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ABSTRACT: Applying elastic deformation can tune a material’s
physical properties locally and reversibly. Spatially modulated lattice
deformation can create a bandgap gradient, favoring photogenerated
charge separation and collection in optoelectronic devices. These
advantages are hindered by the maximum elastic strain that a material
can withstand before breaking. Nanomaterials derived by exfoliating
transition metal dichalcogenides (TMDs) are an ideal playground for
elastic deformation, as they can sustain large elastic strains, up to a few
percent. However, exfoliable TMDs with highly strain-tunable proper-
ties have proven challenging for researchers to identify. We investigated
1T-ZrS, and 1T-ZrSe,, exfoliable semiconductors with large bandgaps.
Under compressive deformation, both TMDs dramatically change their

physical properties. 1T-ZrSe, undergoes a reversible transformation into an exotic three-dimensional lattice, with a
semiconductor-to-metal transition. In ZrS,, the irreversible transformation between two different layered structures is
accompanied by a sudden 14% bandgap reduction. These results establish that Zr-based TMDs are an optimal strain-tunable
platform for spatially textured bandgaps, with a strong potential for novel optoelectronic devices and light harvesting.

hen developing semiconductor-based devices for
thotovoltaic, photocatalytic, or photosensing appli-

cations, light harvesting efficiencies can be opti-
mized by fine-tuning the size or even the spatial variation of
the electronic bandgap. This can be achieved by mechanical
actions, such as strain or hydrostatic pressure. Application of
high pressure is an experimentally accessible path for exploring
how the properties of a material change upon varying the
interatomic distances.

Established techniques, such as X-ray diffraction (XRD), can
then be used in combination to thoroughly quantify the
response of crystalline systems to various mechanical actions
and compute the corresponding compressibility and elastic
moduli.

Once a material’s mechanical and electronic response to
applied forces is known, one can design a device in which, for
example, a specific strain induced in the photosensitive
component attunes it to a chosen wavelength. A variety of
tools and methods for such strain-tuning have been
implemented and reported, such as local compression by
AFM cantilevers,” adhesion to an elastomeric substrate,>*
patterned substrates,™ differential thermal expansion between

the active material and the substrate,” and the use of active
piezoelectric actuators® or microelectromechanical systems.”
Layered van der Waals materials are especially good
candidates for strain-engineered optoelectronic devices,'*~"
thanks to their proven extremely wide range of elastic strain,
which they can support (above S5%), when reduced to
nanometer thickness by exfoliation."> The strain tuning of
optoelectronic properties of layered materials, such as
transition metal dichalcogenides (TMDs), has already been
proposed and successfully demonstrated for the semiconduct-
ing compounds containing group 6 metals: 2H-MoS, and 2H-
WSe,."*'® Furthermore, tuning the bandgap in TMDs by
mechanical action has been used to enhance the performance
of semiconducting devices for light harvesting applications.'”
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Figure 1. Structural and optical properties of 1T-ZrS, and 1T-ZrSe,. (a) Crystal structure of both ZrS, and ZrSe,. Red and yellow spheres
represent the metal and chalcogen atoms, respectively. The octahedra formed by the chalcogens around the central Zr atom are shown. (b)
Photographs of the single crystals used for the experiments. The bright red color of ZrS, is the result of its optical bandgap in the visible
range. (c, d) Rietveld-refined powder X-ray diffraction (XRD) of 1T-ZrS, and 1T-ZrSe, measured at low pressure (< 1 GPa) inside the
diamond anvil cell. Red dots are the experimental data, and the black lines are the simulated patterns for the known crystal structures. The
diffraction pattern from the steel gasket is also included into the refinement. (e) Optical transmittance through thin samples (6 and 2 pm for
ZrS, and ZrSe,, respectively), where the arrows indicate the positions of the indirect bandgaps at the onset of optical absorption. (f) Raman
spectra with the indexed A, and E, phonon modes, shared by both materials due to their identical crystalline symmetry. Raman active
modes are in ZrS,, A, = 334 cm™ and E, = 249 cm™'; in ZrSe,, A, = 195 cm™' and E, = 146 cm ™.

The prototypical 2H-MoS, and 2H-WSe, are, however, not the
only semiconducting layered TMDs. These also include
systems with group 4 metals, such as Zr and Hf The
corresponding bandgaps range from 1.2 to 2 eV, pertinent for
optoelectronic and energy conversion applications. These
compounds have so far been neglected in comparison to the
Mo- and W-based semiconductors, despite their rather
promisin% properties, which encompass a high electronic
mobility'® and a tendency to spontaneously form native oxides
with high dielectric constant.'” The salient differences between
group 4 and group 6 TMDs are in the electronic energy bands’
orbital character.”® Group 4 TMDs have two fewer valence
electrons on the metal atom, and a different metal-chalcogen
coordination. Group 6 compounds, for example MoS,,
crystallize in the 2H polytype, where the metal is in a trigonal
prismatic coordination with six chalcogen atoms. Both
conduction and valence bands have a metallic, d orbital
character, giving the chalcogen a minor role in the electronic
structure. In contrast, Zr- and Hf-based TMDs assume the 1T-
polytype structure with a six-fold octahedral metal-chalcogen
coordination. Their conduction bands originate from the
transition metal d orbitals, while the chalcogen p orbitals are
responsible for the valence bands.

Realizing a structural phase transition driven by applying a
mechanical action is a long-standing desire of the community
working on layered semiconductors, such as TMDs. A
mechanically induced lattice reconstruction in TMDs can
open a venue for strain-controlled semiconductor-to-metal
conversion.”" This phenomenon can be utilized in tunable
optoelectronic elements or in clean metal—semiconductor
lateral homojunctions,”** operated by a stretchable substrate.
However, for 2H-MoS, and 2H-WSe,, it is not possible to
mechanically induce phase transition that involves in-plane
reorganization, like a transformation from a 2H into a 1T

phase. In fact, structural changes in these compounds cannot
be triggered by strain or pressure alone”*~*” and additionally
require high temperatures, laser irradiation, or intercala-
tion.”® In the present study, we investigated 1T-ZrS, and
1T-ZrSe,, motivated by the 1T polytypes being considerably
more prone to structural instabilities than the 2H polytypes. In
light of the different chalcogen size for the investigated
materials, Se being larger than S, their response under applied
pressure may be expected to vary. For both mentioned
compounds, we observed transitions between two distinct
crystalline structures, characterized by different electronic
properties. Such lattice reconstructions commonly occur in
metallic TMDs and are responsible for the unusual transport
properties of 1T-TaS,”° and topological phase transitions in
1T-MoTe,.*" The transition temperatures at which these
transformations manifest can be tuned in a broad temperature
range by applied pressure.”” " Indeed, by means of ab initio
calculations, Zhai et al,”> predicted a structural phase
transition to occur in 1T-ZrS, at high pressure. To test this
experimentally in 1T-ZrS, and 1T-ZrSe,, we measured their
optical and structural properties under quasi-hydrostatic
pressure that we applied using a diamond anvil cell.

Figure 1 summarizes a set of structural, infrared and Raman
properties for 1T-ZrS, and 1T-ZrSe, at ambient pressure. The
data were recorded on the same samples as those later used for
the high-pressure experiments, and are consistent with the
published results.>” Optical transmission measurements
(Figure le) show transparency in a wide energy range, and
the onset of optical absorption at the indirect bandgap
energies, which are 1.7 eV for ZrS, and 1.2 eV for ZrSe,.
Transparency in the infrared range is accompanied by a
remarkably high room-temperature dc conductivity, measured
using a standard 4-point technique, of 3.13 S/cm (0.31 Qcm)
for ZrS,, and 23.81 S/cm (0.04 Q cm) for ZrSe,. The high
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Figure 2. Evidence of pressure-induced structural phase transitions (a, b) Raman spectra of ZrS, during compression (a) and decompression
(b). The dotted white and purple lines are guides for the eyes in the low- and high-pressure phases, respectively. The compression curve
shows the onset of transformation at 3 GPa. During decompression the high-pressure phase remains stable down to 1 atm. (¢, d) Pressure
evolution of the Raman spectra of ZrSe,. Data during compression (c) shows the appearance of a new crystalline phase at 8 GPa, and the
initial phase is restored during decompression below 2 GPa (d). (e, f) Powder X-ray diffraction at different pressures for ZrS, (e) and ZrSe,
(f). The purple lines mark the diffraction peaks originating from the new crystalline phase. (g, h) Schematic representation of the pressure
driven transformation. The blue and purple regions represent the ambient-pressure and high-pressure phases, respectively. The red crosses
show the volume fraction of the 1T phase as a function of pressure during compression.

b 80 Pressure (GPa)
- T —0
o\o Zr82 —241 <
e _3 S
Q60 | —4 o
8 | 5 -
s |/ s &
=40 :[j/ : o
IS 93 °
20! £ o3
F —124

S IA —13 m
= — —142

0= = —15.4

05 1.0 15 20 0 2 4 6 8
Photon energy (eV) Pressure (GPa)

€ 80 Pressure (GPa) f
3 — 1.2F
e ZrSe,| 2 o
{60 ///:i zsu % :
5 o g
?g 40 —: So6
@ | o4
<20 g
g - B 02
(= / \\ 0

0 — 0.0

05 10 15 20 0 2 4 6 8 10 12 14 16
Photon energy (eV) Pressure (GPa)

Figure 3. High-pressure structures and switching of optical properties. (a) Crystal structure of HP-ZrS,. The layered structure is evident,
while the original octahedral coordination is distorted into an unusual trigonal prismatic configuration. (b) Optical transmittance as a
function of pressure for ZrS,. (c) ZrS, bandgap evolution under pressure. (d) Crystal structure of HP-ZrSe,. The atomic lattice is three-
dimensional, a rare configuration that exists at ambient pressure in ErSe, and UTe,. (e) Optical transmittance measured up to 8 GPa. As the
new phase appears, optical transmittance becomes zero due to its metallic properties. (f) ZrSe, bandgap evolution under pressure. The grey
area in the panels b and e are the 0.23—0.28 eV region obscured by diamond absorption.
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intrinsic doping level of these materials, >’ causing their high
dc conductivity, is also evidenced by the intense light
absorbance at low energies (<0.5 eV). This is most likely
due to in-gap or shallow donor states.

Single crystals of Zr-based TMDs were loaded into a
diamond anvil cell for optical measurements under high-
pressure conditions. A finely ground powder was used for X-
ray diffraction experiments. The applied pressure was
monitored using ruby fluorescence.”® The compressive strain
imposed onto the materials at every specific pressure was
calculated from our data, and can be found in the SI. The
pressure dependence of the Raman and powder XRD patterns
are shown in Figure 2. For both materials, the formations of
different crystalline structures are evident from the appearance
of new peaks in the Raman and XRD spectra. In ZrS,, the new
crystalline phase starts to appear at 3 GPa, which corresponds
to 1% in-plane compression and 4% out-of-plane compression
(Figure SI.3). With increasing pressure, a larger fraction of the
sample is converted into this new phase, with the low- and
high-pressure phases coexisting over a broad range of
pressures. The transformation into the newly created phase,
here called HP-ZrS,, is irreversible upon full decompression to
1 atm. ZrSe, remains structurally stable up to 8 GPa,
equivalent to 3% in-plane compression and 7% out-of-plane
compression (Figure SI.3). Upon further increase of pressure, a
structural transformation takes place, with a more rapid
conversion of the material compared to the S-based
compound. The high-pressure phase (HP-ZrSe,) persists
down to 2 GPa when pressure is released. Below 2 GPa, the
initial structure is recovered, making the transformation
reversible, but with a wide hysteresis. The progression and
reversibility of the phase transitions as a function of pressure
are schematically depicted in Figure 2g and h. The different
behaviour between the two isostructural materials—different
transformation onset pressures as well as the presence or
absence of reversibility—suggests a possible difference in the
crystalline structure of the high-pressure phases. It is not yet
clear what makes this structural transformation favorable only
for these specific types of TMDs, but we believe that the
different metal-chalcogen coordination, when compared to
2H-polytypes, and the fact that there are two fewer valence
electrons® on the transition metal, must play a fundamental
role.

Using our high-pressure XRD and Raman data and aided by
the work of Zhai et al,*® we succeeded in refining the
crystalline structures of HP-ZrS, and HP-ZrSe,. For ZrS,,
mechanical deformation transforms the known layered material
into a new layered structure (Figure 3a), previously never
observed in a TMD. The octahedra are transformed into
distorted trigonal prisms. The structure is different from that of
a 2H phase, as the triangular bases of the prisms are now
parallel to the be-plane, and their orientation alternates in the
a-axis direction. Even more surprising and unusual is the
structure assumed by ZrSe,. This initially layered material
becomes three-dimensional, a transformation that is reminis-
cent of the graphite to diamond conversion. The resultant
crystalline structure—orthorhombic with the space group
Immm—is unusual and can be observed at ambient conditions
only in exotic materials, such as the rare-earth dichalcogenide
ErSe,”” and the unconventional heavy-Fermion superconduc-
tor UTe,.”” The Zr atoms are coordinated by 8 chalcogens, a
configuration that can also be found at ambient pressure in the
quasi-one-dimensional crystals ZrS; and ZrSe,.""

Rietveld refinement of the powder X-ray diffraction patterns
was done for every pressure point (Figures SI.1 and 2). This
was used to determine the possible crystal structure for the
high-pressure phases, along with the compressibility and
volume fraction of the 1T phase as a function of pressure.

Having identified the crystalline structures, the optical and
electronic properties of those newly created materials are of
immediate interest. By measuring optical transmittance as a
function of pressure, we investigated the presence and
magnitude of the optical bandgap (further details can be
found in the SI). For ZrS,, at low pressures (0 to 2 GPa) the
bandgap of the 1T phase is reduced, like it is commonly seen
in other TMDs.”*** Above 3 GPa, as the new phase appears, it
is possible to identify the contribution to absorption from a
second bandgap, which is approximately 200 meV smaller than
that of the native 1T phase. As pressure further increases, the
bandgap decreases, offering additional control over the optical
properties. At the same time, the volume ratio between the two
phases changes, as seen from the XRD data (SI), further
modifying the optical spectrum. To confirm our estimate of the
optical bandgap, we performed first-principle calculations on
the ZrS, HP phase at 6 GPa. The computed band structure has
an optical bandgap of 1 eV, in perfect agreement with the value
extracted from the experimental data (Figure SL.8). The origin
of a small suppression of optical transmittance in the 0.5—1 eV
energy range remains unclear.

ZrSe, changes its properties more dramatically. We observed
a continuous reduction of the bandgap of the 1T phase up to S
GPa,. As the new crystalline phase appears, the optical
transparency is suppressed for all frequencies. This means
that HP-ZrSe, is metallic,’” or possibly a narrow-gap
semiconductor with a bandgap of less than 0.1 eV. The
evolution of the optical bandgaps extracted from the optical
transmittance data is summarized in Figure 3c and f.

To further address the dramatic pressure-induced semi-
conductor-to-metal transition observed in ZrSe,, the band
structure for the proposed high-pressure phase was computed
by means of semilocal Perdew—Burke—Ernzerhof*’ functional.
Specifically, we determined the electronic band structures of
both the low-pressure (0 GPa) and the high-pressure (9.5
GPa) phases by means of density functional theory. The low-
pressure phase is found to be a semiconductor, with an indirect
bandgap of 0.9 eV (see Figure 4a). This value is in agreement
with our optical measurements shown in Figure 3e and f, and
perfectly matches the results of recent ARPES experiments.*®
We found that the valence band maximum is located at the
centre of the Brillouin zone, while the conduction band
minimum occurs at the high-symmetry L point. As far as the
high-pressure phase of ZrSe, is concerned, the present optical
measurements cannot distinguish whether this system is a
metal or a semiconductor with a bandgap below 0.1 eV, which
is the lowest energy we could probe with our experimental
setup. Our calculations reported in Figure 4b clearly indicate a
metallic character, with a number of bands crossing the Fermi
level. Overall, our calculations paint a picture in accordance
with the experimental observations.

To conclude, we have experimentally demonstrated room-
temperature pressure-driven structural phase transitions in the
semiconducting layered transition metal dichalcogenides 1T-
ZrS, and 1T-ZrSe,. The two materials are isostructural and
isoelectronic, but undergo completely different Iattice
reconstructions, and their physical properties evolve in distinct
manners. Under applied pressure of 3 GPa, ZrS, is transformed
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Figure 4. First-principles calculations of the electronic structure of
ZrSe,. Electronic band structure of the (a) low-pressure and (b)
high-pressure crystalline phases of ZrSe,, together with the high-
symmetry points in the corresponding first Brillouin zones.

irreversibly into a new layered structure, with a consequent
reduction of the bandgap by 200 meV. As for ZrSe,, once
pressure is above 8 GPa, the layers merge into a 3D structure.
This collapse results in a semiconductor-to-metal transition, as
confirmed by ab initio calculations. In addition, the bandgap of
the starting 1T phase reduces under compression at the rate of
50 meV/GPa, giving a further tunability over the materials’
optical properties. Our demonstration of structural trans-
formations induced by mechanical actions, with the associated
dramatic changes in their electronic properties, grants the long-
awaited additional functionality in TMDs, enabling us to
control structure and properties on-demand. New opportu-
nities in the field of strain-designed devices—charge funneling
and clean metal—semiconductor homojunctions in optoelec-
tronic components—are now within reach. Further research
needs to be done in the direction of understanding the
dynamics of the lattice reconstruction, in particular for ZrSe,
because of its close reminiscence to the graphite to diamond
transformation.
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