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ABSTRACT: It is known that metallization can greatly facilitate isotropic anisotropic stress
chemical reactions and dramatically change electric transport stress —_—
properties of materials. The search for materials displaying 0 %33
metallization at low pressure is one of the most urgent challenges. Ev cesese BRI 6.3
In this paper, pressure-induced metallization of molybdenum cscece teveee P
diselenide (MoSe,) under nonhydrostatic compression has been E, T Eg I B %.15 Sreeesesesnnann.,, 150
studied experimentally using Hall effect and X-ray diffraction ssssso—] — 2m
measurements combined with diamond anvil cell techniques. In Fe o 212 /389
situ conductivity and Hall effect measurements under pressure PN

reveal a monotonic decrease of resistivity mostly related to a
significant increase of the carrier density by a factor of 4. Above
35.7 GPa, the sample acquires a metallic character with a
characteristic increase of the mobility from 9.9 to 16.2 cm* V™'
s~ and saturation of the carrier concentration at 5.1 X 10?° cm™>. These results show that the metallization of powder MoSe, can be
initiated by a reduced pressure of 35.7 GPa under nonhydrostatic compression, compared to that above 40 GPa with a single-crystal
sample under hydrostatic compression [Nat. Commun. 2018, 6, 7312]. The mechanisms of anisotropic-stress-induced metallization
for such reduced initiation pressure have been discussed.

metallization metallization pressure
>40 GPa ~35.7 GPa

1. INTRODUCTION been performed using both experimental and theoretical
Transition-metal dichalcogenides (TMD), MX, (M = Mo, W, methods.””"" Sugai et al. measured the in situ higf}-pfessyre
Ti, Nb, Ta, etc, X = S, Se, Te, etc.) have been subjected to Raman spectra of MoSe, and showed that no clear indication
many theoretical and experimental studies because of their of strluzctural phase transition of MoSe, was discovered up to 16
continuously tunable electronic structures and band gaps. The GPa. " Aksoy et al. carried out in situ high-pressure X-ray
structures of TMDs share a quasi-laminar model of two- diffraction (XRD) measurements of MoSe, and illustrated that
dimensional (2D) sheets stacked on top of one another. Each no structural phase transformation occurred up to 35.7 GPa."?
sheet consists of three layers, a transition-metal atom layer in Dave et al. examined the variation of electrical resistance of
the middle and two chalcogen atom layers covalently bonded single-crystal MoSe, with pressure and discovered no abnormal
to the transition-metal atoms as the top and bottom layers.' behavior up to 6.5 GPa.'* However, previous theoretical
These sheets are held together by weak van der Waals forces calculations have predicted that the electronic properties of
and show excellent mechanical properties such as high MoSe, can be altered in a controllable manner by applying
lubrication.” The combination of the covalent bonds within hydrostatic pressure during the metallization process from 28
layers and van der Waals interactions between sheets results in to 40 GPa while maintaining the 2H, structure.”® Recently,

highly anisotropic physical properties in TMDs. Such such prediction has been verified experimentally by Zhao et
characteristic is of great significance in various applications, al,'® whose work shows that single crystals of MoSe, metalize
such as hydrogen evolution reaction catalysis,”" 2D monolayer without any structural transition at pressures above 40 GPa

5 el: . . 6
solar cells,” and ultrafast hth.lum_“.m s.torage l?atterles. under hydrostatic compression. Such discovery suggests that
Furthermore, several methods, including intercalation, layer

confinement, chemical vapor deposition, and stress, have been
proved valid in the continuous modification of the electric
properties of TMDs and affecting the performance of TMD
devices.” Thus, features have dramatically extended the
potential applications of TMD materials in various areas.

As a promising candidate for solar cells,® vast investigations
in optical, structural, and electronic responses of MoSe, have
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continuously tuning TMD materials’ electronic structure by
means of pressure is feasible and of great potential in
optoelectronic and photovoltaic applications.

Meanwhile, diverse behaviors under different stress con-
ditions are commonly observed in laminar or quasi-laminar
materials, such as 2D graphene,'” WS,,'® and MoS,."" ™' The
WS, powder undergoes isostructural 2H, to 2H, metallization
under nonhydrostatic conditions, which is not observed under
hydrostatic conditions.'® The total energy calculation
predicted that monolayer 2H-MoS, remains stable till 67.9
GPa,'” whereas in situ pressure and temperature-dependent
electrical resistivity measurements by Nayak et al. indicated
that multilayer MoS, undergoes an electronic transition from a
semiconductive to a metallic state at 19 GPa under hydrostatic
compresison.”’ Yet, as reflected in another in situ pressure-
dependent resistivity measurements with no pressure-trans-
mitting medium, MoS, powder samples first underwent an
isostructural phase transition from a 2H_ to 2H, structure, after
which they became metallic at 28 GPa.”' These studies all
suggest that the behaviors of TMD materials depend on both
the state of stress and the morphology of the sample. Despite
the intriguing diversity of TMD materials’ response to different
stress conditions, whether such regulation applies to MoSe,
and the mechanisms behind it remain unclear.

In this paper, the abovementioned issues were addressed by
combining in situ electrical transport measurements with in situ
synchrotron XRD measurements in powder MoSe, under
nonhydrostatic compression. The results indicate that the
metallization of MoSe, can be initiated at a reduced pressure of
35.7 GPa under nonhydrostatic compression compared to that
under hydrostatic compression (>40 GPa). The in situ Hall
effect measurements, on the other hand, provided a deeper
interpretation for the anisotropic-stress-induced metallization.

2. EXPERIMENTAL METHODS

The commercially available MoSe, powder (Alfa Co., purity of
99.8%) was loaded into a nonmagnetic diamond anvil cell with
the anvil culet of 400 ym diameter. A sheet of rhenium used as
a gasket was preindented to 40 ym thickness. A hole with 200
pum diameter was drilled at the center of the indentation by an
electric discharge machine and served as the sample chamber.
A piece of a ruby chip of around S pm was used for pressure
calibration. A four-probe Mo film microcircuit with a van der
Pauw configuration was used for in situ electrical transport
measurements under pressure. The electrode manufacturing,
electrical insulation, magnetic calibration, and other relevant
experimental details have been reported in our previous
studies.”” ** The sample thickness under pressure was
measured by a micrometer with the accuracy of 0.5 um,
during which the deformation of the anvils was included as a
correction.”

In situ high-pressure XRD experiments were carried out
using a synchrotron X-ray source (4 = 0.6199 A) at the 4W2
High-Pressure Station of Beijing Synchrotron Radiation
Facility (BSRF). The diffraction data were collected using an
MARI165 CCD. The intensity versus diffraction angle patterns
were generated from XRD images using FIT2D software. For
nonhydrostatic compression and better electrode contact, no
pressure-transmitting medium was used in both XRD
measurements and Hall effect measurements. Although
extensive efforts have been dedicated to generating the
hydrostatic pressures in a diamond anvil cell by choosing
various pressure mediums, this experimental approach is to
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utilize, instead of avoiding, the nature that a diamond anvil cell
generates nonhydrostatic stress to study the metallization of
MoSe,. Our geometry of the sample chamber and the nature of
uniaxial stress can make the sample’s region reach a quasi-
homogeneous pressure distribution for performing reliable X-
ray diffraction and Hall effect measurements.

3. RESULTS AND DISCUSSION

Figure 1 shows the isobaric temperature dependence of
electrical resistivity in the temperature range of 80—290 K.
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Figure 1. Temperature dependence of the resistivity of MoSe, at
representative pressures.

The temperature (T)—resistivity (p) curves exhibit a linear
relationship. At lower pressures (<35.7 GPa), the electrical
resistivity of MoSe, demonstrates typical semiconductor
characteristics, showing a constant decreasing trend with
increasing temperature. The decreasing rate tends to be
reduced, even approaching zero at around 35.7 GPa. At
pressures above 35.7 GPa, a positive temperature dependence
is observed, indicating the initiation of metallization of MoSe,.
Compared with the metallization of a single-crystal MoSe,
reported above 40 GPa under hydrostatic comgression using
cubic BN as a pressure-transmitting medium, ® such result
shows that the initiation pressure of metallization under
nonhydrostatic conditions is lower than that under hydrostatic
conditions.

To gain deeper insight into the anisotropic-stress-induced
metallization and the carrier transportation for MoSe,,
nonhydrostatic compression Hall effect measurements were
also conducted. As shown in Figure 2, at ambient conditions,
the electrical resistivity, carrier concentration, and mobility are
30.1 Q-cm, 6.57 X 10 cm™, and 31.57 cm? V7! 57},
respectively. The magnitude of p and n in our experiments is
comparable with previous results.'* As shown in Figure 2a, the
resistivity of MoSe, decreases considerably by more than 4
orders of magnitude when the pressure was increased from
ambient to 34.2 GPa. The resistivity of MoSe, then changes its
pressure dependence at ~35.7 GPa and decreases gradually to
38.8 GPa. During decompression, following a hysteresis cycle,
the abnormal change reemerges at 26.5 GPa, and resistivity
does not get restored to its original magnitude at ambient
conditions.

As shown in Figure 2b,c, from an ambient condition to 34.2
GPa, the carrier concentration increases by more than S orders
of magnitude, while carrier mobility decreases smoothly. The
increased carrier concentration can only be partly compensated
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Figure 2. Electrical resistivity (a), carrier concentration (b), and
mobility (c) of MoSe, as a function of pressure at room temperature.

by the decreased carrier mobility, which is the primary cause of
dramatic reduction of electrical resistivity below 34.2 GPa.
Upon further compression, both carrier concentration and
mobility show abnormal changes at ~35.7 GPa. Carrier
mobility inverts to positive pressure dependence while the
carrier concentration seems to reach saturation. Consequently,
the electrical resistivity of MoSe, decreases smoothly above
35.7 GPa. During decompression, both carrier concentration
and mobility of MoSe, change abnormally at 26.5 GPa and do
not get restored to their initial values when quenched to
ambient conditions due to the hysteresis effect.

In order to understand the structural change in non-
hydrostatic conditions, XRD measurements were carried out to
monitor the structural variation of MoSe,. Figure 3a shows the
selected XRD patterns of MoSe, with no pressure-transmitting
medium. At initial pressure of 1.4 GPa, the pattern of MoSe,
can be well indexed into the 2H hexagonal layered crystal
structure (P6;/mmc), as seen in the previously reported result
under hydrostatic pressure.'’ It is discovered that, with
increasing pressure, the diffraction lines continuously shift to
larger 26 values due to contraction of the lattice. No new peak
is observed in the pressure range of the experiment. The
pressure dependence of the lattice parameters is presented in
Figure 3b. The cell parameters show a smooth continuous
decrease with increasing pressure and also show no evidence
for a phase transition under nonhydrostatic compression. The
a-axis decreased by 6.9% and the c-axis decreased by 11.1% at
36.4 GPa, which indicates more typically anisotropic
compression behavior under nonhydrostatic conditions. The
cell parameters are in agreement with those of ref 13. Note that
for MoSe, under hydrostatic and nonhydrostatic compression,
the c-axis is much more compressible than the g-axis. The
width of diffraction lines at nonhydrostatic compression is
larger than that obtained at hydrostatic compression. More
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Figure 3. (a) Representative XRD patterns at various pressures with
no pressure medium and (b) pressure dependence of the unit cell

parameter. The errors within the symbols were received from the
refinement of cell parameters.

severe pressure-induced line broadening is observed with
anisotropic-stress elevation. Such behavior is ascribed to two
sources, anisotropic-stress-induced comminution and micro-
strain of sample crystallites. Since the introduction of
anisotropic stress usually results in the comminution of the
crystallites, such phenomenon effectively reduces the coherent
scattering domain size of the sample and contributes to line
broadening. Furthermore, the line broadening is also enhanced
by the appearance of the microstrains in the crystallites under
nonhydrostatic compression.26 During decompression, diffrac-
tion peaks are gradually restored to their original position,
while the broadened peak width is maintained, indicating that
the comminution of the MoSe, crystallites after anisotropic-
stress treatments is not recovered. The XRD results with no
pressure medium show that no structural transformation had
occurred in this pressure range, which also correslponds to
similar observations with a neon pressure medium. ® There-
fore, it is clear that an isostructural metallization process in
powder MoSe, occurred under nonhydrostatic pressure.

The metallization caused by isotropic stress was first
discovered by Mott>” and has been known as the Mott
transition. In Mott transition, pressure triggers the wave
functions of the valence electrons to overlap, which results in
the closing of the valence-conduction band gap and thus
metallization. In general, for the semiconductor, the increase in
pressure leads to a phenomenon named stress-induced
impurity levels, in which atoms deviate from their equilibrium

https://dx.doi.org/10.1021/acs.jpcc.1c00279
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positions and bring about additional energy levels in band
gaps. At high pressure, the electric conduction is dominated by
carriers from both over the full band gaps and the stress-
induced impurity levels in the band gaps.”® Such model of
stress-induced ionization of impurity levels is usually utilized to
understand the effect of hydrostatic pressure on the electrical
properties of a semiconductor.”” On the other hand, high
pressure also makes conduction and the valence bands to
broaden and the band gap to become narrow (as indicated by
Eg’ shown in Figure 4). Thus, more carriers can be activated
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Figure 4. Sketch for the shift of the energy level under various kinds
of stresses.

from a valence band to a conduction band. Therefore, the
increase of the carrier concentration of MoSe, with increasing
pressure up to 35.7 GPa is caused by both band gap narrowing
and stress-induced impurity levels in band gaps. Above 35.7
GPa, the saturated carrier concentration suggests that the
impurity levels are wholly ionized and bands completely
overlap at higher pressure.

Unlike hydrostatic compression that compresses all three
principal axes of a crystal lattice, nonhydrostatic compression
tends to compress fewer lattice axes. Therefore, nonhydrostatic
compression results in the deformation of Brillouin zone
boundaries and shift of band gap mid-point E,. As a result, the
indirect band gap shrinks to Eg* (Eg* < Eg’), as shown in the
right part of Figure 4. Thus, nonhydrostatic compression can
also close the band gap indirectly, even with smaller magnitude
of stress. When the strain becomes large enough to close the
gap, the bonding electrons delocalize and transform into the
antibonding states. That is to say, the activation energy for
transformation becomes zero. Therefore, under nonhydrostatic
conditions, metallization of MoSe, can be initiated at lower
pressure of 35.7 GPa.

4. CONCLUSIONS

In summary, we have performed in situ temperature-dependent
electrical resistivity measurements, Hall effect measurements,
and X-ray diffraction measurements on MoSe, under non-
hydrostatic compression. The results demonstrate that the
metallization of MoSe, occurs at a reduced pressure of 35.7
GPa compared to that under hydrostatic compression. Such
observation suggests that the pressure requirement of
isostructural metallization under nonhydrostatic conditions is
lower than that under hydrostatic conditions (>40 GPa). Hall
effect measurements showed that the dramatic reduction of
electrical resistivity below 34.2 GPa is caused by an increased
carrier concentration and gradual descent of electrical
resistivity of the metallic phase of MoSe, due to the saturation
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of stress-induced ionization. Under nonhydrostatic conditions,
anisotropic stress can close the band gap more efficiently than
that under hydrostatic compression because of the anisotropic-
stress-driven deformations of Brillouin zone boundaries.
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