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ABSTRACT: Measurements of key properties of the two-dimensional transition metal trichalcogenide ZrSe; are reported. The bulk
material was created by chemical vapor deposition and subsequently exfoliated to obtain thin films of varying thicknesses. The
samples were then characterized by atomic force microscopy measurements and Raman spectroscopy and contacted by e-beam
lithography. Electrical measurements give values for the band gap energy of 0.6 eV increasing for thinner samples. Transistor
measurements show ZrSe; to be an n-type semiconductor. By looking at several samples with varying thicknesses, it was possible to
determine a mean free path of 103 nm for the bulk material which opens the possibility for new electronic devices.

B INTRODUCTION

The field of two-dimensional (2D) materials offers a lot of new
and interesting properties which has led to an increase in
research in this area. There are plenty of 2D materials that
show a wide variety of properties, creating new possibilities for
applications, with the most famous example being gra-
phene.' ™ Because graphene lacks a band gap, a goal in recent

research is the search of 2D semiconductors with different 9 10
band gaps for different applications. In the field of semi- 2 .
conductors, the family of transition metal chalcogenides offers 205 |

a’ 1
a wide range of materials. The best known group is the £ i i
transition metal dichalcogenides (TMDCs) such as MoS,.*™ i i i

e
o

Similar to the well-known group of the TMDCs, the lesser 200 250 30
researched group of transition metal trichalcogenides Raman shift [1/cm]
(TMTCs) features a large amount of materials with a broad
variety of band gaps.”~"" In contrast to the TMDCs, they show
anisotropy and quasi-1d channels, showing the possibility for

Figure 1. (a) Three flakes with less than 50 nm thickness. The value
next to the flakes gives the average thickness of their homogeneous
parts. It is possible to make estimates about the thickness from the

. . - 12,13 s
new elect_rlcal and optical properties. Thla 11:151ms ha.ve only color and the contrast on an optical picture. (b) AFM picture of a
been realized for a few TMTCs, such as TiS;. ™ In this work, contacted flake with an average thickness of 34.5 nm. (c) Raman
the TMTC zirconium triselenide (ZrSe;) was exfoliated and measurement of a flake with about 40 nm thickness.

subsequently thin films with a thickness down to 9 nm were
investigated with a focus on electrical measurements.

B RESULTS AND DISCUSSION

The exfoliation was Ferformed using the standard mechanical
Scotch-tape-method,”'® in which the obtained flakes were
placed on a Si wafer with a 330 nm thick SiO, substrate layer.
The highly doped Si functions as a backgate. Single flakes were
searched with an optical microscope and their geometry was
determined with atomic force microscopy (AFM). Figure la
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shows three flakes of different thicknesses under the optical
microscope. The change in color with a varying thickness is
typical for 2D materials and depends on the thickness of the
used substrate.'"Figure 1b shows a contacted sample with an
average thickness of 34.5 nm as an AFM image. For further
characterization, Raman spectroscopy was used. Figure Ic
illustrates the Raman peaks for a flake with a thickness of about
40 nm. The positions of the peaks are at 179, 236, and 303
cm™!, which is in good agreement with previous Raman
measurements for the bulk material ZrSe,.'®"”

To conduct electrical measurements, standard e-beam
lithography was used to create Cr/Au contacts on several
flakes, one of which can be seen in Figure 1b, with different
thicknesses ranging from 9 to 38 nm.

Figure 2 shows the changing of the current with temperature
for a flake in an Arrhenius-plot. The current was determined
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Figure 2. Arrhenius plot for two samples with different thicknesses H.
Linear fits are shown in orange and red, respectively. For the sample
with a thickness of 14 nm, an activation energy of 0.63 eV and for the
sample with a thickness of 19 nm, an activation energy of 0.58 eV can
be extracted.

from two-terminal measurements with a bias voltage of 1 V
and a backgate voltage of 0 V. For a sufficiently high
temperature, the current I of a semiconductor is proportional
to exp(Eg/2kg-1/T), where Eg is the band gap, kg is the
Boltzmann constant, and T is the temperature. By using a fit
through our data (data shown in blue and green and fits in
orange and red in Figure 2) it is possible to determine the
band gap energy. The data shown in Figure 2 correspond to
two samples with thicknesses of 14 and 19 nm and result in
band gap energies of 0.63 and 0.58 eV, respectively, indicating
a trend toward higher band gap energies for thinner samples.
This trend is also seen in the few existing calculations where
values of 0.68 and 0.75 eV have been determined for the bulk
material which change to 0.92 and 1.17 €V for the monolayer,
respectively.”'> Our determined values are slightly smaller but
they clearly show the trend of smaller values for thinner
samples.

The design of our samples allowed us to investigate
transistor behavior. The 330 nm thick layer of SiO, on top
of Si is used as a substrate for the dielectric layer in the field-
effect transistor. Figure 3 shows the conductivity as a function
of the backgate voltage for two flakes with significantly
different thicknesses. The red curve shows the measured
conductivity of a flake with a thickness of 34.5 nm and the blue
curve of a flake with a thickness of 14.3 nm. A voltage of 0.4 V
was applied to each of the samples while the backgate voltage
was swept from —70 to +70 V. With the increase in gate
voltage, the conductivity increases, until it reaches a saturation.
The measurements show that nanosized ZrSe; is an n-type
semiconductor as was previously also found for bulk ZrSe;.*
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Figure 3. Conductivity (6) of two flakes as a function of the backgate
voltage (Vgg). The red curve is for a flake with 34.5 nm thickness and
the blue curve for one with 14.3 nm thickness. Inset: schematic
depiction of the sample.

We attribute this n-doping to the influence of the known Se
vacancies. The saturation observed in Figure 3 can be
attributed to the charge carrier density becoming constant.
Changing the sweep direction showed a hysteresis effect,
similar to the one previously reported for TiS;">*' and
MoS,.****Figure 3 shows measurements sweeping the back-
gate voltage from negative to positive values. The linear parts
of the curves give mobility values of 1.3 X 107 and 0.28 X
1073 cm?/V s for the 34.5 and 14.3 nm samples, respectively.

As it was already possible to see a change in the mobility for
flakes with different thicknesses, we compared the resistivities
for all our samples and found a thickness dependency as shown
in Figure 4 using the classical size effect. The individual V—I
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Figure 4. Resistivity as a function of the thickness H for different
samples on the same wafer. The fit (dashed green line) gives values
used for determining a mean free path of 103 nm for the bulk
material. The red dots show values for measurements after the
corresponding sample was exposed to air. Inset: layer growth on a
flake with a starting thickness of 47.8 nm over several weeks.

measurements can be found in the Supporting Information. A
fit through the measured data can be compared to the Drude
model

_mw(1 1
’ ne” L, I (1)

where p is the resistivity, m* is the effective mass, vy is the
Fermi-velocity, n is the charge carrier density, e is the
elementary charge, and [ is the mean free path which is split
into I, and Iy according to the rule of Matthies. Here, I4 is the
mean free path for scattering at the surfaces and I, is the mean
free path for scattering in the bulk. Because the width is
significantly larger than the thickness H, we can assume that
the thickness is the main limiting size. This means eq 1
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becomes p = —; (%) for 1/l3 = 0, which is what happens
ne b

when the samples become big enough so that scattering on the
edge becomes almost irrelevant. Through the fit in Figure 4,
we can extract a value p, of 12.7 Q m for 1/H = 0 and a value
for m*vp/ne* of 1305.5 X 107° Q m?, given by the slope of the
fit. Assuming that Iy is approximately the same as the thickness,
we can extract a bulk mean free path J, as 103 nm. Such a mean
free path at room temperature is a rather large value, for
example, in comparison to Si or elemental metals.”***

For application purposes, the stability of a 2D material can
be an important factor, for examgle, the 2D material HfSe,
degrades quickly when left in air.”® To test flakes of ZrSe; for
stability, a flake with a starting thickness of 47.8 nm was
measured with the AFM and then left on air at room
temperature. This way, it was possible to see a homogeneous
growth of the flake over a time period of about 800 days, as
shown in the inset of Figure 4. Interestingly, the increase of
thickness follows a linear behavior with a growth rate of about
0.1 nm per day. The linear behavior can be understood similar
to the oxidation of silicon where this is also seen for shorter
time spans.”’ Using the fit in Figure 4, it was possible to
calculate an effective thickness, subtracting the isolating layer
of oxide that grew on top of the four samples. Measuring the
samples again after storing showed a degradation, leaving the
two thinner samples non conductive and the two thicker
samples with a reduced conductivity. With this method, we can
see that the new effective thicknesses of the samples are about
20 nm smaller, explaining why the thinner samples are not
conductive anymore as they would have completely degraded.
For several TMDCs, a degradation process when left in air is
known, and the nature of this process has been investigated to
some extent.”**®*’ In contrast to the TMDCs, the degradation
of ZrSe; occurs very slowly, allowing for sample processing
outside of a glovebox.

B CONCLUSIONS

The material ZrSe; was synthesized by chemical transport and
contacted by e-beam lithography. Thin films of ZrSe; were
then investigated in reference to their thickness and electrical
properties. We used an Arrhenius plot to find that the material
shows a change in band gap energy with thickness from 0.63
eV for a thinner sample to 0.58 eV to a thicker sample.
Furthermore, it was possible to see the transistor behavior in
samples by applying a backgate voltage, showing that the
material is an n-type semiconductor. Using samples with
different thicknesses, a mean free path of 103 nm for the bulk
material was found. Thin samples of ZrSe; show a very slow
degradation behavior when exposed to air which opens the
path to produce devices under ambient conditions.

B METHODS

Sample Preparation. The bulk material ZrSe, was created
by using a chemical transport method. The investigated
compound was synthesized from the powdered elements in the
molar ratio Se/Zr = 3 and with an excess of selenium (5%
mass) to avoid the formation of the impurity phase (ZrSe,).
Purities of Zr and Se were 99.6 and 99.99%, respectively.
Single crystals were grown in sealed evacuated quartz ampoules
(length 150 mm, diameter 10 mm) in the presence of S mg of
iodine per cm®. Before the final chemical transport, giving rise
to growth of single crystals, several sublimations forward and

backward were accomplished in the quartz ampoule in order to
improve the homogeneity of the batch which was then sintered
at 650 °C for 7 days. The growth temperature was chosen as
low as possible in order to preserve the stoichiometry. The
sample was kept at a temperature gradient from T, (650 °C) to
T, (600 °C) for 21 days. Scanning electron microscopy
energy-dispersive X-ray analysis (JEOL, JSM-6610-NX) carried
out on the well-crystallized products shows their purity and
homogeneity as well as indicating an average composition of
ZrSe, o6 X-ray diffraction (XRD) data were collected at room
temperature on a STADI P Stoe powder diffractometer, with
Cu K, radiation in the range S < 26 < 80. The XRD confirms
that the samples adopt the P2,/m-structure. The lattice
parameters a = 541.40(19) pm, b = 347.97(16) pm, ¢ =
947.42(169) pm, and f = 97.442(55)° are in good agreement
with previously reported structural data.’*~>* For XRD data,
see the Supporting Information.

Measurement Methods. To conduct electrical measure-
ments, a standard e-beam lithography process was used to
create Cr/Au contacts on several flakes. The four samples used
for electrical measurements were all on the same wafer,
meaning they all went through the same processing steps. All
of the electrical measurements were done as two-terminal DC
measurements with a Keithley 2400 multimeter.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c04198.

XRD data for bulk ZrSe; and V—I measurements of each
sample (PDF)
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