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microscopes for studying layered two-dimensional materials
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Reflectance spectrum measured using an optical microscope with a large numerical aperture objective
lens is shown to get modified. The change is most prominent when there are optical interference
related features in the spectrum. This modification is shown to arise primarily due to the wide range
of angles of incidence involved in the measurement and a simple formulation is provided to correct
for this in simulations. The importance of such analysis is brought out through a reflectance contrast
spectroscopy based study for identifying mono-layer and bi-layer graphene and MoS2. © 2014 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4889879]

I. INTRODUCTION

Graphene, MoS2, and other kinds of two-dimensional
(2D) materials are currently subjects of intense research
interest.1 Electronic and other physical properties of these ma-
terials strongly depend on the number of layers and therefore
it is important to be able to distinguish between mono-layer,
bi-layer, and multi-layer samples. The best quality 2D mate-
rials are obtained through mechanical exfoliation.2 This tech-
nique however yields samples with small area, typically a few
μm across, making it necessary to observe and study them
under an optical microscope. Use of an optical microscope
with large numerical aperture (NA) objective lens is desirable
since it increases light collection efficiency. When observed
under a microscope, the relative contrasts seen between re-
gions not having any 2D material layers and those having
them is used to identify the latter. For this the 2D material
is placed on an appropriate substrate, for example, Si covered
with a SiO2 film of specific thickness, where thin film optical
interference results in the substrate acquiring a desired visi-
ble colour. Absorption of light by layers of the 2D material
changes the image contrast of the regions where it is present
and makes it possible to distinguish regions having even a
mono-layer or bi-layer of the 2D material. This image contrast
can be quantified through a reflectance contrast spectroscopy
measurement.3–5 Here we first show that reflectance measure-
ments made using a microscope give results that are differ-
ent from ones made with a conventional setup. We then use
first principles simulations to show why this difference arises
and how one can account for it in simulations. We finally ap-
ply this knowledge for analysing reflectance contrast spectra
of mono-layer and bi-layer graphene and MoS2 to bring out
the necessity of such corrections when making measurements
with microscopes.

II. EXPERIMENT AND ANALYSIS

We begin with reflectance measurements on a structure
consisting of a ∼283 nm thick SiO2 film on Si(001), using
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a conventional measurement setup. In this setup light from
a 100 W quartz-tungsten-halogen lamp was dispersed by a
reflection grating based monochromator (band pass ∼1 nm)
and focussed on the sample using a lens with effective NA
= 0.12. The reflected beam was detected using a Si photo-
diode. The light was chopped and phase sensitive signal de-
tection was performed using a lock-in amplifier. The raw data
were normalized using the wavelength dependence of the sys-
tem’s throughput. The latter was estimated through measure-
ments on an aluminum mirror with known reflectance spec-
trum. In this measurement the angle of incidence θ i of the ray
passing through the center of the focussing lens and falling
on the sample was 11◦. Figure 1(a) shows the measured re-
flectance spectrum of the sample. It also shows the simulated
reflectance spectrum of the sample, for which we adopted
the transfer matrix technique for calculating optical response
of multilayered structures.6 The two layers considered here
were SiO2 (283 nm thick) and Si (assumed semi-infinite) and
their refractive indices7 were taken from literature. This sim-
ulation considered only the above mentioned θ i. It is evident
that the match between the experiment and the simulation is
satisfactory.

Figure 1(b) shows the measured reflectance spectrum of
the same sample using a microscope based setup. A schematic
of this experimental setup is shown in Fig. 2(a). It uses a 100×
infinity-corrected microscope objective with NA = 0.95. The
digital camera is useful for locating and taking images of re-
gions of interest on the sample. The pin-hole shown in the
path of the lamp light is precisely placed at the field stop re-
gion using a x-y-z micro-positioning stage. It is used when
only a small area on the sample needs to be illuminated. In this
setup a pin-hole of diameter 50 μm resulted in an illuminated
spot size of diameter 2 μm on the sample. The long wave-
length pass filter in front of the monochromator is used for
order-sorting. In this setup the detector was a photo-multiplier
tube (PMT). The measured spectrum in Fig. 1(b) is clearly
different from the one in Fig. 1(a) in that the dip in R occurs
at ∼525 nm in the former compared to ∼550 nm in the lat-
ter. If for this case we simulate the reflectance spectrum by
adopting the previous procedure but with θ i = 0◦, we get the
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FIG. 1. (a) Measured (thin line) and simulated (thick line) reflectance spec-
trum of a 283 nm thick SiO2 film on Si(001). The measurement used a fo-
cussing lens with NA = 0.12 and the angle of incidence was θ i = 11◦. (b)
Measured (thin line) reflectance spectrum of the same sample using a mi-
croscope with an objective lens of NA = 0.95. The thick line is a simula-
tion taking into account θ i averaging while the dashed line assumes normal
incidence.

spectrum shown by the dotted line in Fig. 1(b) which clearly
does not match with the measured spectrum. Thus the spec-
trum measured by using the microscope neither matches the
results from a conventional measurement nor is it reproduced
in a simple simulation.

We next attempt to show that this discrepancy between
a conventional and microscope based reflectance measure-
ment arises mainly due to the large range of angles of inci-
dence involved in the latter measurement resulting from the
large NA of the microscope objective. This is schematically
shown in Fig. 2(b). Here it would be wrong to assume nor-
mal incidence, instead it is necessary to consider a distribu-
tion of angles of incidence which we do as follows. A micro-
scope objective is typically a system of several lenses with
a complicated light trajectory through it. That apart, the colli-
mated light from the lamp that is incident on the objective may
not have spatially uniform intensity. We begin by simplifying
this problem whereby we consider the light beam just after it
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FIG. 2. (a) Schematic showing the optical path in the microscope based re-
flectance spectroscopy measurement setup. (b) Schematic indicating the wide
range of angles of incidence θ i that arise when measuring reflectance using an
objective lens with a large NA. (c) Schematic of the beam front cross-section
emerging from the objective lens divided into concentric rings of width δ. The
outer radius of the last ring is ρ, which is half of the objective lens aperture
diameter.

emerges from the objective, with the assumption that it has
uniform intensity across the beam front and gets focussed to a
point on the sample. Let us divide this beam front into N thin
circular concentric rings, each of thickness δ such that ρ = Nδ

[see Fig. 2(c)]. Light from the outer rings will hit the sample
at larger θ i compared to light from the inner rings. The total
light incident with a particular θ i is proportional to the area
of the ring. Therefore the weight factor for a particular θ i can
be estimated as follows. For the first ring at the center, on an
average θ i = tan −1δ/2d and its area is πδ2. Here d is the dis-
tance between the objective and the sample surface, referred
to as the working distance. Consequently the relative weight
factor for this θ i is πδ2/πρ2. Similarly for the nth ring, we get

θi n = tan−1([(n − 1)δ + δ/2]/d) = tan−1 (2n − 1)ρ

2Nd
(1)

with a weight factor

wn = [π (nδ)2 − π ((n − 1)δ)2]/πρ2 = 2n − 1

N2
. (2)

We can write ρ/d in Eq. (1) in terms of the NA using the fact
that ρ/d = tan θ i max where θ i max = sin −1(NA). It is evident
that light with larger θ i has larger weight factor and will con-
tribute more to the reflectance. We can now calculate the angle
of incidence averaged reflectance as

R(λ) =
N∑

n=1

wn R(λ, θi n). (3)

We used this formulation to simulate and fit the measured
spectrum in Fig. 1(b). In this process we took N = 20 and
left the value of NA as the only fitting parameter. This point
will be discussed later. In Fig. 1(b) the simulated reflectance
spectrum which took into account θ i averaging clearly fits the
experimental results better, including the position of the dip.
We can understand the difference between the conventional
and the microscope based measurement as follows. The dip
in the reflectance spectrum in Fig. 1 arises from optical in-
terference effects. For an objective with NA = 0.95 the max-
imum angle of incidence is ∼72◦, therefore larger angles of
incidence dominate for which the total optical path difference
gets reduced.6 Consequently there is a blue shift of the dip
in the spectrum in Fig. 1(b) relative to that in Fig. 1(a). This
tells us that in samples where interference effects are impor-
tant, a measurement using a microscope would result in large
deviation from results expected for normal incidence. In the
above simulation, the best fit with the measured data was ob-
tained for NA = 0.63. This lower value compared to the actual
specified NA = 0.95 arises because the assumption regarding
uniform intensity of light across the incident beam front was
incorrect, in reality the intensity is more likely to be higher to-
wards the center. This effective value of NA = 0.63 can now
be considered as a characteristics of the system and used for
simulations of measurements on other samples.

III. RESULTS AND DISCUSSION

We will now discuss how this phenomenon affects re-
flectance contrast spectroscopy measurements on graphene.
The graphene flakes were obtained by mechanical exfolia
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FIG. 3. (a) Image of a sample taken using a microscope which shows regions
with multi-layer, bi-layer, and mono-layer graphene and also bulk graphite
on a SiO2 (283 nm)/Si(001) substrate. Measured and simulated reflectance
contrast spectrum of (b) a graphene mono-layer and (c) a graphene bi-layer
on SiO2 (283 nm)/Si(001) substrate. The thick line represents simulation
that takes into account θ i averaging while the dashed line assumes normal
incidence.

tion2 from graphite and transferred on to the SiO2 (283 nm)/
Si(001) substrate. Figure 3(a) shows the image of a typi-
cal sample where one can see regions which have mono-
layer, bi-layer, multi-layer graphene, and bulk graphite. This
identification was independently verified using micro-Raman
spectroscopy.10 The reflectance contrast signal is defined as

Rsub − Rmat

Rsub

∗ 100, (4)

where Rsub and Rmat are reflectance of the bare SiO2 (283 nm)/
Si(001) substrate and with the graphene layer on it, respec-
tively. For studying such layered 2D materials, a reflectance
contrast measurement is preferred over single reflectance
measurement because the change in reflectance when a mono-
layer is present is typically small compared to the “back-
ground” reflectance of the substrate. In a reflectance contrast
measurement the relatively large background reflectance is
eliminated and one observes only the change in reflectance
as a prominent signal. Figures 3(b) and 3(c) show the mea-
sured reflectance contrast spectra of mono-layer and bi-layer
graphene samples. In these measurements the light spot di-
ameter on the sample was ∼2 μm. The higher peak re-
flectance contrast of the bi-layer compared to the mono-
layer graphene sample corroborates what is seen in the im-
age in Fig. 3(a) where the graphene covered regions are
darker than the uncovered SiO2 surface with the bi-layer re-
gions being darker than the mono-layer regions. We simulated
the reflectance contrast spectrum by considering three layers
graphene, SiO2, and semi-infinite Si(001). The refractive in-
dices of graphene7–9 were taken from literature and mono-
layer graphene thickness was taken to be 0.34 nm.3 In Figs.

3(b) and 3(c) the simulated reflectance contrast spectra as-
suming normal incidence and without θ i averaging are shown
by dashed lines. They clearly do not match the experimental
results. However the simulations which take into account θ i
averaging with an effective NA = 0.63 as determined earlier,
shown by continuous lines, match the experimental data much
better in the case of both mono-layer and bi-layer graphene.
In layered 2D materials the reflectance contrast peak mag-
nitude scales with the number of layers up to a few layers.
θ i averaging not only shifts the wavelength position of the
peak reflectance contrast but also smears its magnitude. Our
simulation which accounts for θ i averaging is therefore use-
ful for predicting the correct reflectance contrast peak magni-
tude and its wavelength position, for distinguishing between
mono/bi/tri-layers of such materials.

We next discuss the choice of N in the simulations. We
consider a case where the effective NA = 0.95 is very high.
For this case Fig. 4(a) shows the calculated reflectance con-
trast spectrum for mono-layer graphene on SiO2 (283 nm)/
Si(001) substrate with N = 1, 5, and 20. Also shown is the
spectrum assuming normal incidence with θ i = 0◦. One finds
that most of the spectral shift of the main peaked feature
relative to its position for θ i = 0◦ is achieved with N = 1.
This is because with N = 1 we already get a high effective
single θ i = 56.7◦ (note θ i max ∼ 72◦ for NA = 0.95). There-
after the calculated spectrum quickly converges to the final
value, as seen from the fact that there is no significant differ-
ence between the case with N = 5 and N = 20. This shows
that our formulation is robust. Our measurement is on a sim-
ple structure with just two films graphene and SiO2 on the
Si substrate and it is evident that for such a structure taking
N = 20 ensures convergence. For more complex multi-layered
structures such as distributed Bragg reflectors, one will have
to do such an exercise to determine N for which simulations
safely converge.

A higher reflectance contrast will increase the visibil-
ity of 2D mono-layer materials, which is desirable. In ear-
lier literature3, 5 importance was given to the determination of
appropriate thickness of the SiO2 layer to help enhance re-
flectance contrast. Our study suggests that the NA of the ob-
jective lens, which influences the reflectance measurement,
will also affect the reflectance contrast magnitude. This is
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an objective lens of NA = 0.95. (b) Contour plot showing the dependence of
the calculated reflectance contrast spectrum on the NA of the objective lens,
in the case of mono-layer graphene on SiO2 (283 nm)/Si(001) substrate.
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FIG. 5. (a) Image of a sample taken using a microscope which shows regions
with mono-layer and bulk MoS2 on a SiO2 (283 nm)/Si(001) substrate. Mea-
sured and simulated reflectance contrast spectrum of (b) a MoS2 mono-layer
and (c) a MoS2 bi-layer on SiO2 (283 nm)/Si(001). The thick line represents
simulation that takes into account θ i averaging while the dashed line assumes
normal incidence.

evident from Fig. 4(b) where the contour plot shows the calcu-
lated dependence of the reflectance contrast on NA and wave-
length for mono-layer graphene on a SiO2 (283 nm)/Si(001)
substrate. We see that for high effective NA, where spectral
averaging happens for a larger range of angles of incidence,
the peak reflectance contrast shifts to lower wavelengths and
decreases in magnitude. Thus although with high NA the light
collection efficiency increases, but it adversely affects the
reflectance contrast which is important for identifying such
ultrathin materials.

As a second example we consider the case of layered
semiconductor MoS2. The mono-layer and bi-layer samples
were obtained by mechanical exfoliation from bulk natural
crystals and transferred on to the SiO2 (283 nm)/Si(001) sub-
strate. Figure 5(a) has the image of a sample showing re-
gions having mono-layer and bulk MoS2. The identification of
the mono-layer was also independently verified using micro-
Raman spectroscopy.11 Figures 5(b) and 5(c) show the mea-
sured reflectance contrast spectra of mono-layer and bi-layer
MoS2 on SiO2 (283 nm)/Si(001) substrate, with a light spot
diameter ∼2 μm. The reflectance contrast is more prominent
in MoS2 when compared to graphene because its refractive
index difference relative to SiO2 is larger and therefore inter-
ference effects are stronger. Here too we find a higher peak
reflectance contrast for the bi-layer film compared to the
mono-layer film which agrees with the trend seen in the

graphene sample. In this case we again simulated the re-
flectance contrast spectrum by considering three layers MoS2,
SiO2, and Si(001). There is a considerable spread in the
reported wavelength dependent values of the refractive in-
dices of MoS2 in the literature.12–14 For our simulations we
considered values7 that are closer to the more recent reports.
The mono-layer MoS2 thickness was taken to be 0.65 nm.15

In Figs. 5(b) and 5(c) the simulated reflectance contrast spec-
trum assuming normal incidence and without θ i averaging are
shown by dashed lines. They do not match the experimen-
tal results. As before the simulations which take into account
θ i averaging, with an effective NA = 0.63, is seen to match
the experimental data much better both for mono-layer and
bi-layer MoS2.

From the above two examples of graphene and MoS2 it
is evident that the large range of θ i involved in a reflectance
contrast measurement using a microscope with a large NA ob-
jective lens results in a significantly modified spectrum. For
proper analysis and interpretation of results from such mea-
surement it is therefore important to account for the angle of
incidence averaging. We have provided a procedure for it and
showed that it works reasonably well.
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