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Enhanced visibility of graphene:
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Visibility and simple optical diagnostics possibilities of graphene layers on dielectric and semi-
conductor substrates at the Brewster angle are analyzed. The analysis is based on a numerical sim-
ulation. Several oxide semiconductors (ITO, ZnO, TiO,), weakly absorbing Si, and strongly
absorbing GaAs are considered. It is shown that at the Brewster angle the optical contrast of graphene
flakes on a bare semiconductor substrate is actually strong enough to see them under an optical
microscope and there is really no need to create an additional interference film on the substrate.
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1. Introduction

The most common method for the visualization of graphene [1] or graphene-like
two-dimensional materials [2] is the optical contrast method (or optical imaging) [3-9],
which is a very simple and inexpensive technique. However, in the case of semicon-
ductor substrates this method is strongly dependent on the implementation of specially
designed Fabry—Pérot type substrates to enhance the visibility of graphene flakes. For
example, a thin dielectric film can be coated on the semiconductor substrate to meet
adestructive interference condition to suppress reflectivity of a bare substrate (the most
common substrate is SiO, (300 nm)/Si) that is easily destroyed by the graphene layer:
a distinctive contrast under an optical microscope comes from the difference between
the reflectivity of the area with graphene on top and the rest of the substrate without
graphene.

It must be emphasized that the relative simplicity and accessibility of the optical
contrast method played a major role in the rapid development of graphene-related
research because to scan macroscopically large areas to find a micrometer-sized
graphene flake is a practically impossible task for classical atomic force microscopy
or scanning electron microscopy [1]. In addition, the optical contrast technique does
not need a single layer graphene (SLG) as a reference (as in Raman), and it does not
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have an instrumental offset problem (as in atomic force microscopy). However, the
generation of Fabry—Pérot type semiconductor substrates is, generally, not easy (except
the case of silicon) and, which is even more important, we often need to transfer graphene
immediately to a bare semiconductor surface.

On the other hand, it is well known that no reflection occurs also in the case when
a p-polarized light beam is incident on a transparent bare substrate under the Brewster
angle. At the same time, formation of an ultrathin film at this substrate leads to a meas-
urable reflectivity depending on various film properties. A microscope based on this
principle had been constructed already in the early 1990s (the so-called Brewster-angle
microscopy (BAM)) as a direct and non-invasive method to study the micrometric mor-
phology of Langmuir and Langmuir—Blodgett monolayers [10, 11]. Nowadays the BAM
has become one of the most attractive and powerful techniques for the in sifu real-time
monitoring of such structures on air—water interfaces [12, 13].

However, for classical semiconductor materials (e.g., Si, GaAs), the situation is
radically different. In the visible region of the optical spectrum they are absorbing
materials for which, in fact, exists the so-called pseudo-Brewster angle where the reflec-
tance does not approach zero but has already a considerably different value from zero.
If this value is not small enough, then the contrast of graphene flakes or the relative
change of the reflectance produced by a graphene sheet are not large enough to ensure
the visibility of graphene. Thus, at first glance there is an impression that graphene
samples are not visible on the surface of such semiconductor materials at the Brewster
angle.

The purpose of this work is to demonstrate that the BAM is applicable to the detection
of graphene layers on semiconductor materials (the contrast required (at least 10%—15%)
can be achieved). We consider several oxide semiconductors (ITO, ZnO, TiO,), weak-
ly absorbing Si, and strongly absorbing GaAs. We also show that surface differential
reflectance (SDR) [14—18] at the Brewster angle is a highly sensitive surface probe for
graphene-like materials and can be successfully implemented for counting of graphene
layers.

2. Optical contrast of graphene at the Brewster angle

Assuming that all the media are nonmagnetic, we consider the reflection of p-polarized
time-harmonic electromagnetic plane waves with wavelength 4 in the ambient medium
with real refractive index n, from an absorbing ultrathin film of thickness d; << 1 and
with complex refractive index n; = n; + in{ thatislocated on semi-infinite absorbing
substrate with complex refractive index ng = n +in!" or on transparent substrate
(n" = 0). The analysis is based on the classical electromagnetic theory for a simple
Fresnel-law-based slab model [19].

We analyze the reflectance R of p-polarized light from a substrate with graphene on
it and compare this to the reflectance R, of p-polarized light from the bare (graphene
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-free) substrate. The optical visibility of a graphene flake is then determined as the rel-
ative optical contrast C (or normalized difference in reflectance) between two such
parts of the sample studied using a monochromatic light source

I-1, RI,—R,I, R—-R, AR

C = = =
I, Ry, Ry R,

where [ and / are the intensities of the reflected light from the graphene and the bare
substrate, respectively, and 7, is the intensity of incoming light. In practice, it is im-
portant to keep in mind that the diameter of a graphene flake must be larger than the
spot of light.

In relation to fully transparent substrates (n; — 0) the following should be noted:
real physical interfaces do not represent perfectly flat surfaces but between two media
always a transition layer exists that is usually caused by the microscopic roughness of
surfaces, adsorption (e.g., water), or the presence of the native oxide layer. However,
as it turns out, the results of specific calculations for slightly rough transparent sub-
strates contrast values are still very large in the immediate vicinity of the Brewster an-
gle (Fig. 1).

Moreover, they are large enough for even a few degrees away from the Brewster
angle. Note that surface roughness is modeled using an effective medium approxima-
tion (EMA) [20, 21]. This model assumes that the physical roughness is represented
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Fig. 1. Optical contrast (4 = 630 nm) as a function of the incident angle for different number N of graphene
layers with d;= N - 0.34 nm and n;= 2.7 + 1.4i on silica substrates (n, = 1.46, pg = atan(1.46) = 55.6°)
with different thicknesses of the roughness surface layer dj, = 0.6 nm (solid lines), 1.2 nm (dashed lines),
and 2.0 nm (dotted lines) if the EMA refractive index of roughness layers n, = 1.22 (50% silica and 50%
voids with n, = 1).
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by a flat layer (with the thickness d,, and the refractive index n,) which is composed
of a random mixture of solid material (the hills of roughness) and voids (the empty
space between the hills), i.e., optical properties are a volume-weighted average of two
media. In addition, it is important that the characteristic size of the homogeneous re-
gions must be much smaller than the wavelength of radiation.

Calculations also show that graphene sheets with different number of the graphene
layers have clearly different contrast values (Fig. 1). Therefore, measuring photomet-
rically the value of the optical contrast (the differential reflectance AR/R,)), we can suc-
cessfully determine on the basis of this quantity the number of the graphene layers.
Nevertheless, one should pay attention to the following fact: we do not always know
exactly whether we have any graphenes on the substrate — maybe some other material
accumulates on the substrate during the course of the technological process (for ex-
ample, there is only water without graphene). Indeed, calculations show that for trans-
parent substrates the value of the differential reflectance caused only by the water layer
is also very large at the Brewster angle (e.g., C ~ 10° for 3 nm water layer on a silica
substrate). So, at first glance, it seems that this method is unable to discriminate be-
tween a graphene flake and an arbitrary dielectric material. But here comes to the res-
cue another important aspect of the angle dependence of the differential reflectance.
Namely, for graphene and dielectric layers the sign of the contrast is different for in-
cidence angles which are less or greater than the Brewster angle of incidence: for
graphene layers C > 0 if ¢ < ¢ (¢ is the angle of incidence) and C <0 if ¢ > ¢y but
for dielectric layers the contrary is true: C <0 if ¢ < gz and C> 0 if ¢ > ¢g (strictly
speaking, at large angles of incidence (¢ — 90°) the quantity C can become negative
again, but its value is very small).

Thus, at the Brewster angle contrast values are especially high for transparent
substrates, for example, various glassy materials with low refractive index. On the
other hand, for such materials, in fact, there is no special need for the measurements
at the Brewster angle because sufficient contrast is also achieved at the normal inci-
dence (e.g., if ng < 1.5, then C > 10% at ¢ = 0° and 4 = 500 nm). However, if the real
part of the refractive index of the substrate increases (n; > 1.5), then the optical con-
trast for the normal incidence decreases very rapidly (C < 10% at ¢ = 0°) and graphene
flakes distinction under an optical microscope becomes very difficult or even impos-
sible. Note that the absorption in the substrate material (n; > 0) further reduces the
optical contrast at the normal incidence. For example, higher refractive index sub-
strates (ng 2 3...4) include such important semiconductors as Si or GaAs where the
refractive index becomes complex when the quantum energy of radiation approaches
(or is greater than) the bandgap energy — this leads to a very low contrast at the normal
incidence. Because of this, directly onto the semiconductor substrate, the transferred
graphene is not seen under a conventional optical microscope (normal incidence of
light). In order that graphene would become visible, it is necessary to generate a specific
dielectric film onto the semiconductor surface, which reduces the substrate reflectivity
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at normal incidence by means of destructive interference (the simplest example is the
300 nm (or 100 nm) SiO, layer generation on Si substrate).

On the other hand, it is clear that much easier it is to change the incident angle —
go to the Brewster angle of incidence — more exactly to the pseudo-Brewster angle ¢,
since due to the absorption in semiconductor materials, the angle where the reflectance
is minimal, is, generally, different from the value of ¢y = atan(ny/n.) (¢, > ¢p).
Nevertheless, calculations show that if the imaginary part of the refractive index of
a semiconductor substrate is significantly lower than the real part of the refractive in-
dex, then the reflectance at the Brewster angle is still very small (the angle ¢, also
differs little from the angle @) and the value of the contrast is mainly determined by
the surface quality of the substrate. In addition to usual roughness of the surface, there
is often a problem in the water adsorbed at the surface. Of course, the natural oxidation
of the substrate material also reduces the contrast. At the same time, it should be noted
that the surface quality effect appears particularly acute only in the immediate vicinity
of the Brewster angle.

Addressing semiconductors, it should first be noted that Brewster’s method is of
particular interest for oxide semiconductors because their refractive index is smaller
than the value of the refractive index of classical semiconductors (e.g., Si, Ge, AHIBV)
and, therefore, the corresponding Brewster angle is not much greater than the Brewster
angle for the air—water interface in the conventional BAM. Notice that large Brewster
angles (¢pp 2 70°) may lead to additional experimental problems. Calculations of op-
tical contrast for graphene on such well-known oxide semiconductor substrates as ITO,
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Fig. 2. Optical contrast (4 =630 nm) as a function of the incident angle for monolayer graphene with
d¢=0.34 nm and n;=2.7+ 1.4i on ITO (In,03-Sn0O,, n,=1.78 + 0.0032i, ¢ = 60.7°) bare substrate
(solid line) and on ITO with water surface layer (n,, = 1.33, d,, = 4 nm) between graphene and substrate
(dashed line).
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Fig. 3. Optical contrast (4 =630 nm) as a function of the incident angle for monolayer graphene with
de=0.34 nm and n;=2.7 + 1.4i on ZnO substrates (n, = 1.99, pg = 63.3°) with different thicknesses of
the roughness surface layer d, = 0.5 nm (solid line) and 3.0 nm (dashed line) if the EMA refractive index
of roughness layers n, = 2.16 (50% ZnO and 50% voids with n, = 1).
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Fig. 4. Optical contrast (A = 630 nm) as a function of the incident angle for different number N of graphene
layers with dg= N - 0.34 nm and n;= 2.7 + 1.4i on TiO, substrate (n, = 2.6, g = 68.85°) with different
water layers (n,=1.33; d, = 1 nm (solid lines) and d,, =3 nm (dashed lines)) between graphene and
substrate.

ZnO0, and TiO, are shown in Figs. 2, 3, and 4, respectively. As we can see, the values of
optical contrast at the incident angles close to the Brewster value are large enough to
ensure good visibility of graphene by using BAM instead of usual optical microscopy.

As follows, we discuss the traditional semiconductors such as Si and GaAs. For
example, for the crystalline silicon the optical contrast in the vicinity of ¢, is demon-
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Fig. 5. Optical contrast (A = 630 nm) as a function of the incident angle for different number N of graphene
layers with dy= N - 0.34 nm and n; = 2.7 + 1.4i on crystalline silicon (n, = 3.9 + 0.0167) with SiO, (n., =
1.46) surface layers with different thicknesses: d,, = 0.3 nm (solid lines) and 3.0 nm (dashed lines) [22].

strated in Fig. 5. Thus, close to the Brewster angle the graphene flakes are well visible
on the bare surface of conventional silicon (without a special interference film), how-
ever, the problem is the relatively high incident angle (greater than 70°).

As the number of the graphene layers increases, the contrast also increases. A few
degrees away from the pseudo-Brewster angle, where the contrast values are smaller
than exactly at the pseudo-Brewster angle, the dependence of the contrast on the sur-
face quality of the substrate (roughness, oxide or water layers) is considerably smaller
and curves for different thicknesses of graphene sheets separate clearly and do not
overlap. Consequently, in this region it is quite possible on the basis of photometric
measurements of AR/R, to determine the number of graphene layers (as in the case of
transparent substrates).

Next, we consider another semiconductor — GaAs, which is of great interest for
optoelectronics. In this semiconductor the absorption of light is stronger (the imaginary
part of the refractive index of GaAs is greater than the corresponding value for Si),
therefore, the reflectance at the Brewster angle is already significantly different from
zero, e.g., at A=450nm, ny=4.84-0.861i, R(p,p) =7.2 % 1073, pp = atan(4.84)
=78.3° and C = 19.2% (we did not take into account the effect of a surface oxide on
GaAs because its typical thickness is only ~2 nm). Of course, such a contrast is still
perfectly adequate that the graphene flakes would be clearly visible at the Brewster
angle. However, in the short-wave part of the visible region (4 <400 nm) the optical
contrast for a GaAs substrate is already so low (Fig. 6) that graphene flakes are no
longer visible under an optical microscope even at the Brewster angle.

As in the case of transparent substrates, we often do not know whether a test object
is not the graphene flake. Maybe there is some other material in place of the graphene,
e.g., the ubiquitous water, which at the Brewster angle has a sufficiently large value
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Fig. 6. Optical contrast as a function of the incident angle for monolayer graphene with d; = 0.34 nm and
ne=2.7 + 1.4i on GaAs [23] at different values of 4 = 800 nm (dotted line, n, = 3.68 + 0.0857i), 500 nm
(dash-dotted line, ng =4.31 + 0.427i), 400 nm (dashed line, n,=4.37 + 2.14i), and 300 nm (solid line,
ng=3.73 +2.0i).

for the optical contrast on a semiconductor substrate as well. However, it turns out that
for semiconductor substrates this problem can also be easily solved by changing just
the angle of incidence: close to normal incidence the sign of the optical contrast is dif-
ferent for graphene layers and dielectric surface layers.

3. Conclusions

The Brewster-angle microscopy/reflectometry is a powerful technique for optical diag-
nostics of graphene-like two-dimensional materials on dielectric and semiconductor
substrates. The essential property of the Brewster angle microscopy is that it allows
to see directly the graphene flakes on a bare semiconductor material — this means that
to suppress the reflection from the semiconductor substrate it is not necessary to use
a special interference film on the surface of the semiconductor as it is a commercial
system Si/SiO, (300 nm). The latter feature is currently of first importance in micro-
scopy of two-dimensional materials on other types of semiconductors (different from
silicon) where the generation of an interference structure is not always so easy (at the
same time, a prerequisite for handling graphene is its easy visibility). A surface dif-
ferential reflectance method at the Brewster angle is very sensitive surface probe and
can be successfully implemented for counting of graphene layers.

Acknowledgments — This work was supported by Estonian Research Council (grant [UT2-24 “Thin-film
structures for nanoelectronic applications and functional coatings”).



Enhanced visibility of graphene... 371

References

[1] NovoseLov K.S., Nobel lecture: Graphene: materials in the flatland, Reviews of Modern Physics
83(3), 2011, pp. 837-849.

[2] ButLER S.Z., HOLLEN S.M., Linyou Cao, Y1 Cul, Gurta J.A., GUTIERREZ H.R., HEINZ T.F., SEUNG
SAE HonG, JaxING HUANG, IsmMAcH A.F., JoHNsTON-HALPERIN E., KuNno M., PLASHNITSA V.V.,
RoBiNsON R.D., RUoOFF R.S., SALAHUDDIN S., JIE SHAN, L1 SHI, SPENCER M.G., TERRONES M., WINDL W.,
GOLDBERGER J.E., Progress, challenges, and opportunities in two-dimensional materials beyond
graphene, ACS Nano 7(4), 2013, pp. 2898-2926.

[3] N1Z.H., Wanc H.M., Kasim J., FANH.M., Yu T., Wu Y.H., FENG Y.P., SHEN Z.X., Graphene thick-
ness determination using reflection and contrast spectroscopy, Nano Letters 7(9), 2007, pp. 2758
—2763.

[4] BLAKE P., HiLL E.W., CasTRO NETO A.H., NovoseLov K.S., JIANG D., YANG R., BooTH T.J., GEIM A K.,
Making graphene visible, Applied Physics Letters 91(6), 2007, article ID 063124.

[5] ABERGEL D.S.L., RUssELL A., FaL’ko V.1, Visibility of graphene flakes on a dielectric substrate,
Applied Physics Letters 91(6), 2007, article ID 063125.

[6] GrAY A., BALOOCH M., ALLEGRET S., DE GENDT S., WEI-E WANG, Optical detection and character-
ization of graphene by broadband spectrophotometry, Journal of Applied Physics 104(5), 2008,
article ID 053109.

[7] CASTELLANOS-GOMEZ A., AGRAIT N., RUBIO-BOLLINGER G., Optical identification of atomically thin
dichalcogenide crystals, Applied Physics Letters 96(21), 2010, article ID 213116.

[8] BENAMEUR M.M., RapisavLiEvic B., HERON J.S., Sanoo S., BERGER H., Kis A., Visibility of
dichalcogenide nanolayers, Nanotechnology 22(12), 2011, article ID 125706.

[9] YING YING WANG, REN X1 GAao, ZHEN Hua N1, Hut HE, SHU PENG Guo, HUAN PING Y ANG, CHUN X1A0
ConNG, TING Yu, Thickness identification of two-dimensional materials by optical imaging, Nano-
technology 23(49), 2012, article ID 495713.

[10] HENON S., MEUNIER J., Microscope at the Brewster angle: direct observation of first-order phase
transitions in monolayers, Review of Scientific Instruments 62(4), 1991, pp. 936-939.

[11] HoNiG D., MoBIUS D., Reflectometry at the Brewster angle and Brewster angle microscopy at the
air-water interface, Thin Solid Films 210, 1992, pp. 64-68.

[12] ROLDAN-CARMONA C., GINER-CASARES J.J., PEREZ-MORALES M., MARTIN-ROMERO M.T., CAMACHO L.,
Revisiting the Brewster angle microscopy: the relevance of the polar headgroup, Advances in Col-
loid and Interface Science 173, 2012, pp. 12-22.

[13] VOLLHARDT D., Brewster angle microscopy: a preferential method for mesoscopic characterization
of monolayers at the air/water interface, Current Opinion in Colloid and Interface Science 19(3),
2014, pp. 183-197.

[14] ADAMSON P., Analytic determination of n, k and d of two-dimensional materials by ellipsometry and
reflectivity, Applied Optics 53(21), 2014, pp. 4804-4810.

[15] SmmonoT L., BABONNEAU D., CAMELIO S., LANTIAT D., GUERIN P., LAMONGIE B., ANTAD V., In situ
optical spectroscopy during deposition of Ag:Si; N, nanocomposite films by magnetron sputtering,
Thin Solid Films 518(10), 2010, pp. 2637-2643.

[16] BIN MA, ZHENGXIANG SHEN, PENGFEI HE, Y1QIN Ji, TIAN SANG, HONGFEI J1a0, HUASONG Liu, DANDAN
L1u, ZIRONG ZHAIL, ZHANSHAN WANG, Subsurface quality of polished SiO, surface evaluated by quasi
-Brewster angle technique, Optik — International Journal for Light and Electron Optics 122(16),
2011, pp. 1418-1422.

[17] LuBLow M., YAN Lu, SHUANG WU, Brewster-angle variable polarization spectroscopy of colloidal
Au-nanospheres and -nanorods at the silicon surface, Journal of Physical Chemistry C 116(14), 2012,
pp. 8079-8088.

[18] ApaMsoN P., Characteristic Brewster angles for anisotropic interfaces, Optik — International Journal
for Light and Electron Optics 125(24), 2014, pp. 7247-7257.



372 P. ADAMSON

[19] Heavens O.S., Optical Properties of Thin Solid Films, Butterworths Scientific Publications, London,
1955.

[20] AspnEes D.E., THEETEN J.B., HOTTIER F., Investigation of effective-medium models of microscopic
surface roughness by spectroscopic ellipsometry, Physical Review B 20(8), 1979, pp. 3292-3302.

[21] YanGuas-GIL A., SPERLING B.A., ABELSON J.R., Theory of light scattering from self-affine surfaces:
Relationship between surface morphology and effective medium roughness, Physical Review B 84(8),
2011, article ID 085402.

[22] JeLLisoN G.E., MoDINE F.A., Optical functions of silicon at elevated temperatures, Journal of Applied
Physics 76(6), 1994, pp. 3758-3761.

[23] Asenes D.E., KeLso S.M., LoGaN R.A., BHAT R., Optical properties of Al.Ga;_.As, Journal of
Applied Physics 60(2), 1986, pp. 754-767.

Received October 4, 2016
in revised form December 19, 2016



