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Abstract 

Hexagonal boron nitride (h-BN) is an important insulating layered material for two-dimensional heterostructure devices. 

Among many applications, few-layer h-BN films have been employed as superior tunneling barrier films. However, it is 

difficult to construct a heterostructure with ultra-thin h-BN owing to the poor visibility of flakes on substrates, especially on a 

metallic surface substrate. Since reflectance from a metallic surface is generally high, a h-BN film on a metallic surface does 

not largely influence reflection spectra. In the present study, a thin Au layer with a thickness of ~10 nm deposited on a Si 

substrate with a thermally grown SiO2 was used for visualizing h-BN flakes. The thin Au layer possesses conductivity and 

transparency. Thus, the Au/SiO2/Si structure serves as an electrode and contributes to the visualization of an ultra-thin film 

according to optical interference. As a demonstration, the wavelength-dependent contrast of exfoliated few-layer h-BN flakes 

on the substrate was investigated under a quasi-monochromatic light using an optical microscope. A monolayer h-BN film 

was recognized in the image taken by a standard digital camera using a narrow band-pass filter of 490 nm, providing 

maximum contrast. Since the contrast increases linearly with the number of layers, the appropriate number of layers is 

identified from the contrast. Furthermore, the insulating property of a h-BN flake is examined using a conductive atomic 

force microscope to confirm whether the thin Au layer serves as an electrode. The tunneling current through the h-BN flake is 

consistent with the number of layers estimated from the contrast. 

Keywords: h-BN, 2D materials, insulating film, optical interferometry, C-AFM 

 

1. Introduction 

Hexagonal boron nitride (h-BN) is an important insulating 

layered material for two-dimensional (2D) heterostructure 

devices. This is because h-BN has a potential that it reduces 

charge scattering and provides an ideal interface for other 2D 

materials. Therefore, a h-BN film with a thickness of several 

nanometers has been used as a gate insulator in field-effect 

transistors [1]. Furthermore, a few-layer h-BN film has been 

also employed as a tunneling barrier film for the following 

applications: field-effect transistors with low contact 

resistance [2, 3], resonant tunneling diodes [4, 5], light-

emitting devices [6], and memory devices [7, 8]. 

As a technique to find exfoliated few-layer h-BN flakes on 

a substrate, Si substrates with a thermally-grown SiO2 layer 

with a thickness of ~90 or ~300 nm have been used to enhance 

the optical contrast of atomically thin flakes of 2D materials 

according to the interference effect [9]. However, it has been 

still difficult to clearly observe a monolayer h-BN film, even 

if this technique would be applied for the purpose. The 

contrast of monolayer h-BN is a few percentage, which is 

smaller than that of monolayer graphene or other 2D transition 

metal dichalcogenides [9–11]. This is caused by the wide 

bandgap of about ~6 eV [12], resulting in transparency in the 

visible wavelength range. Meanwhile, a few-layer h-BN film 

is typically formed on a metallic thin film electrode with a 

thickness of the order of 10 nm for electronic device 

applications [2, 3, 7, 13, 14]. In this case, the contrast of the h-

BN film decreases further. This is because the high reflectance 

of the metallic electrode suppresses interference enhancement 

[15]. 

Conversely, a properly designed multilayer substrate, 

including a thin metallic layer as a top layer, enhances the 

contrast of a thin film placed on the substrate. When a top 

metallic layer is sufficiently thin, light with a frequency above 

the plasma frequency of the metallic layer passes through the 

layer. A Au layer with a thickness of ~10 nm is both 
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conductive and transparent to light with a wavelength less than 

~520 nm. Therefore, a thin Au layer serves as an optically 

dielectric material with a large extinction index in the 

wavelength range. The use of a thin Au layer placed on a Si 

substrate with an ~90-nm-thick SiO2 layer has enhanced the 

contrast of a thin film on the Au surface at a wavelength of 

~500 nm [16, 17, 18]. Syahir et al. demonstrated the detection 

of the monolayer of 1-Amino-8-octanethiol with a thickness 

of a few nanometers adsorbed on Au/poly(methyl 

methacrylate)/Ag substrate by reflection spectroscopy using 

an optical fiber [16]. In addition, Hattori et al. identified the 

number of alkyl-chines of alkanethiol monolayer on a 

Au/SiO2/Si substrate by measuring the contrast in an image 

taken with an optical microscope [17]. Recently, Donnelly et 

al. have applied a Au/SiO2/Si substrate to observe a monolayer 

of MoS2 [15]. Furthermore, Huang has reported a theoretical 

model to visualize a monolayer of 2D material using a 

microscope [11]. Nevertheless, it has been unclear whether a 

monolayer h-BN formed only on a metallic surface could be 

experimentally seen using an optical microscope. 

In the current study, we investigated whether a monolayer 

h-BN film on an Au/SiO2/Si substrate can be directly observed 

using a standard reflected optical microscope. First, the 

electrical, optical, and morphological properties of Au/SiO2/Si 

substrates without h-BN are demonstrated. Then, the contrast 

between substrates with and without h-BN films is explained 

on the basis of theoretical calculations. Exfoliated few-layer 

h-BN flakes are placed on a substrate; photographs are shown 

to prove that those are observable. The contrast estimated from 

these photographs is compared to theoretically calculated 

contrast. Finally, the insulating property of few-layer h-BN 

flakes on Au/SiO2/Si substrates is investigated using a 

conductive atomic force microscope (C-AFM). 

 

2. Experimental methods 

2.1 Preparation 

Few-layer h-BN flakes on Au/SiO2/Si substrates were 

prepared as follows. Si substrates with a thermally grown 94-

nm-thick SiO2 film were cleaned in deionized water, acetone, 

and isopropyl alcohol for ~5 min each with an ultrasonic 

cleaner. Then, the substrates were exposed to UV/ozone for 

15 min. An adhesive 0.5-nm-thick Cr layer and an Au film 

were deposited on the substrates at a rate of ~0.15 Å/s under a 

pressure of the order of 10−4 Pa with a thermal evaporator 

equipped with a quartz crystal microbalance thickness monitor.  

Since Au is chemically inert metal in ambient conditions, Au 

films were used in the study. Although the Cr adhesive layer 

is used in the layer structure, the Au/Cr/SiO2/Si structure is 

simply expressed as Au/SiO2/Si in the current study. The 

thickness of the Au layer was in the range of 6–30 nm. For the 

substrate with a 7-nm-thick Au layer, the surface typically had 

a root-mean-square roughness of 0.5 nm. The substrate was 

stored in N2 (O2 < 10 ppm, H2O < 10 ppm) until it was used 

for the next process. Hexagonal BN single crystals grown at 

high pressure and temperature [19] were used as materials for 

the following method. Hexagonal BN flakes on a substrate 

were prepared by a mechanical exfoliation technique and 

transfer method from the h-BN single crystal. 

2.2 Characterization 

Thin h-BN flakes were identified using an optical 

microscope (LV150; Nikon, Japan) equipped with either a 

monochrome 12-bit camera (CS-63M; Bitran, Japan) cooled 

down to 10°C or a color 8-bit camera (EOS Kiss X4; Canon, 

Japan). Objective lenses of 50× with a numerical aperture 

(NA) of 0.8 (LU Plan 50×; Nikon) and 150× with a NA of 0.90 

(LU Plan Apo 150×; Nikon) were used for monochromatic 

and color images, respectively. A narrow band-pass filter was 

inserted in the optical path only after the collector lens of the 

halogen lamp in the microscope. The full width at half 

maximum (FWHM) of the narrow band-pass filters is 10 nm. 

To obtain superior images, the aperture stop was closed so that 

the entire light disk size in the eye tube is ~80%. This 

corresponds to a substantial reduction in NA. An ellipsometer 

(Auto SE; Horiba, Japan), a fiber-optic spectrophotometer 

(Film Tek 1000; SCI, USA) with a spot size of ~5 mm, and a 

scanning electron microscope (SEM) (FE-SEM, S-5000; 

Hitachi, Japan) with an accelerating voltage of 10 kV were 

used for measuring SiO2 film thickness and reflection spectra 

and observing the surface, respectively. 

Morphological and electrical investigations were 

performed with an AFM (NanoNavi; SII, Japan) in the contact 

mode at room temperature in ambient air (50% relative 

humidity, ~20°C). A Si cantilever (SI-DF3-R, SII Nano-

Technology, Japan) with a nominal curvature of 30–50 nm and 

stiffness of 1.6 N/m was used. For electrical measurement, a 

25-nm-thick, adhesive Cr layer and a 50-nm-thick Au layer 

were deposited on the AFM tip by thermal evaporation at a 

rate of ~1.0 Å/s after UV/ozone treatment. In the C-AFM 

measurement, the Au substrate is electrically connected to a 

semiconductor device parameter analyzer (B1500A; Keysight 

Technology, USA) by a copper wire with a drying silver paste 

(D-500; Fujikura Kasei, Japan). The parasitic resistance, 

including the resistance of thin Au film and silver paste and 

the contact resistance of the AFM tip, is <100 Ω, which is less 

than the resistance of h-BN flakes. The maximum output 

current was limited to 1 mA to avoid a breakdown [20, 21]. In 

the measurement, the resistance of the tunneling barrier film 

is measured. Generally, conductivity through an AFM tip 

decreases when a metal layer coated on the AFM tip peels off 

by mechanical scanning. When the parasitic resistance of 

>100 Ω is observed for an AFM tip, we redeposited Au/Cr 

layers on the AFM tip. Typically, the AFM tips used in the 

current study were coated up to three times. The radius 
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curvature of the AFM tip is estimated to be ~100 nm from the 

SEM observations in Fig. S1 in Supplementary Infomation. 

Regarding current variation in the electrical measurement, the 

roughness of the Au film induces the difference in the contact 

condition between an AFM tip and a h-BN surface [22], 

causing a primary variation. The variation is small compared 

to the position dependence of a h-BN flake and/or difference 

in an AFM tip. Thus, the dependence of the resistance on AFM 

tips is probably small in the study. 

 

2.1 Calculation of optical contrast 

The visibility of h-BN films is attributed to the difference 

in reflectance (R = |r|2) between the substrate on which the film 

is placed and the substrate on which the film is not placed. 

Here, r represents the complex reflectivity. The optical 

contrast (C) is quantitatively evaluated by (RBN/Rsub − 1). The 

subscripts, BN and sub, denote the h-BN film and bare 

substrate, respectively. The bare substrate means a substrate 

on which no h-BN film is placed. r for the multilayer substrate 

can be numerically calculated using the transfer matrix 

method [11, 23, 24]. In the optical model, the refractive index 

of h-BN is set to 2.2 [25]. The refractive index of 0.5-nm-thick 

Cr film is set to 2.0 − 0.5i as a chromium oxide [26], where i 

is an imaginary unit. In general, Cr films easily oxidize. In the 

present study, it is possible that the ultra-thin Cr film oxidizes 

by bonding with oxygen in the residual gas of the vacuum 

and/or by being in contact with the underlying SiO2 layer. The 

refractive index of chromium oxide effectively reproduces 

experimental reflectance. Since the influence of dopants in the 

Si substrate on the refractive index is small in the visible 

wavelength region [27], it was excluded in the calculation. 

The digital integer value D of each pixel in an image reflects 

the R value. Thus, experimental C values are simply defined 

from the image as C = DBN/Dsub − 1. The incident and reflected 

light onto the substrate contains light tilted from the surface 

normal by an angle (θ0) equal to one-half of the objective 

angular aperture defined by sinθ0 ＝  NA. In addition, 

experimental C contains the effect on the wavelength width of 

a narrow band-pass filter. Thus, the effect should be included 

in the numerical calculation for credible comparison. As the 

average value of R, the total reflectivity intensity (𝑅̅) for a 

narrow band-pass filter with a central wavelength of λ′ and an 

FWHM of λFWHM is given by 
 

𝑅̅(𝜆′) =
1

(tan𝜃0)
2𝜆𝐹𝑊𝐻𝑀

∫ ∫ (|𝑟𝑝(𝜆, 𝜃)|
2

𝜃0

0

𝜆′+𝜆𝐹𝑊𝐻𝑀/2

𝜆′−𝜆𝐹𝑊𝐻𝑀/2

+ |𝑟𝑠(𝜆, 𝜃)|
2) tan𝜃(sec𝜃)2𝑑𝜃𝑑𝜆 

(1) 

 
 

Figure 1. Optical, electrical, and morphological characteristics of Au/SiO2/Si substrates without h-BN films. (a) Reflection 

spectroscopy of Au/SiO2/Si and SiO2/Si substrates. The solid and broken lines represent the experiment and calculation results, 

respectively. (b) Sheet resistance as a function of Au thickness. The light blue line represents a guide for the eyes. (c), (d) SEM 

image of Au film with a thickness of 7 and 12 nm, respectively. 

(b)

(c) (d)

100 nm 100 nm

(a)



as a double integral of angle (θ) and wavelength (λ) [17, 28, 

29]. Here, rp(λ, θ) and rs(λ, θ) are oblique reflectivities for p 

and s components of light, respectively. Then, the wavelength-

dependent C is calculated by (𝑅̅BN/𝑅̅sub − 1) 

2. Results and discussion 

Figure 1(a) shows the experimental and theoretical 

reflection spectra. The experimental spectra were obtained 

using a fiber-optic spectrophotometer. The red, blue, and 

green solid lines represent the experimental spectra for the 

SiO2/Si substrate with no Au layer, an 17-nm-thick Au layer, 

and a 7-nm-thick Au layer, respectively. In all spectra, 

reflection decreases with λ below a certain λ and increases 

above λ. Thus, the spectrum has the minimum reflection at the 

λ value. For the SiO2/Si substrate with no Au layer, the 

spectrum exhibits a minimum reflection of 10% at ~580 nm. 

For the SiO2/Si substrate with an Au layer, the spectrum 

exhibits a minimum reflection at ~500 nm. The reflection is 

5% for the 17-nm-thick Au layer and close to 0% for the 7-

nm-thick Au layer. The dashed lines represent the theoretical 

spectra, corresponding to the experimental ones, and are used 

to calculate the optical model of multilayer structures shown 

in Fig. 2(a). The theoretical spectra roughly reproduce the 

experimental spectra and exhibit a minimum reflection at a 

specific λ. Although the visibility of a thin film placed on a 

substrate depends on both reflections from the substrate with 

and without the thin film [11, 17], Rsub can predict the contrast 

and wavelength at which the contrast is maximum. The 

SiO2/Si substrate exhibits the minimum reflection of 10% at 

580 nm, as shown in Fig. 1(a). Thus, it is expected that the 

visibility of a thin film on the substrate would be the maximum 

around the λ. This expectation is consistent with a study on the 

observation of a monolayer h-BN on a SiO2/Si substrate [10]. 

On the other hand, the Au/SiO2/Si substrate has the minimum 

reflection at λ = ~500 nm, which is lower than the SiO2/Si 

substrate. Because the sensitivity of the ultra-thin film 

increases as reflectance decreases, it is expected that the thin 

Au film contributes to the enhancement of the visibility of a 

thin film. The enhancement has been confirmed 

experimentally and theoretically [15– 17]. 

Figure 1(b) shows the experimental sheet resistance of 

SiO2/Si substrates with Au layers with different thicknesses 

obtained using Van der Pauw’s method [30]. Thickness 

dependence is useful to discuss the applicability of the 

substrate as a conductive substrate. The substrate with a 5-nm-

thick Au layer had a sheet resistance of many orders of 

magnitude larger than 55 Ω/sq for a 6-nm-thick Au layer and 

is regarded as non-conductive. The light blue line represents a 

guide for the eyes. Resistance decreases with an increase in 

thickness. The substrate with 6- and 7-nm-thick Au layers has 

 
Figure 2. Simulation of reflection and contrast of the substrate. (a) Calculation model. (b) Reflection spectra of Au/SiO2/Si 

substrate for NA = 0.0. (c), (d) Contour map of the contrast of monolayer h-BN as a function of the thickness of Au and λ′ for 

NA = 0.3 and NA = 0.8, respectively. 
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Figure 3. Optical microscopic image of few-layer h-BN films. All color and monochrome images are taken by the objective of 

150× with NA = 0.9 and 50× with NA = 0.8, respectively. All color images are raw data without image processing. (a) Color 

image of 4-L h-BN partly placed on Au/SiO2/Si substrate. The top photo is for white light illumination. The middle and bottom 

photos are for λ′ = 490 nm and λ′ = 580 nm, respectively. (b) Monochrome photo of 3 L h-BN. The left and right photos are for 

λ′ = 440 nm and λ′ = 490 nm, respectively. (c) Photo of 1-L h-BN. The left is the image obtained by the color camera for λ′ = 

500; the right is the monochrome image for λ′ = 490 nm. (d) Height AFM image for the dotted region in (c). The right graph 

presents the average height profile for the white solid line in the AFM image, indicating 1-L h-BN. 

 

a sheet resistance of ~55 and 25 Ω/sq, respectively. The 

substrate with an Au layer of thickness of 7 nm or more could 

be available for electrical measurement. The morphological 

observation of Au layers supports the explanation of electrical 

conductivity. Figures 1(c) and 1(d) show the SEM images for 

7- and 12-nm-thick Au layers, respectively. The 7-nm-thick 

Au layer appears to have a percolation pattern. [31, 32]. In the 

SEM image of Fig. 1(c), dark areas representing island 

discontinuities are observed. Probably, such a discontinuity 

area increases the sheet resistance. 

Before showing the results of the observation of thin h-BN 

films on an Au layer, contrast is verified by calculations. 

Figure 2(b) represents a contour map of reflection (Rsub) for 

Au/SiO2/Si substrates shown in Fig. 2(a). The reflection was 

calculated as a function of Au thickness (d2) and λ′ for NA = 

0, which corresponds to the calculation of Fig. 1(a). The 

contour map shows that Rsub has a minimum value around d2 

= 9 nm and λ′ = 500 nm. From the expectation described in the 

first paragraph of this section, the calculation result suggests 

that a substrate with a 9-nm-thick Au layer on SiO2/Si 

substrate provides a large contrast at λ = ~500 nm. Notably, 

through observations by an optical microscope, the oblique 

light passing through the high NA objective decreases 

visibility [11, 24]. In the present study, this decrease is 

quantitatively examined as follows. 

Figures 2(c) and 2(d) show the contrast calculated for a 

monolayer (1 L) h-BN film on an Au substrate assuming NA 

= 0.3 and NA = 0.8, respectively. The NA values of 0.3 and 

0.8 correspond to those of a standard objective lens with 10× 

and 50×, respectively. For both NA cases, the contrast has 

positive and negative peaks. The dependence of contrast 

frequently appears in the observation of thin 2D materials on 

SiO2/Si substrates with no Au layer [10]. For NA = 0.3, the 

positive and negative peaks appear at d2 = 8 nm and λ′ = 480 

nm and d2 = 9 nm and λ′ = 490 nm, respectively. The value of 

d2 and λ′ is close to that for the minimum reflection of the 

substrate without a h-BN film. The closeness is predicted 

above. On the other hand, for NA = 0.8, both positive and 

negative peaks shift to small d2 and short λ′. Especially, the 

shift of the positive peak is large. This suggests that the 

microscopic observation using a high NA lens leads to a large 

shift of d2 and λ′ values of high contrast from those of the 

minimum reflection. Another point is that the d2 value of the 

negative peak is larger than that of the positive peak. This 

aspect is important when using an Au substrate for electrical 

measurement. A substrate with a thick Au layer is desired for 

(b)
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electrical measurement. This is because a thin Au layer 

increases electrical resistance. The visibility of a thin layer on 

an Au substrate is governed by the absolute value of contrast, 

regardless of whether the contrast is positive or negative. Thus,  

negative contrast is more suitable than positive contrast when 

an Au substrate is used for electrical measurement. The 

contrast in Figs. 2(c) and 2(d) was calculated for a h-BN layer 

of 1 L on an Au substrate. The contrast calculated for a h-BN 

layer of 2 and 4 L is shown in Figs. S2(a) and S2(b), 

respectively. The dependence of the contrast for multilayer is 

similar to that for 1 L. In particular, the d2 and λ′ values of 

positive and negative peaks are almost the same for 1 L and a 

multilayer. 

Next, the visibility of h-BN flakes formed on an Au 

substrate is experimentally examined. Few-layer h-BN flakes 

were selected on the substrate by the color camera with an 

appropriate filter. Figure 3(a) shows the color photographs 

taken for a h-BN flake of four layers (L) on a SiO2/Si substrate 

partially covered with an Au (12 nm)/Cr (0.5 nm) layer, which 

was deposited through a metal mask. The left and right sides 

are Au and SiO2 surfaces, respectively. The top photograph 

was taken under white light illumination. The dashed black 

line represents the area of the h-BN flake. It is difficult to 

recognize h-BN flakes, especially the part on the Au surface. 

The middle (bottom) photograph was taken when light passed 

through a narrow band-pass filter of λ′ = 490 (580) nm, which 

provides the highest contrast for a flake on a substrate with 

(without) an Au layer. The area of the h-BN flake is seen on 

the Au surface for λ′ = 490 nm and on the SiO2 surface for λ′ 

= 580 nm. Compared with the middle and bottom photographs, 

the area of the h-BN flake on the Au surface for λ′ = 490 nm 

is more obvious than that on the SiO2 surface for λ′ = 580 nm. 

The high contrast on the Au surface is attributed to the low 

reflection. Note that all color photographs in Fig. 3 are 

depicted from raw data, which were not processed on any 

software. 

The use of a monochrome camera provides a good 

agreement between the experimental and theoretical contrasts. 

Figure 3(b) shows the photos of 3-L h-BN flakes on a 7-nm-

thick Au film for λ′ = 440 nm (left) and 490 nm (right). The 

reflection from the area covered with the h-BN flake is higher 

than that from the uncovered area for λ′ = 440 nm. Meanwhile, 

the reflection from the area covered with the h-BN flake is 

lower than that from the uncovered area for λ′ = 490 nm. The 

high and low reflections correspond to the positive and 

negative contrasts obtained by calculation, respectively. 

Figure 3(c) shows a 1-L h-BN flake on a 7-nm-thick Au film 

for the color and monochrome camera. Figure 3(d) shows a 

height AFM image corresponding to the area surrounded by 

the dotted line shown in Fig. 3(c). The inset on the right is the 

height profile along the white solid line in the height AFM 

image. The height at a point on the solid line is the average of 

the height values on the line passing through the point, 

perpendicular to the solid line, and has thelength of two 

dashed lines. The height step of 0.4 nm indicates a monolayer 

flake [10, 33]. Certainly, 1-L h-BN films on an Au layer can 

be optically observed using a standard reflected optical 

microscope equipped with a digital camera. 

The contrast is qualitatively evaluated by the monochrome 

camera with 50× objective lens (NA = 0.8). Figure 4(a) shows 

the contrast spectra of 1–3-L h-BN films on a 7-nm Au layer. 

The solid and dashed lines represent the experimental and 

theoretical contrast spectra. For all numbers of layers, the 

contrast has a negative peak at λ′ of ~490 nm. Figure 4(b) 

shows the contrast at λ′ = 490 nm. The contrast increases with 

an increase in the number of layers. Therefore, the number of 

layers can be simply identified from the contrast estimated 

from an image taken using a narrow band-pass filter. Note that 

the contrast of 0.04 for 1 L is ~1.5 times as large as that on the 

optimized Si/SiO2 substrate [10]. θ0 in Eq. (1) was used as a 

fitting parameter to calculate the theoretical contrast in Fig. 

(a)

(b)

Figure 4. Contrast of 1–3-L h-BN on a 7-nm Au film. The 

contrast is obtained by the monochrome images taken by 

the objective of 50× with NA = 0.8. (a) Contrast as a 

function of λ with simulation. The open circles and broken 

lines represent the experiment and calculation, 

respectively. (b) Contrast at λ′ = 490 nm. The plots and 

error bars indicate the average and standard deviation, 

respectively. The number of samples for 1 L, 2 L, and 3 L 

is 6, 4, and 3, respectively. 
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4(a). This is because the aperture stop was closed down, and 

the substantial NA (= sin θ0) was less than that of the objective. 

When the substantial NA equals 0.75, the theoretical contrast 

spectra closely match the experimental contrast spectra. 

Next, the insulating property of a h-BN flake is discussed 

regarding the current–voltage (I–V) characteristics. Few-layer 

h-BN flakes are examined using a C-AFM with a Au-coated 

cantilever after optically determining the number of layers. 

Figure 5(a) shows a simplified illustration of the 

measurement setup. The I–V curves measured for 1–3-L h-BN 

films are shown in Fig. 5(b). No electrical defects, such as 

pinholes, were observed in the measurement. For all numbers 

of layers, the I–V curve was nearly antisymmetric. This is 

because both electrodes are composed of Au. As described 

below, electrodes providing different barrier heights (φB) lead 

to an anti-asymmetry curve. In addition, the current increases 

linearly with V at low voltages, as indicated by the dashed line, 

and nonlinearly increases with V at high voltages. The linear 

relation is attributed to the direct tunneling current, which is 

dominated in the low voltage regime [25, 26]. The tunneling 

current is given by 
 

𝐼(𝑉) =
𝐴𝑒𝑓𝑓√𝑚𝜙𝐵𝑞

2𝑉

ℎ2𝑑1
𝑒𝑥𝑝 (

−4𝜋√𝑚𝜙𝐵𝑑1

ℎ
),        (2) 

 
where Aeff, m, q, and h represent the effective contact area, free 

electron mass, elementary charge, and Plank’s constant, 

respectively. Equation (2) explains the linear increase in the 

tunneling current. Figure 5(c) shows the resistance estimated 

from the I–V curves at low voltages for 1–3-L h-BN films. The 

resistance exponentially increases with an increase in the 

number of layers. This behavior is explained by Eq. (2). This 

is because d1 in the exponent rather than d1 in the denominator 

is dominant in I(V). Accordingly, unknown parameters, Aeff 

and φB, can be estimated by fitting a line to experimental data. 

The details are described in Fig. S3. The Aeff and φB values 

were estimated to be 5.0 (±1.5) × 102 nm2 and φB = 1.7 (±0.4) 

eV by a least-squares method, respectively. The resistance 

calculated from Eq. (2) using these parameters is shown as a 

solid red line in Fig. 5(c). The extracted Aeff is equivalent to a 

circular area with a 25-mm diameter, which corresponds to the 

contact area between the AFM tip and the surface of h-BN. 

The contact area is reasonable from the shape of the AFM tip 

shown in Fig. S1. The obtained φB value is the barrier height 

to hole carriers, which is the difference between the valence 

band maximum of h-BN and the Fermi energy of Au [34], and 

it is comparable to those reported in previous studies [22, 34, 

35].    

The nonlinear increase at high voltages is attributed to 

Fowler–Nordheim (FN) tunneling, which is expressed by 
 

 𝐼(𝑉) =
𝐴𝑒𝑓𝑓𝑞

3𝑚𝑉2

8𝜋ℎ𝜙𝐵𝑚
∗𝑑1

2 𝑒𝑥𝑝 (
−8𝜋√2𝑚∗𝜙𝐵

3
2𝑑1

3ℎ𝑞𝑉
)                        (3) 

 

where m* represents the hole effective mass. The exponent in 

Eq. (3) contains V. Thus, I nonlinearly increases with V. FN 

tunneling is dominant in h-BN films with four or more layers. 

Equation (3) is useful for extracting Aeff and φB by FN plots 

[35] or line fitting [22, 34]. However, it does necessitate 

further investigation, which the current study does not provide. 

This is because the obtained I–V curve transits from direct 

tunneling to FN tunneling. As the summary of the C-AFM 

measurement, it was confirmed that the thinnest h-BN flake 

optically found on the substrate is electrically a monolayer and 

it certainly retains insulating properties on the Au substrate. In 

other words, a practical electrical measurement can be 

Figure 5. Conductive-AFM measurement. (a) 

Schematic of the system. (b) I–V curves for 1–3 layers, 

indicating hole tunneling current. (c) Resistance of 

direct tunneling. The red lines represent the theoretical 

value for Aeff = 5.0 (±1.5) × 102 nm2 and φB = 1.7 (±0.4) 

eV. The plots and error bars indicate the average and 

standard deviation, respectively. The number of 

samples for 1 L, 2 L, and 3 L is 27, 23, and 13, 

respectively. 

(a)

×10

×100

2 L 3 L1 L

(c)

(b)

A

h-BN

AFM Probe
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conducted while observing the monolayer of h-BN on an Au 

layer. 

In the present study, we focus on h-BN flakes placed on a 

Si substrate with a 94-nm-thick SiO2 layer. A SiO2 layer with 

a thickness of ~90 nm has frequently been used for observing 

a thin film on the surface. However, the thickness has not been 

optimized as a substrate with a conductive layer such as an Au 

layer. A thick Au layer is required for the fabrication process 

controllability, low resistance, mechanical stability, and 

flatness of the layer. Meanwhile, a thick Au film decreases the 

visibility. Therefore, it is necessary to determine the thickness 

of an Au film according to an ultra-thin film to achieve the 

requirement. Although there is a mismatch in the contrast for 

1-L h-BN between the experiment and calculation, let us 

consider optimization using Fig. 2(c, d). If one can obtain a 

large 1-L h-BN flake, the film can be observed by a low NA 

objective. Since the current experimental setup could detect 

the contrast of at least 0.04, the film on a 17-nm-thick Au layer 

might be recognized with a NA = 0.3 objective at λ′ = 500 nm, 

as shown in Fig. 2(c). Au thickness is the optimized value for 

the 1-L h-BN on a Si substrate with a 94-nm-thick SiO2 layer 

in the setup. However, the optimized thickness of Au also 

depends on the thickness of the SiO2 film. Therefore, by 

optimizing the thickness of the SiO2 film, the thickness of the 

Au film can be increased. From this viewpoint, a 115-nm-

thick SiO2 layer rather than a 94-nm-thick SiO2 layer might be 

suitable for visualizing a thin film on the surface. The contrast 

calculated for the SiO2 film with a thickness of 115 and 150 

nm that corresponds to Fig. 2(c, d) is shown in Fig. S4, 

respectively. It is expected that a 16-nm-thick Au film on a 

115-nm SiO2 film might visualize the exfoliated 1-L h-BN 

with a NA = 0.8 objective at λ′ = 510 nm in the standard setup. 

As discussed above, to visualize an ultra-thin film, it is 

important to determine Au thickness appropriately while 

considering the characteristics of an ultra-thin film (refractive 

index, thickness, and size) and the measurement system 

(magnification of the objective, NA value, stop aperture, 

sensitivity of the camera, and FWHM of optical filter). 

 

Conclusions 

A Au layer with a thickness of ~10 nm deposited on a SiO2 

(94 nm)/Si substrate with a 0.5-nm-thick Cr adhesive layer 

exhibited semi-transparency and electrical conductivity. The 

experimental reflection from the Au substrate, depending on 

λ, was close to 0% at λ = ~500 nm. An ultra-thin film formed 

on the Au surface changed reflection spectra. The change 

provided contrast between the ultra-thin film and the Au 

surface. As a result, the ultra-thin film formed on the Au 

surface, with electrical conductivity, is visible in the image 

taken using an optical microscope. 

As a demonstration, the exfoliated few-layer h-BN flakes 

on the substrate were observed under a quasi-monochromatic 

light using an optical microscope. The wavelength-dependent 

contrast roughly agrees with that calculated from a multilayer 

model. The monolayer h-BN is visible in the image taken with 

a commercial digital color camera with a narrow band-pass 

filter of 490 nm. Since the contrast increases linearly with the 

number of layers, the appropriate number of layers can be 

identified optically. In addition, the insulating properties of 

few-layer h-BN flakes were investigated using a C-AFM, 

which was electrically connected to a semiconductor device 

parameter analyzer. The insulating properties extracted from 

the electrical measurement were comparable to those reported 

in earlier works. Despite practical concerns regarding an 

adhesive layer, a non-flat surface, and oblique incident light, 

it has been confirmed that the use of a Au/Cr/SiO2/Si substrate 

is valid for detecting a few-layer h-BN flake formed on the 

substrate. 
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Figure S1. The SEM image of the AFM tip after electrical measurement with an accelerating 

voltage of 10 kV. 

 

 

Figure S2. Simulation of contour map of the contrast of 2-L (a) and 4-L (b) h-BN on the 

Au/SiO2/Si substrate for a 94-nm SiO2 film and NA = 0.8 as a function of the thickness of Au 

and λ′, which is comparable to Fig. 2(d). 
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Figure S3. Theoretical resistance of the direct tunneling with different Aeff and φB. 

 

Figure S4. Simulation of contour map of the contrast of monolayer h-BN on the substrate for 

115- and 150-nm SiO2 films as a function of the thickness of Au and λ, which is comparable 

to Fig. 2(c, d). (a) 115-nm SiO2 of NA = 0.3. (b) 115-nm SiO2 of NA = 0.8. (c) 150-nm SiO2 

of NA = 0.3. (d) 150-nm SiO2 of NA = 0.8. 
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