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Introduction

Since the isolation of graphene in 2004," the list of 2D materials that can be exfoliated from bulk layered materials keeps
growing rapidly.2 Nowadays, anisotropic 2D materials, which are characterized by a strong in-plane anisotropy, are
attracting the interests of the community. Moreover, materials whose optical properties strongly depend on the
polarization of the incoming light are the foundation of many optical components (e.g. wave plates). In particular,
polarimetric photodetectors are important for many applications such as ellipsometry, 3D imaging, non-destructive stress
detection in industrial imaging and flat panel displays.3 So far, the family of anisotropic 2D materials contains black
phosphorous (BP),4’5 Re-based chaIcogenides,<5’7’8’9’10 tin sulfide and selenide,12 as well as transition metal
trichalcogenides.13’14’1s’16’17 One of the most promising materials belonging to the latter class is TiS;, which has a direct
band-gap of 1.1 eV'® and has shown very strong in-plane anisotropy”’ls'19 combined with exceptional responsivity and
optoelectronic properties.zo’21

In the present work, we investigate the optical properties of TiS; nanosheets in the visible part of the electromagnetic
spectrum. In particular, we measure the optical contrast of TiS; nanosheets deposited on SiO,/Si substrates as a function of
the nanosheets thickness, ranging from 4 to 110 nm using unpolarized and linearly polarized light. The experimental results
can be reproduced by a Fresnel law based model that takes into account the transmission and reflection phenomena taking
place in the system (composed by a semi-infinite layer of air, TiS;, 280 nm thick SiO, and semi-infinite Si). By fitting the
experimental spectra, we extract the energy-resolved complex refraction index of TiS;. We find both strong birefringence
and linear dichroism, indicating that both the real and the imaginary part of the refractive index depend on the light
polarization. Moreover, the results of ab initio calculations show that excitonic effects play a crucial role in the observed
anisotropic optical properties of TiS;. Interestingly, the birefringence coefficient of TiS; is among the largest values reported
in literature® illustrating the potential of this novel 2D material for polarization optics applications.

Results and discussion

TiS; nanosheets are prepared by mechanical exfoliation of TiS; powder onto a polydimethylsiloxane (PDMS) film
(Gelfilm from Gelpak®). The TiS; nanoribbons were synthesized by sulfuration of bulk Titanium discs. Titanium discs are
vacuum sealed in an ampule with sulfur powder (>75 atomic % sulfur) and heated to a designated growth temperature (500
°C). After 20 hours of growth, the ampule is cooled in ambient conditions (see also Ref.”) and the as-produced TiS; powder
can be transferred onto the PDMS film. The TiS; flakes are identified at first glance by optical inspection through a
microscope operated in transmission mode and then deterministically transferred to the target 90 nm-SiO,/Si substrate via
a dry transfer technique.23 Once deposited onto the SiO,/Si substrates, the TiS; flakes are identified with bright-field optical
microscopy and their thickness is determined by atomic force microscopy (AFM) measurements. Figure 1a shows an optical
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image of a thin TiS; nanosheet where two differently colored regions are visible. As can be seen from the nanosheet
topography studied with AFM and shown in Fig. 1b, the regions with different colors have different thicknesses of
approximately 4 and 20 nm, respectively. Once the TiS; nanosheets are deposited onto SiO,/Si, their apparent color can
range from red to blue, due to interference effects similar to other thin-film systems.“’25 By studying several nanosheets
with different thicknesses one can compile a color chart with the thickness-dependent apparent color of the TiS; (Fig. 1c-j).
This color to thickness mapping can be used as a coarse approach to quickly estimate the thickness of TiS; through simple
optical inspection without the need to perform further AFM measurements.”*?” We refer the reader to Fig. S1 of the
Supporting Information for optical and topographic images of additional thin TiS; nanosheets.

The optical contrast of TiS; flakes is quantitatively studied using a micro-reflectance setup described in detail elsewhere
(see also Fig. S2 of the Supporting Information).”® Briefly, the sample is illuminated by a white light source at normal
incidence and the light reflected by the sample is collected with a fiber optic and fed to a CCD spectrometer. The area of the
sample probed is a 1 um diameter circular spot. To obtain the optical contrast of the TiS; nanosheet we perform two
measurements, one in which we collect the light reflected from the TiS; nanosheet (/5) and a second for the light reflected
by the SiO,/Si substrate (/,,,). Figure 2a shows the wavelength-resolved optical contrast (C) of five flakes with different
thicknesses, where the contrast is defined as C:(lf,-Isub)/(lf,+ls,,,b).29 The contrast of a flake can take either positive (when the
flake is brighter than the substrate) or negative values (flake darker than the substrate). In all the five cases displayed in Fig.
2a, the experimental contrast spectra present a modulation as a function of wavelength. This modulation is determined by
interference conditions, which depend on the complex refractive index n=n+ik and the thickness of the different stacked
films (TiS; and SiO,).

By performing tens of measurements, similar to the ones shown in Fig. 2a, on flakes with different thickness ranging
from 4 nm to 110 nm, one can extract the optical contrast at a fixed wavelength as a function of the TiS; flakes thickness
(see Fig. 2b-e). Note that the band structure of TiS; is expected to remain unchanged while varying the thickness.*®*! These
contrast vs. thickness datasets can be reproduced by a Fresnel law-based model*® by using the two components of the
complex refractive index of TiS; as free parameters and the refractive indexes of SiO, and Si from literature®>** as fixed
parameters. The solid lines in figures 2b-e represent the theoretical optical contrast spectra which fit best the experimental
data. By fitting contrast spectra for all the available wavelengths, we obtain the wavelength dependence of the complex
refractive index of TiS_,,.Zg’M’35

Figure 3a-b shows the real and imaginary part of the refractive index (n and k) of TiS; extracted from the fitting
procedure just described. The real part n has values ranging from 3.2 to 4.2 for wavelengths between 475 and 700 nm, and
its value increases for increasing wavelength. On the other hand, the imaginary part x, which ranges between 0.5 and 1.1,
increases as the wavelength decreases. The knowledge of the complex refractive index in van der Waals crystals allows the
calculation of the optimal thickness of the SiO, layer on the Si for optical identification of monolayers. Figure 3c shows a
colormap which represents the calculated optical contrast for a single layer TiS; (assuming a thickness of 0.9 nm according
to the interlayer distance and in agreement with experimental observationsls) as a function of the illumination wavelength
(vertical axis) and SiO, thickness (horizontal axis). The optical contrast colormap shows maxima and minima and from these
we can determine the SiO, thickness values that facilitate mostly the optical identification of a TiS; monolayer.26’36’37
Considering that the human eye is more sensitive to light of 550 nm wavelength,38 the optimal thicknesses of the SiO, layer
would be approximately 80, 270 or 460 nm.

We now turn our attention to measurements employing linearly polarized light, which provide information about the
in-plane anisotropy of TiS; nanosheets. Figure 4a shows a sketch of the TiS; monoclinic crystal structure taken along the a-
axis direction. Due to structural anisotropy, TiS; grows preferentially along the b-axis, giving flakes which are elongated
along that particular direction.” Figures 4b and 4c show bright-field optical images of TiS; nanosheets using linearly
polarized light parallel to the b- and a-axis, respectively (as indicated in the figures). A difference in the color of the flakes
can be seen when using two differently polarized light configurations. The optical contrast measured for different relative
angle between the b-axis and the linearly polarized light is shown in Fig. 4d (and in Fig. S3 of the Supporting Information for
additional flakes). As it can be seen, in the region between 530 and 570 nm the contrast of TiS; decreases as the
polarization direction becomes parallel to the a-axis. The observed dependency of the contrast on the polarization of the
incident light is the reason for the enhancement of the red color of the flake when the electric field is parallel to the a-axis.
Moreover, we observed that flakes with a different thickness show a similar dependence of the contrast for polarization but
centered at a different wavelength (see Fig. S3 of the Supporting Information).

By following the approach described above for unpolarized light, but now using linearly polarized light, the polarization
dependent complex refractive index is extracted (see Fig. 5a-b). The real part of the refractive index is sensitive to the
polarization angle of the incident light in the range 500 nm to 650 nm. The difference An between n, and n,, which are the
refractive indices for linearly polarized light parallel to b and a-axis, respectively, reaches 0.30 + 0.04 at 560 nm. This value
is much larger than that of other anisotropic van der Waals materials like black phosphorus, ReS, and ReSe, and it is also
larger than that of well-known strongly birefringent materials like Ti02,22’39 calcite and barium borate.*** Table 1 shows a
comparison between the birefringence (An) of these materials. Also, Fig. 5b shows how the imaginary part of the refractive
index is larger for light polarized along the b direction and smaller for a polarization along the a direction, indicating a
stronger absorption along the b direction. From these measurements we conclude that TiS; shows a marked linear
dichroism along the whole visible spectrum. We attribute the small differences between the extracted unpolarized and
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polarized refractive indexes to the fact that in the case of the polarized light measurements a lower amount of TiS; flakes
were studied. Nevertheless, the obtain polarized refractive indexes can reproduce quite well the experimental data (see Fig.
S4). Figure 5c-d shows the polar plot of the real part of the refractive index at different illumination wavelengths for
different polarization angles. The refractive index shows a lobe pattern with maxima and minima located at 90° and 0°
respectively, which correspond to the b- and a-axis directions in the material.

To better understand our experimental findings, we performed state-of-the-art density functional theory (DFT)
calculations in combination with many-body techniques. Considering the thickness of the sample, we have investigated the
optical properties of bulk TiS;. Further information about the atomic positions and other electronic properties can be found
elsewhere.*"*? Using DFT we first relaxed the geometry of the material, reaching a configuration where the residual forces
between the atoms are small, and then calculated its electronic ground state. Afterwards, we performed GyW, calculations
in order to achieve a more accurate description of the electronic band structure and to go beyond some of the common
know problems of DFT (small gap, lack of many-body effects etc.).43 Finally, to study the optical properties we have
calculated the optical spectrum within the random-phase approximation (RPA) and solved the Bethe-Salpeter equation
(BSE). Both methods (RPA and BSE) include local field effects, accounting for macroscopic inhomogeneity of the charge
density in the materials. While RPA takes only single-particle excitations into account, BSE includes electron-hole binding
(excitonic) effects.

Figure 6 shows the real and the imaginary part of the refractive index of TiS; calculated within the RPA and the BSE
methods. A direct comparison of the experimental results with the calculated optical properties shows qualitative
agreement with the BSE calculations. Experimentally we found that the real part of the refractive index n is larger for
polarization along the a-axis (Fig. 5a), while the imaginary part k is smaller along the same axis (Fig. 5b). This behavior
cannot be reproduced within the RPA approximation (see Fig. 6a), where excitonic effects are not considered. However, by
including electron-hole binding effects (BSE, Fig. 6¢c and d) we can reproduce qualitatively both the strong birefringence and
dichroism observed experimentally. This indicates that excitonic effects play a crucial role in determining the optical
behavior of TiS3;, which is consistent with the large exciton binding energy of TiS3.18 However, in these calculations, a perfect
guantitative agreement between theory and experiment cannot be expected in the observed energy range and the origin of
this discrepancy can be manifold. For example, it could be a signature of lifetime effects due to electron-phonon
interactions leading to a renormalization of the conduction bands.*** Alternatively, it can be due to many-particle
excitations involving more than two particles which are not described by the two-particle Hamiltonian we have solved. In
this case bound triplet excitons (trions), which have been found in other 2D materials, might play a small but not negligible
role in TiS; in the high-energy range probed by our experiment.

Conclusions

To summarize, we have studied the anisotropic optical properties of TiS; nanosheets in the visible spectrum. From
wavelength-resolved micro-reflectance measurements of TiS; flakes with thickness ranging from 4 nm to 110 nm, the
complex refractive index was extracted and used to calculate the thickness of SiO, that provides an enhanced visibility of
the TiS; monolayer. Finally, we obtained the complex refractive index for light polarization parallel to the a and b
crystallographic axis finding a remarkably strong birefringence, even larger than that of TiO, or calcite, well-known strongly
birefringent materials.
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Fig. 1. Mapping the color of TiS; flakes to their thickness. (a) Optical image of an exfoliated
thin flake of TiS; on 90 nm SiO,/Si substrate. (b) AFM topography of the same flake from
panel (a). The thickness of the particular flake is 4.2 nm. (c-j) Optical images of flakes with
different thickness and a colorbar with the colors of flakes with thickness up to 110 nm. The
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Fig. 2. Micro-reflectance measurements and determination of the complex refractive index.

(a) Optical contrast as a function of wavelength for different TiS; flakes. (b-e) Optical contrast
as a function of TiS; thickness at constant wavelength. Using the Fresnel model, the complex
refractive index of TiS; can be determined. The green curves correspond to results of the
fitting.


https://doi.org/%2010.1039/C8NR03616K

This is the post-peer reviewed version of the following article: N. Papadopoulos et al., “Large
birefringence and linear dichroism in TiS3 nanosheets”, Nanoscale, 2018,10, 12424-12429 (2018)
https://doi.org/ 10.1039/C8NR03616K

4.5

(a)

500 550 600 650 700

¥ 08¢}

06|

0.4

500 550 600 650 700
Wavelength (nm)

i

100 200 300 400 500 600
SiO2 Thickness (nm)

Wavelength (nm)

Fig. 3. Complex refractive index of TiS; and simulation of the optical contrast of a TiS;
monolayer on SiO,/Si. (a) Real and (b) imaginary part of the refractive index as a function of
the wavelength. (c) Calculated optical contrast of a monolayer TiS; on SiO, for different

wavelengths and SiO2 thicknesses, using the obtained values of the refractive index.
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Fig. 4. Polarization dependent optical contrast of TiS;. (a) Crystal structure of TiS;. (b-c)
Optical images of a 67.6 nm thick flake, obtained with the polarization axis of the light being
parallel to the b-axis in (b) and a-axis in (c). The bars correspond to 7 um. (d) Optical
contrast spectra vs. wavelength at different polarization angles. The dark purple curve
corresponds to light polarization parallel to the b-axis, while the yellow curve corresponds to
polarization parallel to the a-axis.
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Fig. 5. Anisotropy of the refractive index in TiSs. (a) Real part of the refractive index vs.
wavelength for light polarization parallel to the b (blue curve) and a (red curve) axis. The
maximum birefringence occurs for wavelengths around 560 nm. (b) Imaginary part as a
function of wavelength for the two polarizations. The dichroism is taking place along the
whole visible spectrum. (c-d) Polar plots of the real part of the refractive index for the

wavelengths of 550 and 600 nm, respectively.
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Fig. 6 Refractive index obtained from ab initio calculations for polarizations parallel to a- and
b-axis. In (a) and (b) the calculations are based on the random-phase approximation (RPA)
that considers single particle excitations. In (c) and (d) the calculations are based on the
Bethe-Salpeter equation (BSE) that includes excitonic effects. The convergence with the

experiment takes place if the excitonic effects are included.

Table 1. Comparison between the birefringence magnitude of different birefringent

materials and anisotropic van der Waals materials.

Material An Reference
TiS3 +0.30 + 0.04 This work
TiO; rutile and hematite ~ +0.287 22,39
Calcite CaCO3 -0.172 %9

Barium borate BaB,0, -0.1191 40

Black phosphorus +0.250 9

ReS, +0.037 o
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Fig. S1. Optical images (a, b and c) and AFM topography of the thin TiS; flakes (d, e and f).

The thickness of these flakes is less than 10 nm.
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Fig. S2. Schematic of the Micro-reflectance setup used in this work.
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Fig. S3. (a-c) Contrast of various flakes as a function of wavelength for different polarization

angles.
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Fig. S4. Optical contrast spectra from a flake with thickness of 84.8 nm using linearly
polarized light parralel to the b-axis. The yellow curve corresponds to the simulated

spectra based on the Fresnel model using the obtained values of the refractive index that are
shown in Fig.5.
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