG to bulk graphite occurred at approximately 80 layers. The variations in step 

heights and step widths with position were attributed to the pressure differences on the surface of the samples 

during exfoliation, as well as the interlayer interactions within the samples. Our experimental results presented 

optical transmittance of 97.28, 95.23, 93.23, and 91.28% for a monolayer, bilayer, trilayer and tetralayer 

respectively. The observed decrease in transmittance with the number of graphene layers is attributed to the 

variations in optical absorption and reflection of the incident light by the MLG samples. 
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I. Introduction 
The optical and electronic properties of two-dimensional (2D) layered nanomaterials such as graphene, 

MoS2, BN, MoSe2, WS2, WSe2, and NbSe2 are highly dependent on their thickness [1-3]. The extraordinary 

optoelectronic properties of graphene results from its exceptional electronic structure in which valence and 

conduction bands touch each other at the K and K’ points of the Brillouin zone, thus creating a zero band-gap 

semiconductor [4, 5]. The electrons in graphene thus have a characteristic linear dispersion relation between 

their energy and momentum near these points hence behave as massless Dirac fermions [6, 7]. MLG consist of 

stacked graphene nanosheets with weak Van der Waal interactions between the planes and whose optoelectronic 

properties correlate with the number of planes and their stacking order [2, 8]. The optical transmission of light 

through MLG directly depends on the optical conductance of graphene [9-11]. Derivations show that optical 

conductivity of MLG is almost linearly proportional to the number of graphene layers in the visible spectrum. 

Assuming that the inter-atomic interactions between the layers are negligible, the optical transmission through 

MLG is a negative nonlinear exponential function of the form:  

  2
)(5.01)(


  NfT   (1) 

Where )(f  is the correction coefficient estimated to be 1.13 for a monolayer at nm550  wavelength, 14.3 , 

N  is the number of graphene layers and 137/1/2  ce   is the fine structure constant [6]. The transmittance 

of graphene has been estimated to be a constant %7.97T with an accuracy of %1  in the visible range of 

electromagnetic spectrum [12]. The transmittance decreases with increase in the number of layers. Graphene has 

an absorbance equal to the universal constant given by %3.2 . Using this constant, the thickness of MLG 

can be estimated [12-14]. In addition, graphene has a negligible reflectance of %1 . Optical spectroscopy 

indicates that MLG has opacity of %1.03.2   which is independent of wavelength and increases with number 

of graphene layers with each graphene layer adding opacity of 2.3% [12, 15]. The stacking configurations of 

MLG is predicted to have a strong influence on the optoelectronic properties such as the band structure, 

magnetic state, interlayer screening and spin-orbit coupling [16, 17]. 

The strong influence of the stacking order particularly on the low-energy electronic structure was 

recently experimentally demonstrated by infrared spectroscopy [18]. The Bernal (ABA) stacking configuration 

has been presumed in most of studies involving mechanically exfoliated MLG. This is due to the fact that this 

structure reveals the highest thermodynamic stability compared to the rhombohedral (ABC) structure, which 

exists in a metastable state [19-26]. According to Shou-en et al. [27], the absorption of incident light of 

nm550  is independent of the stacking configurations. This has been confirmed by setting the interlayer 

hopping parameters between the atomic sites in any two nearest sheets to be tt 12.01  , tt 1.03  , and 
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tt 04.04  . This results from the effect of interlayer hopping on the band structure below the energy of 1t  

around the Van Hove singularities [2, 27, 28].  

Various techniques including Raman spectroscopy, atomic force microscopy (AFM), and high-

resolution transmission electron microscopy (TEM) have been used in determining MLG thickness [29, 30]. 

However, these techniques involve instruments that are hardly available in most laboratories due to their high 

cost and sophistication. In this work, we report a facile, versatile and cost effective method for accurate 

determination of MLG thickness using optical microscopy. This method presents a huge promise as it could be 

further extended to other 2D layered nanomaterials such as MoS2 and BN. The fast and low cost nature of our 

technique makes it an ideal candidate for a standard characterization tool in the fast growing field of graphene. 

 

II. Materials And Methods 
MLG flakes were prepared by mechanical exfoliation of Highly Ordered Pyrolitic Graphite (HOPG) 

block, grade SPI-1, #426HP-AB (SPI supplies, USA). The samples were cleaned with absolute ethanol (purity- 

99.5%) and deionized water and placed on clean Borosilicate (Pyrex) microscope slides and dried by blowing 

with pressurized air. An optical microscope, model Labomed LX 400, in transmission mode was used to acquire 

images of the MLG flakes. The incident light  nm800400    emitted by a halogen lamp passed through a 

mm1  aperture embedded on the microscope, and detected by a CCD camera interfaced with a computer. The 

lamp power was maintained at a constant light intensity (level 9) throughout the process. Imaging software 

PixelPro was used to acquire 8-bit colour images at resolution 1920 - 1080 pixels. Using ImageJ 1.48v, the 

optical contrast difference between the sample regions was analyzed in terms of grayscale values and 

position )( m . Optical image and grayscale values of the graphene monolayer mounted onto a Fluorine-doped 

Tin Oxide (FTO) substrate (purchased from Graphene supermarket USA #Y060515) were obtained and used as 

the standard in our experiments. 

 

III. Results And Discussions 
Optical images of exfoliated MLG flakes were obtained at magnifications 10, 40, and 100X (Fig. 1).  

 

(a) (b) (c) 
 

Figure 1: Optical images of MLG flakes at magnification (a) 10, (b) 40, and (c) 100X with clear contrast 

regions on the left hand side depicting differences in sample thickness. Clear optical contrast is at the edge of 

the flake image. 

 

During mechanical exfoliation, the MLG layers snapped at the edges as depicted by the step-like 

profiles of grayscale values against position (Fig. 2c). The plots present step-like profiles of change in gray 

values with increase in distance along the dashed lines drawn on Fig. 2(a, b). The steps are as a result of 

variations in contrast and exhibit the layered nature of MLG samples. From each profile, step-height (h) and 

step-width (w) data values were extracted and plotted against position as shown in Fig. 3a and Fig. 3b, 

respectively.  
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Figure 2: (a, b) Optical images of MLG samples showing directional line sections 1, 2, and 3 drawn 

perpendicular to the sample plane. (c) Profiles of contrast (gray values) as a function of position obtained along 

the dashed lines 1, 2, 3 and glass substrate. 

 

The gray values varied from 248.13 – 56.05, 248.13 –27.87, and 248.13 –34.81 for profiles 1, 2, and 3, 

respectively. These values also decrease from 248.13 at the thinnest edge to 27.87, at the thickest region of the 

flake for profile 2.  From the plot of step height against position (Fig. 3a), a distinct trend is observed in profiles 

1, 2, and 3, where the step heights increases until they reach maximum grayscale values of 42.15, 51.25, and 

44.30 for curves 1, 2, and 3, respectively. Beyond these values, the step heights decrease sharply. The maximum 

values, beyond which the step heights begins to decrease, correspond to 56, 93, and 88 layers for curves 1, 2, 

and 3, respectively. On average, the maximum values occur at a region with 80 layers [31]. 
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Figure 3: (a) Plot of measured step height values against position for profiles 1, 2, and 3 (shown in Fig. 2c). (b) 

Plot of measured step width values against position for profiles 1, 2 and 3 (shown in Fig. 2c). 

 

From the plot of step widths against position (Fig. 3b), a sharp increase in step widths until points 

12.21, 11.52, and m27.12  for curves 1, 2, and 3, respectively was observed. At these points, curves 1 and 2 

attains a negative slope while in curve 3, the gradient reduces significantly. At approximately m40  from the 

edge, step widths 9.72, 10.77, and m36.14  were observed. Beyond m40 , the gradient of the curves increases 

sharply. The shortest step width of 1.84 m  was recorded at 5.93 m  in curve 2 whereas the longest step width 

of m20.21  was recorded at m02.49  in curve 1. The points with the lowest gradients correspond to 74 – 89, 

67 – 93, and 66 – 88 layers for curves 1, 2, and 3, respectively. These points were also determined to be at 

regions with 80 layers, which is within the MLG region [31].  

The observed trend in step-heights and step-widths is attributed to the variation in atomic-scale strain in 

the carbon-carbon bonds in the sample and their interlayer interactions. Higher pressure is exerted on the edges 

than on the bulk of the MLG sample and therefore, most of the layers snaps at shorter distances from the thin 

edges. The weak non-covalent interaction of meV43  per atom between graphene sheets is low at the edges 

where the samples are ultrathin and increases with graphene layers [32]. This means that at the bulk of the 

MLG, the interactions are very high and therefore, the graphene sheets tend to resist the externally applied force 

leading to reduced snapping. Average gray values of the graphene monolayer were found to be 1.98  0.005. 

Since each graphene layer contributes absorbance of %3.2  [12, 33], the conversion of these gray values, based 

on Beer Lambert’s Law, show transmittance of 98.23%. The cumulative grayscale value differences at each step 

in MLG samples were further converted into transmittance and a model in form of a plot of transmittance 

against number of MLG layers developed (Fig. 4).  

From the plot (Fig. 4), the optical transmittance of the MLG decayed steadily with the sample 

thickness. At the edges of the samples, the optical transmittance was recorded as; 71.19, 80.88, and 65.61% for 

profiles 1, 2, and 3 respectively while on the bulk regions, it was recorded as; 17.52, 16.56, and 16.36% for 

profiles 1, 2, and 3, respectively. 
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Figure 4: Optical transmittance of exfoliated MLG samples. The experimental data points were extracted from 

profiles 1, 2 and 3 in Fig. 2c. 

 

Fig. 4 shows a model developed from the data obtained from the profiles in Fig. 2c. From the model, 

the relation between the optical transmittance and the sample layers was found to be governed by the negative 

non-linear exponential function (equation 2); 

99.938.89 17.42 
N

eT   (2) 

Where T  and N  represent transmittance and number of layers respectively. From the model, the optical 

transmittance of a monolayer was found to be 97.28  0.005%, which is comparable with the estimated %23.98  

optical transmittance of the standard monolayer sample. The optical transmittance decreases with increase in the 

number of graphene layers. For example; we obtained transmittance of 95.23  0.005, 93.23  0.005, and 

91.00% for bilayer, trilayer, and tetralayer, respectively. From Min and Macdonald [9] simulation (equation 1), 

the obtained optical transmittance was 97.46, 95.01, 92.65, and 90.38% for a monolayer, bilayer, trilayer and 

tetralayer respectively, with an error of  0.005% The experimental results thus agree with Min and Macdonald 

[9] theoretical simulation results with a slight deviation of about  1%. The experimental results also match well 

with Shou-en et al. [27] data on optical transmission of MLG grown through CVD.  

The observed trend is as a result of the variation in absorption of light in the MLG sheets. At regions 

with few layers, where transmittance is very high, the graphene sheets transmit light with relatively little 

absorption and reflection. The absorption and reflection of light in this case increases with the sample thickness. 

The observed discrepancy may be attributed to hydrocarbon contaminations such as organic residue and dust, or 

disorders such as carbon vacancies which may have been present in the samples. Our model therefore, provides 

a fast and reliable way of estimating the number of graphene layers in MLG samples which can be achieved by 

simply measuring their optical transmittance and fitting the results in equation 2. 

 

IV. Conclusion 
From the analysis of step heights and step widths, we found that the transition from MLG to bulk 

graphite occurred at around 80 layers. We have modelled the analytical expression (Equation 2) for determining 

number of graphene layers by obtaining optical transmittance of the MLG samples. From the expression, the 

optical transmittance of a given MLG sample would be 98.28, 95.23, 93.23, and 91.00 for a monolayer, bilayer, 

trilayer, and tetralayer, respectively, with an error of  0.005. The number of layers in the MLG samples varied 

from 11 to 114. This work shows that, optical microscopy offers a quantitative solution to identification and 

counting of MLG layers. Optical microscopy is a facile, versatile and reliable technique which can be applied in 

any standard laboratory equipped with a microscope and CCD or a digital camera. This technique can be 

extended to the other 2D layered nanomaterials with weak Van der Waals interlayer interaction such as MoS2, 

BN, MoSe2, WS2, WSe2, NbSe2, TiS2 and TaS2. 
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