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1 | INTRODUCTION

Roberto Gunnella’ |

Marco Zannotti? | Rita Giovannetti’> |

Luca Ottaviano*’

Summary

Based on previous reports on the optical microscopy contrast of mechanically
exfoliated few layer CrCl; transferred on 285 nm and 270 nm SiO, on Si(100), we
focus on the experimental determination of an effective mean complex refractive
index via a fitting analysis based on the Fresnel equations formalism. Accord-
ingly, the layer and wavelength-dependent absorbance and reflectance are cal-
culated. Layer and wavelength-dependent optical contrast curves are then eval-
uated demonstrating that the contrast is significantly high only around well-
defined wavelength bands. This is validated a posteriori, by experimental UV-
Vis absorbance data. The present study aims to show the way towards the most
reliable determination of thickness of the 2D material flakes during exfoliation.

KEYWORDS
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ferromagnetism in monolayer Crl;’ boosted the research
towards the 2D magnetism for spintronics.” After this

Since the first isolation of graphene, the family of
two-dimensional (2D) materials has been growing
enormously.! Recent studies have reported that more than
1000 2D materials have been explored so far.” Interest-
ingly, 2D physical concepts have been experimentally and
theoretically proved in such materials since their discov-
ery, as their atomic layers thinning drastically changes
the properties of their bulk counterpart. In particular, as
the layer thinning impacts the band structure, quantum
confinement,>* excitons,” topological order® and specific
magnetic properties can emerge.”® Recent discovery of

ground-breaking discovery, the chromium trihalides
group has received a renewed attention and significant
work has been also focussed on CrCl;.'!! Very little is
reported on the optical properties of this novel class of 2D
materials. Pollini and Spinolo determined the real part of
refractive index on an evaporated thick film (several hun-
dreds of nm ) of CrCls, that is, 1.85 + 0.1 at fixed 4 = 500 nm
with no information on the extinction coefficient part.'?
There are plenty of experimental methods to pre-
pare the thin layers of 2D materials like chemical
vapour deposition,'** chemical exfoliation,” physical
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mechanical exfoliation"!*!7 and electrochemical lithiation

process,® but the mechanical exfoliation process is able to
give the purest form of material due to the use of bulk crys-
tal of respective materials.

In this regard, once mechanically exfoliated flakes are
deposited onto dielectric substrates, it is well known
that optical microscopy gives the way to distinguish the
layer thickness of 2D materials by studying the Fresnel
interference.'®?° In particular, once the contrast is eval-
uated, using the Fresnel equations, the complex refrac-
tive index of the materials in their few layer phase can
be determined.”! To this respect, extensive studies are
reported on the layer-dependent optical properties of
graphene’’?> and MoS,.”>** The importance of optical
contrast (0.C.) of CrCl; increases due to the reported
Raman insensitivity on few layers.?

This article focusses on the determination of the layer-
dependent optical properties (refraction index, reflectance
and absorbance) of CrCl; by layer-dependent contrast
measurements of exfoliated CrCl; supported on silica. We
demonstrate independently from the characteristics of the
illuminating source used in the microscope, that the use
of broad-band light in the identification of few layer flakes
of the material is preferable than the use of monochroma-
tized light.

2 | NUMERICAL SIMULATION

Architecture of samples is made of three different mate-
rials: (1) flake, (2) silicon oxide and (3) silicon substrate.
As reported in Figure 1, light, at a given incident angle 6
is reflected and absorbed with different intensities by the
two interfaces. The O.C. can be then quantified by using
empirical relation as shown in Equation (1),"

I—Ip

o.C.
I +If

, ¢y

where I and I are the intensities of the reflected light
from the substrate and the flake, respectively. The O.C. is a
measurable quantity that can be modelled using the Fres-
nel law for interference, depending on the thicknesses and
the complex refractive indexes of the materials of the inter-
faces according to the following Equations (2) and (3).7'%"°
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FIGURE 1 Schematic diagram of light incidence over
three-interface system at 90° incident angle

Here, 1j; is defined as relative refractive index of two
adjacent (j and k) materials as in Equation (4):

n —n
J

/
k
rip = ——— @
Jjk 7 7
n+n
being n;. (1) = nj—ix; the complex refractive index of the
j-th material."”
And, where

27tn;d;cos(6;)

bj= ——— ©
is the phase shift introduced when the light passes through
each medium (j), 1 and d, respectively, being the wave-
length of the radiation and the thickness of the material.
In our particular case, the 0, 1, 2 and 3 correspond, respec-
tively, to the air, CrCls, SiO, and Si. In every case, the Si
layer is considered semi-infinite.'®'

3 | EXPERIMENTAL DETAILS

CrCly crystals were grown and characterized as in
Ref. 26 Experimental details of the preparation of the exfo-
liated samples can be taken from a previously published
work.? In particular CrCl; showed to have longer degra-
dation times of other tri-halides, another reason of interest
for its investigation.” Layer-dependent experimental O.C.
values have been fitted using a nonlinear fit model with n, k
and A as fitting parameters in a theoretical O.C. The values
are calculated from Equations (1), (2) and (3) by consider-
ing the SiO, refractive index value equal to 1.5 with zero
extinction coefficient. Such value has been considered, to
a first approximation, wavelength independent.

The UV-Vis absorbance spectra were recorded by using
Cary 8454 diode array spectrometer (Agilent Technolo-
gies, Santa Clara, CA, USA) with Agilent ChemStation
software at room temperature within the range of 190-
1100 nm wavelength.?” The measurements were done at
fast scan speed with a 0.9 nm sampling interval of the diode
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array over 190-1100 nm wavelength range and 1 nm band-
width slit.

The glass slides were being used as substrate and sam-
ples were mounted at the bottom of glass slides with the
help of scotch tape, this whole system was set in a home-
build sample support to perform the measurements. The
mentioned system is shown in Figure S1. Prior to CrCl;
measurements, we scanned the scotch tape wrapped glass
slide to see the light absorbed through the scotch tape. The
scotch tape did not show any absorbance and the spec-
tra were completely flat (see Figure S2). Afterward, we
recorded the spectra on CrCl; bulk and exfoliated one.

4 | RESULTS AND DISCUSSION

To investigate the effective wavelength range, we per-
formed the UV-Vis spectroscopy on bulk as well as on exfo-
liated CrCl;. Figure 2 shows the room temperature UV-
Vis and NIR absorption spectra of bulk and cleaved CrCl;
through black and red lines, respectively. Samples used for
the experiment were presented in the inset of Figure 2(A)
where two broad absorbance peaks were clearly observed
at wavelengths 533 nm and 757 nm and at 530 nm and
729 nm for bulk and cleaved samples, respectively. The
intensity of bulk CrCl; was higher than that of the exfo-
liated one because of the thickness and size of the sam-
ple (Figure SI). Figure 2(B) shows the data for both sam-
ples normalized to enhance the shape difference from the
bulk counterpart to thin specimens. The two main fea-
tures of the absorption edge come from the p-type valence
band to quasi-localized d states.”® Interestingly, the spec-
trum recorded from the exfoliated flakes is showing mul-
tiple kinks, while going through visible wavelength range.
Spectrum contains three clear kinks at 500 nm, 530 nm and
559 nm. In Figure 2(C), the spectrum started to sharpen
the curve from 500 nm wavelength and achieved a peak at
530 nm. Afterward the spectrum started to go down until
570 nm wavelength with a cone-shaped spectrum. The ori-
gin of the kinks are evidently related to the 2D nature
of the sample. Though the UV-Vis technique cannot be
tuned to individual flakes with their own layer thickness
because of the small lateral sample size, we aim at estab-
lishing a correlation between the contrast and the absorp-
tion/interference properties of the thin CrCl;.

We already reported the O.C. for few layers of CrCl; in
Ref. 25 In this study, to make a direct correlation between
the experimental data with theory, we have employed a
non-linear fitting programme based on Fresnel’s interfer-
ence quantitative comparison.

To validate our Fresnel’s interference-based model
on other well-known 2D reference materials, that is,
graphene, MoS, and Crl;, we have performed a parallel

0.3

Bulk CrCl,

Exfoliated CrCl, (A)

533 nm

0.2

0.1

530 nm

=
o

Bulk CrCly
Exfoliated CrCly (B)

400 500 600

Exfoliated CrCl,

Absorbance

700 800 900 1000

530nm

450 500 550 600
Wavelength (nm)
FIGURE 2 UV-visible absorbance spectra of CrCl; on glass
substrate: (A) spectra for bulk (black) and exfoliated (red) CrCl;.
The images of used samples are presented in the inset. (B)
Comparison of shape of bulk and exfoliated samples after

normalization. (C) Absorption spectrum of exfoliated flakes are
within 440-620 nm wavelength range

study and the results have been presented in the Support-
ing Information in Figure S3. We reported the best fitting
parameters for all three materials taken from literature,
which are also presented in the Supporting Information.
In our case, we fitted the O.C. data for CrCl; on 270 nm
and 285 nm SiO,/Si substrates. In most of the cases, the
refractive index is a slowly varying function with respect to
the wavelength. This latter point justifies our mean value
approach, by using constant optical parameters. In Fig-
ure 3, we presented together with the best fit curves of the
experimental contrast, obtained by optimizing the three
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The simulated optical contrast (O.C.) for different number of layers (one to six) of CrCl; by changing the wavelength interval

on different SiO, thicknesses on top of Si wafer, that is, 270 nm (upper panels) and 285 nm (lower panels). The circles represent the
experimental values of the O.C. The thick lines in (A,C) represent the simulated data from 430 to 530 nm wavelength; while in (B,D) we report

simulated contrast for the wavelength range from 540 to 650

parameters (4, n and k), also the calculations of theoretical
contrast at other wavelengths spanning the whole experi-
mental range.

The black circles show the experimental O.C. data for
270 nm (upper panels (A,B) ) and 285 nm (lower panels
(C,D)) Si0,/Si substrates, respectively. We calculated the
contrast value for one to six layers by varying the wave-
length within 430-520 nm and 540-650 nm range, respec-
tively, for left and right panels. Each wavelength corre-
sponds to a different colour of line. In Figure 3(A) the
light green curve, which corresponds to 500 nm wave-
length illumination, befits the experimental data. While
most of the wavelengths make the contrast near to zero.
Wavelengths from 560 nm to 580 nm befitted the experi-
mental data as well. A similar study was performed on 285
nm SiO,/Si substrate, as the O.C. is slightly different from
the other substrates. The analysis also occurred in two
intervals, Figure 3(C) corresponds to 430-527 nm wave-
length range and Figure 3(D) covers the illumination wave-
length from 530 nm to 650 nm. Figure 3(C) clearly shows

that 527 nm illumination wavelength fits the experimen-
tal data and Figure 3(D) shows that experimental O.C. was
fitted perfectly by 590 nm and 600 nm illumination wave-
lengths. Based on the results, the highest visibility of CrCl;
thin flakes was obtained within green-yellow illumination
wavelength range.

We stress that the best fitted O.C. curves are obtained
as a fitting search over the full parameter space while the
other curves without good agreement with the experimen-
tal data are simple simulations. While keeping the full vis-
ible wavelength range the best fitted data give the optical
constants as well as effective wavelengths for both sub-
strates (the values are presented in Table 1).

These perfectly fitted data correlate with absorption
spectra. The experimental O.C. data resonate at particu-
lar wavelengths and almost overlap to the theoretical O.C.
values. From literature, we know that the extinction coef-
ficient part is equally important as it changes the O.C. of
materials by absorption and interference of light, which
may lead to the destructive interference. In our case, three
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TABLE 1 The optical constants values at different SiO, thickness substrates
Si0, thickness (nm) One layer thickness (nm) n k Wavelength (nm)
270 0.65 11+0.2 11+01 560
285 0.65 11+0.2 11+01 527
- 530 nm 270 nm SiO,/Si (2-3 cm™!) occurs by down-scaling the thickness of the
0.6 :gt materials. In this situation, O.C. measurements play a crit-
- :;L ical role for the layers’ number identification. Our exper-
g 0.4 ::t imental data were matched with theoretical calculations
g E— by using Fresnel’s equations. As we used white light illu-
S :?OLL mination for experimental analysis, the study allows to
g 0.2} know the most sensitive region of the whole visible range
o to observe the highest contrast for each material. A nonlin-
0.0 ear simulation program demonstrates the viability of the
L L L L method by testing the graphene, MoS, and Crl;. From the
400 480 560 640 720 simulations, we successfully extracted the effective wave-
Wavelength (nm)

FIGURE 4 Normalincidence theoretical optical contrast
spectra of CrCl; flakes for 1-10 layers on 270-nm-thick SiO, on Si
substrate for visible wavelength range

noticeable kinks are supposed to influence the O.C. value
by producing a resonance within visible wavelength range,
due to this more intense absorption.

Figure 4 shows the theoretical contrast spectra of CrCls
for 1-10 layers on 270 nm SiO,/Si substrates. The spec-
tra have been taken across the full range of visible light
(400-740 nm) calculated by Equation (1) in numerical sim-
ulation on 270 nm SiO,/Si substrate, showing the maxi-
mum visibility. The contrast spectrum of single monolayer
was centred at 530 nm wavelength.

Noteworthy, the numerical simulation of the O.C., rely-
ing on almost constant optical parameters, could miss
modulation induced by the presence of absorption kinks.
In this manner, Figures 2, 3 and 4 are not in conflict with
each other. We also reported in the Supporting Information
(Figure S4) the simulation in the case of MoS, done by a
finite element time-dependent programme, using a built-
in refractive index function; the latter showing that the
nominally exact contrast calculations are consistent with
the presence of a resonance region around the mean value
of the wavelength determined by the fit (Figure 4).

5 | CONCLUSIONS

We have demonstrated the importance of O.C. to iden-
tify the thickness of CrCl; 2D material. In case of CrX;
(X = Cl, Br and I), the layers are not sensitive enough
to be detected under Raman spectroscopy at room tem-
perature. Even near Curie temperature a very small shift

length along with complex refractive index (1.1-1.1i) for
1-6L CrCl;. Moreover, the UV-Vis absorption spectra con-
firmed the highly sensitive wavelength region for the mate-
rial. From the experimental and theoretical analysis, we
found that 270 nm SiO,/Si substrate showed the highest
visibility among all used thicknesses of SiO, capping lay-
ers. A quantitative experimental study is needed to maxi-
mize the contrast of CrCl; layers on SiO,/Si (with different
thicknesses of SiO,) or other substrates. We believe that
this study will provide a quick and accurate approach to
detect the thin layers of any 2D materials, without posing
restrictions on the light source used in the optical micro-
scope contrast measurements.
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