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For the investigation of 2D layered materials such as graphene, transition-metal dichalcogenides,

boron nitride, and their heterostructures, dedicated substrates are required to enable unambiguous

identification through optical microscopy. A systematic study is conducted, focusing on various 2D

layered materials and substrates. The simulated colors are displayed and compared with micros-

copy images. Additionally, the issue of defining an appropriate index for measuring the degree of

visibility is discussed. For a wide range of substrate stacks, layer thicknesses for optimum visibility

are given along with the resulting sRGB colors. Further simulations of customized stacks can be

conducted using our simulation tool, which is available for download and contains a database fea-

turing a wide range of materials.VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4930574]

I. INTRODUCTION

Since the first investigation of the field-effect in exfoli-

ated graphene in 2004,1 2D layered materials have attracted

a great deal of interest for the use in next-generation

MOSFETs because they enable the realization of ultimately

scaled transistors in a planar device architecture.2–19 In addi-

tion to graphene, several other 2D layered materials, such as

transition-metal dichalcogenides (TMDCs, also for use as

channel materials) and hexagonal boron nitride (h-BN, as

gate insulator), have been studied in detail. Due to the fact

that 2D materials offer a large variety of different band gaps,

heterostructures are particularly appealing since band-gap

engineering becomes feasible while maintaining the ultrathin

channel layer thickness. For instance, all-2D-FETs as well as

2D heterojunction interlayer tunneling FETs have recently

been investigated.20,21 However, due to a lack of appropriate

epitaxial realizations, 2D heterojunctions have to be fabri-

cated by stacking different 2D materials on top of each other

using, e.g., the transfer method proposed by Dean and co-

workers.22 In turn, this makes the use of intermediary sub-

strates necessary that enable an unambiguous identification

of the respective 2D materials with optical microscopy. The

identification of monolayer graphene on SiO2/Si and Al2O3/

Si substrates has been subject to a number of investigations

based on the mere contrast23 or on the CIE (Commission

Internationale de l’�Eclairage) color spaces24,25 to account for

the color perception of the human eye. In contrast, the visi-

bility of TMDCs, h-BN, and in particular, heterostructures as

well as further promising substrates has so far not been stud-

ied comprehensively.26–28

Here, we present results on the optimum visibility of

various 2D layered materials and heterostructures thereof on

substrates typically used in experiments. Our results show

that the standard practice of employing a substrate with, e.g.,

280 nm SiO2 on Si as appropriate for monolayer gra-

phene29,30 is not optimal for the visibility of TMDCs or h-

BN. Therefore, our study provides guidelines how to prepare

optimum (intermediary) substrates for the investigation of

devices based on 2D layered materials.

II. CALCULATION MODEL

Figure 1 provides an overview on the calculation model,

which can be divided into three parts. (1) First, the refraction

spectra SðkÞ are calculated separately for each stack to be

investigated, e.g., SiO2/Si and WSe2 on SiO2/Si, respectively,

called the “background” (BG) and the “foreground” (FG) in

the following. The calculation is based on the Fresnel formal-

ism and includes angular dependency of the incident light

defined by the numeric aperture (NA) of the object lens in use.

This approach has already been employed several times23–25

and is presented in detail in Appendix A. Additionally, we

gathered, employed, and compared various literature sources

for the optical properties ðn; k) characterizing the materials

under investigation; the data are mostly wavelength-dependent

and its sources are given in Appendix B. In case of the 2D lay-

ered materials, the literature sources of the interlayer distances

used are listed additionally. Note that the Fresnel formalism

assumes homogeneous layers, ideal interfaces, and is only valid

for wavelengths much larger than atomic distances.31

(2) After determination of the refraction spectra, they

are used to calculate the CIEXYZ colors, which represent

the colors perceived by the human eye. The transformation

consists of an integration over wavelengths including the

light source spectrum LðkÞ and the so-called color matching
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functions. The resulting intermediary X0Y0Z0 values are trans-

formed to the Yxy color space in order to introduce a global

luminance Y, before being translated into the final XYZ val-

ues. This is described in detail in Appendix C.

(3) In the final step, the XYZ colors are converted into

the sRGB and CIELAB color spaces using standard transfor-

mations. The sRGB values are used to visualize the stacks’

colors on the screen, and the sRGB and CIELAB values are

employed to calculate visibility indices which serve to assess

and compare the degree of visibility. These indices are dis-

cussed in detail in Section IV.

III. EVALUATION OF THE MODELWITH SiO2 ON Si

ANDWSe2 ON SiO2/Si

In order to evaluate the described model, SiO2 on Si

stacks with SiO2 thicknesses of 0 (bare Si), 86, 175, and

272 nm, verified with ellipsometry, are fabricated by wet

thermal oxidation of (100) Si wafers. Optical microscopy

images are taken on a digital Keyence VHX-600 microscope

with a VH-Z500 object lens. For all images taken, the same

microscopy hardware and software settings are used, and all

image enhancement features are switched off. A gamma cor-

rection factor of 2.3 is set to match the standard gamma cor-

rection of the sRGB color space, and a standardized grey

card is used to perform a white balance. The remaining pa-

rameters to be chosen are the magnification and the exposure

time. The extracted RGB (red–green–blue) colors from the

microscopy images taken are presented in Fig. 2 along with

the simulated colors, where the x-axis represents the thick-

ness of the SiO2 layer.

The simulations are performed with an NA ¼ 0:82 taken

from the data sheet of the object lens.32 Y ¼ 0:37 is set to

match the luminosity of the background. Due to the

described white balancing of the microscope, simulations

employing the standard type D65 daylight as light source are

found to match the colors of the images best. This approach

fits the microscopy images better than disabling the white

balance and simulating with the source spectrum of the

microscope light source in use, a halogen lamp with

T ¼ 3100K. Fig. 2 indicates that the reproduction of the col-

ors is excellent. Imperfections are attributed to

- the modeling of the light source intensity angular distribu-

tion, which might not follow the assumed Gaussian

distribution,

- the calibration of light source and white balancing might

be non-ideal,

- the complex digital microscopy hardware/software system,

which cannot be fully modeled, and

- literature values of optical properties ðn; kÞ may differ

from those of the material under investigation, especially

for atomically thin films.

Despite these imperfections, our simulations also yield

very good results for more complex stacks, exemplary for

WSe2 on 287 nm SiO2/Si: For comparison, we exfoliated

WSe2 flakes, took microscopy images, and performed

atomic force microscopy (AFM) to measure the heights the

flakes. Fig. 3(a) shows microscopy images of two flakes with

their thicknesses identified either in nm, or, for thin sections

by the number of layers counted by using the AFM surface

profile (one exemplary shown in the figure). For the inter-

layer distance, the literature value 6.7 Å (Ref. 28) is used.

Note that the distance of the first layer to the surface is larger

than the interlayer distance which is attributed to the

SiO2–WSe2 interface; both monolayers shown were con-

firmed by photoluminescence measurements. Fig. 3(b) shows

the colors extracted from the respective sections in the

images and plotted on a thickness scale. Fig. 3(c) displays

the simulations performed, with Y ¼ 0:17 chosen to

match the background’s luminance. The color sequence:

violet–blue–grey–yellow–red of microscopy images and

simulations is in agreement. However, the blue and red col-

ors are more pronounced, and the grey colors appear darker

in the simulations. We also investigated h-BN on 32 nm

SiO2/Si (not shown) and found similar excellent accordance

of microscopy images and simulations.

FIG. 1. Flow diagram of the entire calculation model.

FIG. 2. Colors extracted from microscopy images vs. simulations for x nm

SiO2 on Si.
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For WSe2, the impact of strongly deviating optical prop-

erties ðn; kÞ for atomically thin films was also considered. In

particular, we compared the color rendering of ðn; kÞ data

from a 2.8 nm thin WSe2 flake33 with those of bulk mate-

rial34 and found no substantial difference. However, the

source of the ðn; kÞ values can generally have a strong effect

for other materials, e.g., h-BN.

IV. VISIBILITY INDICES

The goal of this study is to provide guidelines how to

prepare optimum substrates for the investigation of 2D lay-

ered materials. To this end, an important issue is to define an

appropriate index for measuring the degree of visibility. One

index used in the past is the CIE76-DE index24

DECIE76 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðDL�Þ2 þ ðDa�Þ2 þ ðDb�Þ2
q

;

which is based on the differences D of the CIELAB colors

between foreground and background, e.g.,

DL� ¼ L�FG � L�BG. We find that this index and its improve-

ment, the CIEDE2000-DE index, does not perfectly describe

the perceived contrast on computer screens, e.g., visibility

values of yellow and green colors are too high (cf. Fig. 4).

Being based on CIELAB colors, these indices should be opti-

mized to describe the perceived contrast from a direct obser-

vation in a microscope. In order to describe contrasts

perceived on a computer screen, we have earlier proposed a

weighted color difference (WCD) index25

WCD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1:89ðDRÞ2 þ 8:68ðDGÞ2 þ 0:11ðDBÞ2
q

;

which is based on the differences D of the R, G, and B chan-

nels between foreground and background, e.g.,

DR ¼ RFG � RBG. However, the index delivers too high val-

ues for cyan colors, e.g., for a graphene monolayer on

�335 nm SiO2/Si. This can be compensated by weighting

the DR term with a factor

aR ¼ ðRFG þ RBGÞð2 � 255Þ
�1

;

because the perceived red contrast increases along with the

absolute values (RFG, RBG) of the red channel. Another im-

portant issue which has to date not been considered in dis-

cussions is the selection of an equal luminance level for each

background in order to assure comparability, because the

luminance level strongly influences the perceived contrast.

We therefore propose the following improved WCDþ index:

WCDþ ðYBG ¼ 0:28Þ ¼ 0:21aRjDRj þ 0:72jDGj

þ 0:07jDBj;

where the weighting factors are based on the luminance contri-

butions of the RGB channels (Y ¼ 0:21Rþ 0:72Gþ 0:07B).

Note that the factors in the equation capture the fact that the

contrast seen by humans is mainly determined by the contrast

of green tones and almost not at all by blue tones. We chose

the background to always possess the luminosity YBG ¼ 0:28,

which equals a CIELAB luminosity of L ¼ 60. This is some-

what lighter than neutral grey ðL ¼ 50Þ, which appears rather

dark on computer screens (in the sRGB color space). Fig. 4

exemplary presents the WCDþ and the CIEDE2000 (with a

factor 2) indices (both with YBG ¼ 0:28) for a graphene mono-

layer on x nm SiO2/Si for comparison. The resulting colors of

the background and the foreground (region between the red

arrows) are also shown.

V. VISIBILITY SIMULATIONS OF 2D LAYERED
MATERIALS

Table I provides an overview on the visibility simula-

tions of 2D layered materials and heterostructures on various

substrates. Each field in the table contains: (1) sRGB colors

of background and foreground of two selected WCDþ
optima, (2) the respective layer thicknesses and WCDþ val-

ues, and (3) two selected CIEDE2000 optima (all with

YBG ¼ 0:28). “x” denotes the thickness varied in order to

obtain the optimum visibility. Note that printed colors

(CMYK color space) may be altered. We base our evaluation

FIG. 3. Microscopy images vs. simulations for n layers/x nmWSe2 on SiO2/Si.

FIG. 4. wcdþ and CIEDE2000 (with a factor 2) indices (both with

YBG¼ 0.28) for a graphene monolayer on x nm SiO2/Si. The corresponding

background and foreground colors are also shown.
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on the presented WCDþ index; however, the CIEDE2000 is

given for comparison. As the values in the table indicate,

WCDþ and CIEDE2000 optima are mostly consistent and

differ only in some case. In these cases, we still find the

CIEDE2000 to yield high visibility for the optima of the

WCDþ index.

We observe a common color sequence for all 2D layered

material on oxides, which is grey–brown–light blue–grey–

orange–pink–cyan (cf. Fig. 2) for 0 to �300 nm oxide thick-

ness. This explains why usually two optima are found, one at

�50–100 nm and one at �200–300 nm. We also find that the

optima are usually in the region of a color swing within the

color sequence. Note that the width of the visibility optima is

always large enough (at least � 20 nm) to allow for varia-

tions due to the manufacturing process (see the visibility

curve in Fig. 4).

Further investigated is the optimum visibility as a func-

tion of the thickness of the 2D layered material. As a general

trend, we find that an increase of the thickness of the 2D lay-

ered material reduces the optimum thicknesses of the oxide.

For example, one layer (1 L) of WSe2 is best visible on SiO2/

Si with an oxide thicknesses of 73 nm and 268 nm, whereas

in the case of ten layers (10 L) the optima shift to 44 nm and

243 nm, respectively (cf. Table I).

Table I also contains visibility optima for a transfer stack

(polymethyl methacrylate (PMMA)/polyvinyl alcohol (PVA)/

SiO2/Si) as proposed by Dean and co-workers.22 In contrast to

their recommendation of using bare Si (no SiO2), we find opti-

mum SiO2 thicknesses of 106 nm and 300 nm. Furthermore,

Table I displays simulations of heterostructures. As an exam-

ple, a graphene (1L)/h-BN (8L)/MoS2 (1L) structure is

included, which can be used as an all-2D-FET setup.20

Additionally, an h-BN (30L)/graphene (1L)/h-BN (30L) is

shown, where the boron nitride is used to improve the electri-

cal properties of the graphene.35

Table I presents a number of typical TMDCs, substrates,

and combinations in order to show that dedicated (intermedi-

ary) substrates yield strongly improved visibilities. However,

our simulation tool is available for download to simulate a

substantially larger variety of other TMDCs and substrates.36

VI. SUMMARYAND CONCLUSION

A simulation study of the visibility of 2D layered mate-

rials, such as graphene, transition-metal dichalcogenides,

and boron nitride—and their heterostructures—on various

substrates is presented. For the realization of the simulations,

a software is created, which contains a database with optical

TABLE I. Optimum thicknesses of substrates for the visibility of graphene, TMDCs, h-BN, and heterostructures. Each field in the table contains: (1) sRGB

colors of the WCDþ optima, top: background, bottom: foreground, (2) (local) optimal thickness (xopt) {WCDþ}, and (3) (local) optimal thickness (xopt)

{CIEDE2000}.

1Foreground ¼ 2D layered material (2DLM) stack þ background.
2Transfer stack as originally specified by Dean et al.:22 PMMA 950K, 4% (spin-on velocity 4000 rpm ! 290 nm) þ PVA 9K, 4% (spin-on velocity 4000 rpm

! 70 nm).
3One layer.
4Ten layers.
5Bare Si.
6NA ¼ 0:44.
7NA ¼ 0:43.

145305-4 M€uller et al. J. Appl. Phys. 118, 145305 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

134.94.122.242 On: Tue, 03 Nov 2015 14:19:30



properties of a wide range of materials. For a stack of choice,

the software calculates and displays the sRGB colors along

with the newly designed WCDþ visibility index allowing

the choice of layer thicknesses for optimum visibility. The

simulation results are compared with experimentally pre-

pared stacks, and excellent reproduction of the colors is

found. For typical 2D layered materials and substrates, opti-

mum layer thicknesses and the respective colors are pre-

sented. This data, along with the software which is available

for download, can be used to compile stacks with optimum

visibility for each material to be investigated.
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APPENDIX A: CALCULATION OF THE REFRACTION

SPECTRA

The refraction spectra are calculated by employing the

Fresnel formalism in matrix notation. Figure 5 illustrates that

a stack with layers 0…N is assumed, where layer 0 is air and

layer N is the substrate.

Electromagnetic waves travelling forward (EF) and

backward (EB) can be described as follows:37

EFðx
�
0 Þ

EBðx
�
0 Þ

� �

¼ M
EFðx

þ
N�1Þ

EBðx
þ
N�1Þ

 !

;

M ¼ T01P1T12P2… TðN�1ÞN :

(A1)

The notation includes a layer-to-layer (l to m) transfer matrix

Tlm ¼
1

tlm

1 rlm
rlm 1

� �

;

and a within-layer propagation matrix

Pl ¼
eþi2pk�1

~n lsl cos/l 0

0 e�i2pk�1
~n lsl cos/l

 !

;

where k is the wavelength, ~nl ¼ nl � ikl is the complex

refraction index, and sl is the thickness of layer l. The angle

of incidence /l is calculated recursively, from /0 (known) to

/N , by Snell’s law

sin/l<ð~nlÞ ¼ sin/m<ð~nmÞ:

The transmission and reflection coefficients depend on the

polarization of the incident wave and are given by:

- TE polarization

rlm ¼
~nl cos/l � ~nm cos/m

~nl cos/l þ ~nm cos/m

;

tlm ¼
2~nl cos/l

~nl cos/l þ ~nm cos/m

:

- TM polarization

rlm ¼
~nm cos/l � ~nl cos/m

~nm cos/l þ ~nl cos/m

;

tlm ¼
2~nl cos/l

~nm cos/l þ ~nl cos/m

:

From Eq. (A1), the refraction (power) spectrum can be cal-

culated using EBðx
þ
N�1Þ ¼ 0 (no backward-travelling wave

from the substrate) and elimination of EFðx
þ
N�1Þ

S /0; kð Þ ¼
EB x�0ð Þ

EF x�0ð Þ

 !2

¼
M12

M11

� �2

:

Afterwards, the input angles are integrated according to

SðkÞ ¼

ð/max
0

0

d/0Sð/0; kÞNð0; ð/max
0 Þ2Þ;

with /max
0 ¼ sin�1NA, and a weighting normal distribution

Nð0; ð/max
0 Þ2Þ with mean 0 and standard deviation /max

0

used to model the angular light power distribution of the

object lens.38 The spectra are calculated separately for both

polarizations, TE and TM. Under the simplifying assump-

tion of unpolarized incident light, the total spectrum is cal-

culated by adding the two spectra

SunpolðkÞ ¼ STEðkÞ þ STMðkÞ:

Note that in the simulations

- step sizes of D/ ¼ 1�, Dk ¼ 2 nm are used, and

- total reflection is avoided by ending the simulations at the

maximum angle without total reflection. In such a case, the

maximum NAmax is denoted.

APPENDIX B: LIST OF SOURCES OF OPTICAL

PROPERTIES AND INTERLAYER DISTANCES

OF THE MATERIALS IN USE

Material Source for ðn; kÞ Interlayer distance ðÅÞ

Graphene 39 3.35 (Ref. 45)

WSe2 33 and 34 6.7 (Ref. 28)

MoS2 40 6.15 (Ref. 46)

b-BN 41 3.33 (Ref. 47)

(100)Si 42

FIG. 5. Complex refraction indices ~n l and layer thicknesses sl of a multi-

layer stack are used to calculate its refraction spectrum Sð/0; kÞ depending
on the angle of incidence /0.
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(Continued.)

Material Source for ðn; kÞ Interlayer distance ðÅÞ

Therm. SiO2 42

Al2O3 43

HfO2 41

Al 44

PMMA 950K 4% A ¼ 1:472, B ¼ 0:00372a

PVA 9K 4% A ¼ 1:506, B ¼ 0:00271a

aObtained by a Cauchy fit from ellipsometric measurements:

n k
lm

� �

¼ Aþ B k
lm

� ��2

, k ¼ 0.

APPENDIX C: CALCULATION OF THE CIEXYZ
COLORS

Our calculation model supports the simulation of several

stacks, e.g., the simulation of 1…n layers of WSe2 on SiO2/

Si. In this example, only the foreground is varied, and nþ 1

stacks are calculated (n foregrounds and one background). If

the background is varied, 2n stacks are calculated. The flow

diagram in Fig. 1 illustrates the calculation approach. First,

the spectrum SðkÞ is converted into intermediary CIEXYZ

colors

X0
j

Y0
j

Z0
j

0

B

@

1

C

A
¼

ð780 nm

380 nm

SjðkÞLðkÞ

�xðkÞ

�yðkÞ

�zðkÞ

0

B

@

1

C

A
dk;

where j is the index of the stack, LðkÞ is the light source

spectrum, and �xðkÞ, �yðkÞ, and �zðkÞ are the CIE 1931 color

matching functions.48 We employed two different light

source spectra: (1) A standard type D daylight illuminant

D65 (Ref. 48) and (2) the spectrum of a black body follow-

ing Planck’s law:

L kð Þ �
k

nm

� ��5

exp
1:44� 107Knm

Tk

� �

� 1

� ��1

;

which enables the simulation of, e.g., a type A illuminant,

i.e., tungsten-filament lighting (T� 3100K).

The calculated values are not the final XYZ colors

because the luminosity is yet to be set correctly. To this end,

the values are normalized according to

xj
yj

� �

¼
1

X0
j þ Y0

j þ Z0
j

X0
j

Y0
j

� �

¼:
1

kj

X0
j

Y0
j

� �

:

Note that z is implicitly given due to z ¼ 1� x� y. These

values are complemented to obtain the Yxy color by intro-

ducing the luminosity Y, which is set by default to
60þ16
116

	 
3
� 0:28, hence, equaling a CIELAB luminosity of

L ¼ 60. Y ¼ 0 represents black, while Y ¼ 1 yields a color

on the xy-plane containing the reference white point (D65).

Our software includes a controller, which allows tuning Y to

adjust the luminosity in real-time during the visualization of

the colors.

Once the Yxy color is set, standard transformations can

be used to convert the color to any other color space. In our

case, we first convert to CIEXYZ by

Xj

Yj
Zj

0

@

1

A ¼
kj

kref
�
Y

yref

xj
yj

1� xj � yj

0

@

1

A

:

Note that in order to maintain the correct relations of lumi-

nosities of all involved stacks j, they are multiplied with a

factor
kj
kref

� 1
yref

instead of 1
yj
.
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