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Abstract

We present an in-depth spectral characterization of the fundamental optical and optoelectronic
properties of few-layer ZrSes, a layered semiconductor of the group IV-V transition metal
trichalcogenide family known for its in-plane anisotropic structure and quasi-1D electrical and
optical characteristics. Our comprehensive analysis, conducted at both room temperature and in
cryogenic vacuum, reveals that ZrSe; exhibits pronounced excitonic features in its optical spectra,
which are highly sensitive to light polarization. These features are also evident in photocurrent
spectra, presenting a strongly dichroic photoresponse with dichroic ratios exceeding 4 for
excitation on resonance with the main exciton level. By comparing optical and optoelectronic
spectral measurements, we elucidate the contributions of optically generated excitons to
photocurrent. This work addresses substantial gaps of information in earlier literature for ZrSes
and advances the understanding of its unique symmetry and optical properties, paving the way for

its application in nonlinear optoelectronic devices.

1. Introduction

In the last decade, two-dimensional (2D) materials
have proven to be a revolutionary platform for the
realization of ultrathin and ultralight optoelectronics
[1-4]. These materials hold the promise to bring
new functionalities and applications such as stronger
light-matter interaction, flexibility, and transpar-
ency, while still being easily integrable with current
CMOS technology. To date, the most deeply studied
atomically thin semiconductors are Mo- and W-based
transition metal dichalcogenides (TMDs), i.e. MoS,,
MoSe;, WS, or WSe, [5-7], mainly because they have
reasonably good electrical transport properties and
present, in the monolayer limit, a direct band gap in
the visible spectral range, especially appropriate for
photodetectors and light-emitting devices.

In recent years, however, a growing interest
has arisen for exploring and exploiting nonlinear

© 2024 The Author(s). Published by IOP Publishing Ltd

optoelectronic effects (valley-Hall effect [8], pho-
togalvanic and photon drag effects [9-11], photoex-
cited carrier funneling [12—-14], etc) to achieve com-
plex functionalities in 2D semiconductor devices.
Such nonlinear effects are strongly linked with crys-
tal symmetry and therefore, they are often absent in
conventional, high-symmetry TMDs. Thus, in order
to exploit these effects it is necessary to resort to low-
symmetry layered materials, such as atomically thin
black phosphorus [15, 16], Re-based TMDs [17-19],
or 2D transition metal trichalcogenides. However, the
optoelectronic properties of many of these materials
are still not fully explored.

Among low-symmetry 2D materials, the fam-
ily of group IV-V transition metal trichalcogen-
ides (IV=V TMTCs) has recently attracted growing
interest, mainly due to their quasi-1D electrical and
optical properties stemming from a reduced in-plane
structural symmetry. IV-V TMTCs are described by
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the general formula of MX; being M a transition
metal atom belonging to either group IVB (Ti, Zr,
Hf) or group VB (Nb, Ta) and X chalcogen atoms
from group VIA (S, Se, Te). The most deeply invest-
igated atomically thin material in this family is few-
layer TiSs, which has shown promising optoelectronic
properties for photodetection applications [12].

Here, we focus on ZrSe;: a layered semiconductor
of the IV-V TMTCs family with a strong in-plane
anisotropic structure, similar to the one found in
TiS;. While experimental studies for this material are
still very scarce, and its fundamental electronic and
optical properties are not fully described in literat-
ure, recent studies have demonstrated its potential
for nonlinear electronic and optoelectronic techno-
logies. Xiong et al recently presented a photodetector
based on individual ZrSe; nanobelts [20] and Zhou
et al theoretically proposed its potential application
for thermoelectrics [21]. In a previous work by our
group [22], we found that the optical response of
ZrSes is extremely sensitive to uniaxial strain, show-
ing strain gauge factors up to 95 meV %! for strain
applied along the b-axis, which makes this mater-
ial especially suitable for developing strain-tunable
devices.

In this work, we explore the fundamental optical
and optoelectronic properties of few-layer ZrSes,
both at room temperature and in cryogenic vacuum.
The ZrSe; optical spectra reveal a series of excitonic
features, whose intensity is strongly modulated by the
polarization of light. Even though similar spectral fea-
tures can also be seen in photocurrent spectra, their
relative intensity is markedly different from the ones
obtained in the optical spectra. By comparing the two
spectral measurements we can extract information
on the contribution of optically generated excitons
to photocurrent. Our work fills a gap of informa-
tion in earlier literature and represents a required step
towards exploiting the exotic symmetry and optical
properties of atomically thin ZrSes in nonlinear opto-
electronic devices.

2. Device fabrication and characterization

ZrSes crystallizes in a layered structure char-
acterized by a strong in-plane anisotropy (see
figures 1(a)and (b)).Each layer consists of Zr atoms
coordinated with three Se atoms, forming chains
of edge-sharing octahedra aligned along the b-axis.
Individual layers are stacked along the c-axis, with
relatively weak van der Waals forces holding the lay-
ers together. This allows for easy exfoliation into
few-layer or monolayer forms. To fabricate the few-
layer ZrSes; devices we make use of a combination
of mechanical exfoliation and a deterministic place-
ment technique [23]. figure 1(c) shows an optical
microscopy image of a typical device. The few-layer
ZrSes is obtained by mechanical exfoliation with
Nitto tape (SPV 224) from a bulk synthetic crystal
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(purchased from HQ Graphene) onto a viscoelastic
polydimethylsiloxane (PDMS) stamp from Gel-Pak”
(Gel-Film WF x4 6.0mil). Then, we inspect the sur-
face of the Gel-Film substrate by transmission-mode
optical microscopy and identify atomically thin flakes
by their faint optical contrast. Once a target flake is
selected, we use the deterministic placement method
described in [23]. to transfer it onto two Au/Ti elec-
trodes, previously fabricated by optical lithography
and e-beam evaporation, as further discussed in the
methods section. Mechanical exfoliation of ZrSe;
tends to produce long ribbon-shaped flakes, which
their long edges parallel to the b-axis. This allows one
to easily transfer ZrSes flakes bridging two electrodes
with their b-axis parallel to the electronic transport
direction, as is indeed the case of the device presented
in figure 1(c).

3. Optical response

We start our analysis by characterizing the optical
response of ZrSe;. We employ a home-made micro-
reflectance system (fully described in section S3 of
the Supp. Info.) to measure the differential reflect-
ance spectrum of the ZrSe; flake on top of the gold
electrode [24]. We define the differential reflectance
(Rs — Rg)/Rs, with R being the reflected light of the
ZrSes flake and Rg that of the gold substrate. As fur-
ther discussed in section S4 of the Supp. Info., this
quantity qualitatively resembles the absorption spec-
trum of ZrSes. It is worth noting that spectral features
in the differential reflectance spectra may be redshif-
ted by roughly 20 meV compared to the correspond-
ing peaks in absorption (also discussed in the Supp.
Info.).

Figure 2 shows a spectrum acquired for the ZrSe;
on top of the Au electrode. There, we discern two
main peaks at 1.82 and 1.89 eV (highlighted in red)
which we identify as the main exciton transition A,
and its first excited state Ay, respectively [25]. We
also observe three additional peaks at higher energies,
labeled in the figure as B,, By and B... These peaks, also
observed in earlier literature for cleaved ZrSej; crystals
[25], are attributed to a second branch of excitonic
states, as further discussed below. The experimental
spectrum can be accurately fitted by an effective
model including five individual Lorentzian distri-
butions associated to the different excitonic peaks
labeled in the figure, as well as a sigmoidal distri-
bution that accounts for the smooth spectral back-
ground caused by impurity-mediated optical trans-
itions near the bandgap.

We now turn our attention to the polarization
dependence of the ZrSe; optical response. Figure 3(a)
shows differential reflectance spectra acquired for
illumination at different angles of polarization, relat-
ive to the b crystalline axis. There we observe how the
optical response of ZrSejs is very strongly modulated
by polarization, as also reported in earlier literature,
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(b)

Figure 1. (a) Side view of the crystal structure of ZrSes. The individual layers are held together by van der Waals forces. (b) Top
view of one layer of ZrSes. (c) Optical microscopy image of the ZrSe; device. The b crystalline axis is marked for reference.
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Figure 2. Differential reflectance of ZrSes at 9.1 K (grey curve), measured with light polarization along the b-axis. The dashed

2 21 2.2 2.3

black curve represents a least-squares fit of the experimental data to a multi-Lorentzian function with a Fermi-Dirac (sigmoidal)
distribution background to account for direct interband transitions. Solid blue and red lines correspond to individual Lorentzian
peaks, while the dotted line stands for the Fermi—Dirac background. The inset panel shows the positions where the individual
reflection spectra Ry and Rg are acquired. The black circumferences stand for the resulting light spots of the system, which have

diameters of 8 pm.

both for few layer ZrSe; at room temperature [26]
and for bulk ZrSe; at cryogenic temperature [25].
In particular, the five excitonic features described
above disappear for light polarization perpendicular
to the b-axis. This strong anisotropy is also illustrated
in figure 3(b), where we present the polarization-
dependent intensity of the A and A, peaks, extrac-
ted from least square fittings like the one presented in
figure 2. In particular, the intensity of A increases
by a factor 40 when the light polarization is changed
from perpendicular to parallel to the b-axis. The two
first excitonic peaks reach their maximal intensity for

the same polarization angle, supporting our labeling
of A, as an excited state of A. In the case of B,, By,
and B, the maximal intensity is reached for a slightly
different angle of polarization, between 10 and 20
degrees below the maxima of the A peaks (shown in
Supp. Info. Section S5).

Lastly, it is also worth noting that while excitonic
features are extremely sensitive to polarization, the
smooth spectral background, which we attribute to
direct interband transitions and/or absorption by
bands of defect states, only shows a weak polarization
dependence. For example, figure 3(c) shows that
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Figure 3. Polarization-resolved differential reflectance spectra of ZrSe; on Au. (a) Differential reflectance spectra at T = 9.1 K for
different angles of polarization 6, relative to the b crystalline axis. Dashed colored lines mark the position of the labeled peaks.
Consecutive spectra have been vertically shifted in steps of 0.2. (b) Modulation of the A and Ay, peak intensities with the
polarization direction, extracted from the multi-Lorentzian fit. The dashed black line displays the angle at which maximal
intensity is obtained. (c) Same as (b), but now for an energy at off-resonance absorption (E = 2.2 eV).
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for off-resonance absorption at 2.2 eV, the intensity
changes only by a factor 1.16 when switching from
perpendicular to parallel polarization.

We also analyzed the temperature dependence of
the differential reflectance. Figure 4(a) shows a series
of differential reflectance spectra acquired at different
temperatures. As the temperature increases, excitonic
peaks become progressively broadened and redshif-
ted. The position of A peak is depicted in figure 4(b)
as a function of temperature. The peak shifts by
roughly 50 meV between 12 K and 300 K. This red-
shift has also been observed in other semiconduct-
ors and can be explained by the effect of thermically
activated electron-phonon interactions which effect-
ively decrease the optical bandgap. The temperature-
dependent exciton energy Ajs (T) can be modeled as
[27, 28]

ZLIB

AIS(T) = Als (0) - W7

(1)

where ag is the strength of the electron-phonon inter-
action, Ogis the average phonon temperature and
Ay5(0) is the exciton energy at T=0K. By fitting
our experimental values for A, to equation (1)we get
ag = 17 meV, comparable to the values obtained for
other 2D materials [27, 28], and ©p = 152 K, which
is of the order of the Debye temperature ©p = 110 K
[29].

Besides shifting the peak positions, the presence
of phonons is also expected to cause a decrease of

the exciton peak intensity with temperature, as it
reduces the oscillator strength of the exciton absorp-
tion. As shown in figure 4(c), the intensity of Aj;
indeed decreases with temperature. However, as fur-
ther discussed below, this decrease is only observed
for temperatures above 50 K.

4. Optoelectronic response

We now turn our attention to the optoelectronic
response of few-layer ZrSes. Figure 5(a) shows an I-
V trace measured in the device shown in figure 1(c)
at T="7.5K. The few-layer ZrSe; channel is highly
resistive, with a conductance of roughly 50 pS. While
we tried to apply a gate voltage to the Si/SiO, sub-
strate to increase the carrier density in the channel,
the electrical response of the device was unaltered for
the available voltage range, both in the dark and under
broadband optical excitation. The hysteresis could
be explained by charge trapping by localized states
present at the ZrSe3 material and electrode interfaces,
leading to capacitive behavior.

While the I-V trace shows considerable hysteresis,
the current increases linearly with the voltage, sug-
gesting that only small Schottky barriers are present
in the device. As also shown in figure 5(a), the device
conductivity increases upon illumination. The inset
panel in the figure shows a set of time traces of the
source—drain current I acquired for different illu-
mination intensities for an excitation wavelength of
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Figure 4. Temperature evolution of the differential reflectance, measured with light polarization along the b-axis. (a) Spectra from
12 to 250 K. Consecutive spectra are shifted by 0.25 vertically. (b) Ajs energy position in terms of temperature. The dashed black
line is a fit to a Bose—Einstein model for the optical bandgap (fitting parameters in the top right corner). (c) A, peak intensity
variation with temperature.
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Figure 5. (a) I-V characteristic curves of the device at 7.5 K. The blue line stands for a measurement with no incident light, while
the orange one corresponds to the same measurement with monochromatic light (680 nm) at 40 W. To achieve homogeneous
illumination, the light covered area was a circle with 35 m of diameter centered at the flake. (b) Power dependence of the
photocurrent measured in the device (Vsp = 20 V). The inset shows several ON-OFF cycles of monochromatic light (680 nm) at
different powers.
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680 nm (1.82 eV) and Vsp = 20 V. From these meas-
urements we can extract the power dependence of the
photocurrent I, (figure 5(b)), defined as the increase
in the source—drain current upon illumination. We
find that I, increases linearly with the illumination
power, yielding a responsivity R = 17.04uA/W. The

linear power dependence observed here suggests that
the main mechanism for photoresponse is the photo-
conductive effect [30]. The device presents a relatively
fast response. From the inset panel in figure 5(b) we
infer that the device is relatively fast, with a response
time at least below our time resolution (100 ms).
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Additionally, we obtain an external quantum effi-
ciency of 0.002% for monochromatic light of 680 nm
and a specific detectivity of D* = 3.4 x 106 Jones
(measured on a separate ZrSe3 device. Further dis-
cussed in Supp. Info. Section S6).

Next, we investigate the spectral dependence of
the responsivity R. We modulate the optical excitation
at a frequency of 0.25 Hz and register the photocur-
rent while scanning the illumination photon energy
within the visible and near-infrared range. Figure 6(a)
shows a set of photocurrent spectra acquired in the
ZrSe; device at T= 8.7 K for different linear polar-
izations of the optical excitation. There, we observe
a series of polarization-dependent exciton features,
similar to the ones described in the optical spec-
tra of figure 3(a). However, the relative intensities
of the spectral features show significant differences:
Firstly, all the exciton features are much more pro-
nounced compared to the smooth out-of-resonance
background. This suggests that excitonic states are
much more strongly coupled to conduction elec-
tronic states than sub-gap localized states, leading
to a stronger contribution to charge transport via
exciton dissociation. Secondly, the A and A, exciton
peaks are observed here with similar intensities, while
in optical measurements A;; was much more pro-
nounced. This is expected for responsivity spectra, as
excited exciton states have a weaker binding energy,
which facilitates dissociation into electron—hole pairs.
Similarly to what occurred in the optical spectra of
figure 3(a), excitonic spectral peaks are strongly mod-
ulated by polarization (shown in figure 6(b) for the
Ay peak). However, in the responsivity spectra the
peaks are still visible even for polarization perpendic-
ular to the b-axis. This phenomenon is particularly
marked for B, which is only reduced by roughly a
factor 2 for perpendicular polarization. Finally, fol-
lowing the parallelism with figures 3, figure 6(c)
shows the polarization dependence of the respons-
ivity at an off-resonance energy of 2.2 eV. Notably,
while the reflectance measurements indicated weak
polarization dependence for off-resonance excitation,
becoming maximal for polarization perpendicular to
the b crystalline axis, the off-resonance responsivity
shows a much stronger modulation, increasing by
roughly a factor 2, and becoming maximal for polar-
ization parallel to the b axis. The detailed mechanisms
responsible for this different polarization dependence
are still unclear to us, but they could involve the
presence of polarization-dependent photocarrier life-
times and/or mobilities in ZrSe;. Alternatively, the
off-resonance responsivity at 2.2 eV could include
contributions from higher energy excitonic states.

5. Discussion

We have provided an in-depth characterization of the
optical and optoelectronic properties of atomically
thin ZrSes. The presented micro reflectance spectra
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reveal the presence of a strong absorption peak at
1.82 eV, labeled as Aj,. This feature, also observed in
an earlier work by Kurita et al [25], is usually attrib-
uted to the formation of excitons at the I' point of
the reciprocal lattice. We observe an additional peak
at 1.89 eV, ~65 meV above Ai,, which we attribute
to the first excited state of the A exciton, A,. This
feature is not visible at temperatures above 200 K.
Further, it is not reported in earlier literature for low-
temperature optical spectroscopy. The absence of the
Ay peak in earlier literature for cleaved ZrSes; could
be explained by a difference in doping level and/or
sample quality, which are known to strongly affect the
optical response of excited excitonic states [31].

Besides A; and Ay, we also observed three weak
excitonic features at higher energies, which we labeled
as B,, By, and B.. Recent band structure calculations
revealed that the two higher energy sub-bands at the
valence band of ZrSe; have an energy splitting of
roughly 150 meV [26], compatible with the splitting
between the A}y peak and the B peaks observed in
our spectra. Thus, we believe that these peaks are
mainly produced by exciton states associated with
transitions at the I' point, between the second sub-
band of the valence band and the edge of the con-
duction band. In this case, however, it is not possible
to correlate the different peaks to individual energy
levels, as they are not fully resolved in the spectra,
and each peak may contain contributions from more
than one excited state of the B exciton. Polarization-
dependent optical measurements reveal that all the
observed exciton peaks practically become maximal
for polarization parallel to the b-axis, while fully dis-
appearing for perpendicular polarization. The same
trend is also observed in responsivity spectra. There,
however, it is still possible to distinguish the excitonic
features (specially B.) even at perpendicular polariz-
ation, since they become much more intense than the
smooth background.

As expected, when the temperature is increased
the excitonic spectral features broaden and experience
aredshift due to the presence of phonons. The intens-
ity of exciton peaks is also reduced at higher temper-
atures. However, it seems to remain stable, or even
slightly increase, from 10 K to 50 K. This could be
explained if the interband transition at I' is slightly
indirect, as suggested by DFT calculations [22]. In
this case, a nonzero density of phonons may provide
the necessary momentum kick to facilitate optical
transitions.

While the fast photoresponse and strong polariz-
ation sensitivity of the ZrSes; devices presented here
is promising from a technological perspective, we do
not believe that this material alone would be a good
candidate for development of photodetectors, as it
shows a very weak responsivity compared to other
atomically thin materials. While, in a recent work
[32], authors have reported much higher responsiv-
ity values for ultrathin ZrSe;, the power dependence
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Figure 6. (a) Polarization resolved responsivity spectra at 8.7 K. Consecutive spectra are vertically shifted by steps of 2uA/W. (b)
Modulation with polarization of the responsivity peak corresponding to the previously labeled optical transition A;s. The dashed
black line displays the angle at which maximal responsivity is obtained. (c) Same as (b), now for an energy at off-resonance

absorption (E = 2.2 eV).

of their photodetectors showed a sublinear behavior,
and these large responsivities were only achieved at
extremely low illumination power, making it unsuit-
able for most technological applications. Further, the
dichroic ratios obtained there only reached a max-
imum value of 1.1, while here we obtain dichroic
ratios of up to 4 for illumination on resonance with
the A, exciton peak. The behavior of their devices
could be explained by the presence of metal-induced
gap states at the electrode interfaces, leading to satur-
able photoresponse.

Nevertheless, the dichroic ratios obtained here for
ZrSes are among the strongest among polarization-
dependent photodetectors based on 2D materials,
comparable to the value recently reported for violet
phosphorus devices [33] (3.9) and well above those
obtained for other 2D materials such as ZrS; [34]
(1.6) and Bi,S;3 [35] (2.4), to name a few. Therefore,
we believe that atomically thin ZrSe; could be used in
combination with other materials, such as 2D TMDs,
to fabricate hybrid devices that take advantage of its
extremely anisotropic crystal symmetry and its light
polarization sensitivity.

6. Methods

Device fabrication—The ZrSes; flakes located on
the PDMS were characterized by optical transmis-
sion microscopy (Motic BA310 Met-T metallurgical
microscope, equipped with a 18 megapixel digital

camera AMScope MU1803 and a fiber-coupled com-
pact spectrometer Thorlabs CCS200/M) with polar-
ized light to determine the crystalline orientations,
the polarized light was rotated in a counterclock-
wise direction to reach an angle of 0°-360° between
the polarized light and the cleaved edge of the fixed
sample, which is identified as 6. Then few-layered
ZrSe; flakes were then transferred between pre-
patterned Au/Ti electrodes (fabricated by electron-
beam evaporation through a metal shadow mask
from Ossila”) on Si/SiO; substrate by using an all-dry
deterministic transfer method.

atomic force microscopy (AFM) characterization—
A commercial AFM system,from CSI Instrument,
operating in ambient conditions was employed
to perform morphological characterization of the
samples (see Supp. Info. Section S1). Measurements
have been acquired in dynamic mode with silicon
tips (PPP-FMR from Nanosensors). Image analysis
was performed with the WSxM free software [36].

Low temperature optoelectronic characterization—
Low temperature optoelectronic measurements were
carried out in vacuum (107> bar) using an Attocube
ATTO DRY800 system providing optical and elec-
trical access to the samples and temperature control.

Data availability statement
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included within the article (and any supplementary
files).
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