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ABSTRACT

A re-discovered member of the layered material family, Titanium Trisulfide (TiS;), has attracted intense research interest recently for
the possibility of realizing an exciton insulator in the monolayer limit. However, due to their quasi-one-dimensional nature, thin TiS; flakes
are typically in the form of nanoribbons that are challenging to characterize by optical absorption spectra, due to their small cross section.
Here, we employ a sensitive photocurrent spectroscopy technique to probe the absorption of a thin TiS; nanoribbon in a field-effect transis-
tor configuration. We have found a significant modification of the band structure of the thin TiS; nanoribbon, compared to its
bulk counterpart. In addition, the polarization-dependent photocurrent spectra of thin TiS; nanoribbons exhibit greatly enhanced anisotropy
compared to that of a thick TiS; device. The atomically thin TiS; flake, thus, not only provides an exciting platform for investigating

many-body physics but also enables anisotropic quantum optoelectronics.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0019828

Among the growing family of vast two-dimensional (2D)
materials, there exists a class of layered materials with a quasi-
one-dimensional (1D) structure that has attracted intense
research interest recently, which includes ZrS;, ZrSes, HfTes, TiS;,
etc.' ” The 2D materials in this family naturally possess large elec-
trical and optical anisotropy and often exhibit exotic quantum
physics when thinned down to atomic thicknesses.' "' For exam-
ple, TiS; was recently predicted to be a promising candidate for
hosting the long-searched exciton insulator at the monolayer
limit."” However, limited by the quasi-1D nature, the thin flakes
of such layered materials are typically in the form of nanoribbons,
with the width comparable to or even much smaller than the dif-
fraction limit of the light. As a result, optical spectroscopy, which
has been a powerful tool to study the band structure of 2D materi-
als through reflectance/absorption measurements,'” cannot probe
the thin flake of such quasi-1D layered materials easily due to the
small cross section that limits the amount of detectable optical
signals. Meanwhile, photocurrent spectroscopy can reveal the
absorption information by measuring the photocurrent response
as a function of the excitation photon energy,'*'” thus providing

a sensitive probe of the band structure, especially for the semicon-
ducting device with a low dark current. Although the anisotropic
photocurrent response has been demonstrated in TiS; flake-based
photodetectors,” no absorption spectrum has been reported for
quasi-1D thin flakes of TiS; yet, to the best of our knowledge.

In this work, by fabricating both thick (~200 nm thick) and
thin (~15nm thick) TiS; flakes into field-effect transistor (FET)
devices, we reveal the band structure of both the thin and thick
TiS; flakes through photocurrent spectroscopy. Our study shows
that the thick TiS; flake possesses a bandgap around 0.90 eV and is
promising for infrared optoelectronics. In contrast, the band struc-
ture of thin TiS; is modified by the quantum confinement, and the
bandgap is increased to about 0.96 eV. Also, the absorption reso-
nance is significantly modified as well. While the thick sample
shows two major absorption resonances at 1.23 eV and 1.41 eV, the
thin sample exhibits a single peak at 1.34eV. Our work demon-
strates that photocurrent spectroscopy is a powerful tool to probe
the band structure and excitonic physics in quasi-1D layered mate-
rials, and TiS; nanoribbon is a promising candidate for anisotropic
optoelectronics in the near-infrared regime.

Appl. Phys. Lett. 117, 073101 (2020); doi: 10.1063/5.0019828
Published under license by AIP Publishing

117, 073101-1


https://doi.org/10.1063/5.0019828
https://doi.org/10.1063/5.0019828
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0019828
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0019828&domain=pdf&date_stamp=2020-08-18
https://orcid.org/0000-0001-7399-7671
https://orcid.org/0000-0001-5158-805X
mailto:shis2@rpi.edu
https://doi.org/10.1063/5.0019828
https://scitation.org/journal/apl

Applied Physics Letters

TiS; crystals were synthesized via the chemical vapor transport
method. One-gram stoichiometric mixture of elemental titanium and
sulfur was loaded in a quartz ampule [1.5 cm outer diameter (OD) and
20 cm in length] and sealed under evacuation at 10> Torr. Crystal
growth was allowed for 7 days in a two-zone furnace with precursors
in the hot zone (550 °C) and crystallization in the cold zone (450 °C).
We mechanically exfoliate TiS; flakes on the 285nm SiO,/Si sub-
strate.”'® Raman spectra of the flakes are in good agreement with pre-
vious reports™”'® (see the supplementary material for details). We
further fabricate TiS; into two-terminal FET devices, with the sche-
matic shown in Fig. 1(a). Metal contacts are defined by shadow masks
or standard E-beam lithography process followed by E-beam evapora-
tion of 3 nm/20 nm Ti/Au. Figures 1(b) and 1(c) show the typical opti-
cal microscope image of the device made of thick and thin TiS; flakes,
with thicknesses of ~200nm and ~15nm, respectively. It is worth
noting that thin TiS; is barely visible under the optical microscope, as
the width is only ~100 nm. The length of the nanoribbon, however,
and is as long as ~10 um [Fig. 1(c)].

We then measure the photocurrent spectra of the two different
devices, recording the photocurrent response as a function of the exci-
tation photon energy. For such measurements, we use a super-
continuum white laser source (Fianium or YSL Photonics) combined
with a monochromator (with a grating of groove density 600 g/mm)
and optical filters (550nm longpass filter for visible spectra and
850 nm longpass filter for infrared spectra) to generate monochro-
matic excitation light (bandwidth ~1.0 nm). The sample is mounted
in an optical cryostat, cooled with liquid nitrogen. A polarizer and a A/
2 Fresnel rhomb are used to convert the excitation laser into polarized
light with the polarization aligned along either the a or b direction of
the nanoribbon [directions perpendicular or parallel to the 1D chain,
shown in Figs. 1(d) and 1(e)], which can be determined under the con-
focal optical microscope. The excitation laser is then focused with an
objective to a relatively large spot (typically 10-40 um) that uniformly
illuminates the whole conducting channel of the sample, and a low
excitation intensity (0.2-1 mW/cm?) is used to ensure a linear
response from the sample (see the supplementary material for details).
The laser excitation is modulated with a mechanical chopper operating
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FIG. 1. Two-terminal TiS; FET devices on the SiO,/Si substrate. (a) The schematic
of the two-terminal TiS; FET device and the configuration of polarization-dependent
photocurrent spectroscopy. (b) and (c) show optical microscope images of the two
devices based on the thick (b) and thin (c) TiS; flakes. (d) and (e) display the out-
of-plane and in-plane atomic structures of the TiS; crystal produced using
VESTA.* Yellow spheres: S atoms. Blue spheres: Ti atoms.
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at 636 Hz. A DC bias of 1V is applied to the TiS; device, and the
resulting photocurrent signal is collected with a current amplifier and
a lock-in amplifier. After we measure the photocurrent spectra of the
TiS; device, the sample is immediately replaced with a commercially
available Si or InGaAs detector to measure the power spectrum of the
laser spot, which is then used to normalize the photocurrent response
as Ipc(hv). The ultra-high sensitivity of this setup is evident from the
photocurrent spectra shown in Figs. 2(a) and 2(b), with the signal to
noise ratio as high as more than three orders of magnitude.

The normalized photocurrent response from the two different
devices exhibits distinctively different behaviors, as shown in Figs. 2(a)
and 2(c). First, for the optical field aligned along the b axis, there are
two pronounced peaks for the thick flake device [Fig. 2(a)] located at
~1.23¢eV and ~1.41eV (the dip at ~1.17¢V is an artifact due to the
laser spectrum, see the supplementary material for details). In contrast,
the photocurrent spectrum of the thin flake device [Fig. 2(b)] with the
optical field aligned along the b axis only shows one peak at ~1.34eV.
Second, the photocurrent spectra for the polarization along the b axis
Irc(b)—Ipc(a)
Irc(b)+Ipc(a)’
For the thick flake device [Fig. 2(a)], Anisotropy A can be as large as
0.71 and 0.43 at the resonance at ~1.23 eV and ~1.41 eV, respectively.
However, this anisotropy quickly diminishes as the excitation photon
energy increases, approaching zero at the excitation photon energy of
1.8eV. In contrast, the anisotropy of the thin flake device [Fig. 3(c)]
not only exhibits enhanced anisotropy (0.86) at the resonance excita-
tion of ~1.34¢eV but also retains the anisotropy for high excitation
photon energy, ~0.46, for the excitation photon energy of 1.8 ¢V.

As the photocurrent is proportional to the absorption,'”'” we
speculate that the distinct photocurrent spectra of the thick and thin
TiS; devices originate from the quantum confinement-modified band
structure. We first investigate the rising of the photocurrent spectra, as
shown in Figs. 2(b) and 2(d). In the linear absorption regime, the nor-
malized photocurrent I,.(hv) is linked to the absorption coefficient
a(hv) by the expression:"”

and the a axis can be used to define the anisotropy as A =
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FIG. 2. Photocurrent spectra of TiS3 FET devices. (a) and (c) show polarized pho-
tocurrent spectra of the thick and thin TiS; flake devices measured at 77 K. (b) and
(d) show corresponding zoom-in spectra near the absorption cutoffs.
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FIG. 3. Calculated band structure and imaginary part of the dielectric constant of bulk and monolayer TiSs. (a) and (d) show imaginary part of the dielectric constant along b
and a directions in (a) bulk and (d) monolayer TiS;. (b) and (c) show the same calculation of the bulk TiS; band structure with the different transitions labeled, corresponding to
the peaks in (a). (e) and (f) show the same calculation of monolayer TiSs, labeled with the dark ground state and the peak 1 transition in (d). High symmetry paints: I (0, 0, 0),
Y (0,05, 0),D (0, 0.5,0.5), Z (0, 0, 0.5), A (0.5, 0, 0.5), E(0.5, 0.5, 0.5), M (0.5, 0.5, 0), X (0.5, 0, 0).

Le(hv) = % a(hw),

where e is the electron charge, hv is the photon energy, and 7 is the
photogain and is independent of hv. The corresponding bandgap E,
can be determined by reading the photon energy corresponding to the
photocurrent cutoff since the value of kT is significantly smaller than
the bandgap of TiS;. Figure 2(b) shows that, for the thick TiS;, the
bandgap E,=0.90eV. This result is consistent with the value
(0.97-1.10eV)™*” reported previously for the bulk TiS;. For the thin
TiS; device, Fig. 2(d) shows a bandgap of 0.96 eV, which indicates a
modification of the bandgap owing to quantum confinement.

We further perform first-principles calculations to understand
the different normalized photocurrent spectra shown in Figs. 2(a) and
2(c). The calculated band structure for the bulk and monolayer TiS; is
shown in Figs. 3(b), 3(c) and 3(e), 3(£), respectively [Figs. 3(b) and 3(c)
show the same calculation results with different transitions labeled, the
same for Figs. 3(e) and 3(f)]. As shown in Fig. 3(b), bulk TiS; possesses
an indirect bandgap, and its conduction band minimum (CBM) and
valence band maximum (VBM) are located at Z and I" points, respec-
tively, consistent with the previous theoretical study.””*” The calcu-
lated value of the bandgap is corrected by the experimental value of
0.90 eV with a scissor operator. The imaginary part of dielectric con-
stant Im(e), which is proportional to the absorption, is further calcu-
lated as a function of excitation photon energy by solving the
Bethe-Salpeter equation (BSE) [Fig. 3(a)]. We denote the dielectric
function along the b axis and a axis by &y, and &,,, respectively. It is
evident from Fig. 3(a) that Im(ey,) shows two pronounced peaks at

1.23 eV and 1.45 eV, which are in excellent agreement with our experi-
mental values of 1.23eV and 1.41 eV. In contrast, these peaks do not
appear in the spectrum of Im(ey), also consistent with our experimen-
tal observation [Fig. 2(a)]. The optical transitions corresponding to
each peak are labeled with arrows in Figs. 3(b) and 3(c). The lowest
direct transition at the Z point [marked as the red dashed circle in Fig.
3(b)] is forbidden for the in-plane polarizations due to the inversion
symmetry of the wave function near the band edge, similar to the case
of " excitons in the monolayer'' [shown in Fig. 3(e)]. The first peak at
1.23eV in Fig. 2(a) is a result of the transition shown in Fig. 3(b), with
the energy difference between the corresponding conduction band and
valence band being ~1.30eV. As a result, the exciton binding energy
is ~70 meV for the observed peak of 1.23 eV in Fig. 2(a). The second
peak at 1.41eV in Fig. 2(a) has two major contributions, which, as
shown in Fig. 3(c), originate from the bands near X and Z points and
correspond to the calculated 1.45eV peak in Fig. 3(a). These transi-
tions correspond to the energy difference around 1.51 eV, indicating
an exciton binding energy around 60 meV.

We also perform first-principles calculations for the TiS; mono-
layer. The obtained band structure and dielectric function are consis-
tent with the results of previous theoretical studies.'”” As shown in
Fig. 3(e), due to the absence of the Z point in the 2D Brillouin zone,
monolayer TiS; possesses a direct bandgap of 0.92 eV at the I" point. It
is worth noting that the energies of the bands near the I point only
show minor changes compared to the bulk TiS;. This unusual thick-
ness dependence behavior is due to the orbital components of the
CBM and the VBM, which originate from the center atoms in the unit
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cell and are not sensitive to interlayer interaction.”” Therefore, there is
a transition [peak 1 in Fig. 3(f)] similar to that associated with peak 1
in bulk TiS;. However, the band structure near the X point is drasti-
cally different, and the Z point disappears with the out-of-plane dis-
persion of the band structure. As a result, the transition corresponding
to peak 2 in bulk TiS; cannot find its counterpart in the monolayer
limit. These results are clearly shown in the spectrum of Im(eyy), which
is significantly different from that of bulk TiS; and has only one reso-
nance peak at 0.58 eV, which is a result of the exciton originating from
the valence band near —0.03 eV along the I'-X direction to the con-
duction band at around 1.35eV."'

Our experimental data of the thin TiS; device are more like the
monolayer TiS;, and we further analyze the theoretical calculations to
compare with our data quantitatively. First, we believe that our
observed peak at 1.34 eV corresponds to the optical transition shown
as peak 1 in Fig. 3(e). First, according to our previous discussion, the
energies of the bands involved in this transition are not a sensitive
function of the thickness. Second, the resonance at 0.58 eV shown in
Fig. 3(d) is a result of large exciton binding energy of ~800 meV for
monolayer TiS;. Considering that the thickness of 15nm is likely
much larger than the exciton radius, we expect a similar exciton bind-
ing energy in the thin TiS; flake compared to the thick TiS; (~200 nm
thick),”** which is 70meV. As a result, the exciton absorption
resonance for 15 nm TiS; is expected at ~1.31 eV. Finally, we have to
consider the experimentally extracted bandgap for the thin TiS;
flake, 0.96 eV, which is slightly larger than the calculated bandgap
of 0.92eV for monolayer TiS; that is obtained by adopting the
same shift to the bandgap correction as the bulk TiS;. Therefore,
the expected exciton resonance for the thin TiS; flake should be at
1.35eV. This expectation is in excellent agreement with our
observed resonance at 1.34 eV [Fig. 2(c)].

Finally, we discuss the different anisotropy observed in thick and
thin TiS; flakes experimentally. The theoretical calculations show simi-
lar anisotropy behaviors for bulk and monolayer TiSs: large anisotropy
in absorption at resonance and negligible anisotropy at high excitation
photon energy. Our photocurrent spectra of the thick TiS; device are
consistent with this picture. In contrast to the experimental observa-
tion in the thick TiS; device, the thin TiS; device retains a reasonably
large anisotropy in the photocurrent response at high excitation
photon energy, besides a large anisotropy at resonance excitation. This
is because the thin TiS; flake is in the form of nanoribbons, which has
a width of ~100nm, smaller than the wavelength. As a result, the
geometry anisotropy contributes to the absorption process and results
in the additional photocurrent anisotropy observed experimentally.
The thick TiS; flake has a width of ~11 um and does not have a con-
tribution from geometry anisotropy. We note here that, due to
the monoclinic structure of TiSs, the off diagonal components of the
imaginary dielectric tensor might not be zero and might affect the
experimentally measured anisotropy. However, our calculations show
that such contributions are not significant in our measurements
(see the supplementary material).

In summary, by exploiting polarization-dependent photocurrent
spectroscopy, we have measured the absorption spectra of the quasi-
1D thin flake of TiSs, which is hard to obtain using other convention
optical spectroscopy methods. The photocurrent spectra of thin TiS;
are significantly different from those of the thick TiS; flake (bulk). Our
results are in excellent agreement with the first-principles calculations,

ARTICLE scitation.org/journal/apl

showing that the TiS; thin flake possesses a band structure that is close
to the monolayer TiS; flake, but significantly different from the bulk
TiS;. Therefore, the thin TiS; flake provides a platform to investigate
intriguing quantum physics in the quantum confined TiS;. In addi-
tion, the greatly enhanced anisotropy of the quasi-1D thin flake of
TiS; promises future applications of polarized optoelectronics.

See the supplementary material for Raman and AFM characteri-
zation of TiS; flakes, power dependence of the photocurrent spectra,
calculated off diagonal components of the imaginary dielectric tensor,
and the method of density functional theory (DFT) calculations.
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