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Amorphous states of two-dimensional (2D) materials frequently exhibit remarkable physical properties that differ
significantly from their crystalline counterparts. Typically, metastable amorphous states can be achieved through rapid
quenching from high temperatures. However, the heating process is detrimental to the structural integrity of 2D materials.
In this study, we successfully utilized pressure as an external stimulus to induce an amorphous state in layered crystal SiP.
Comprehensive experimental and theoretical investigations revealed metallization in the high-pressure amorphous phase of
SiP. The recovered samples were characterized using x-ray diffraction, Raman spectroscopy, high-resolution transmission
electron microscopy, and selected area electron diffraction. The results indicate that the metallic amorphous SiP obtained
under extreme conditions can be stabilized at ambient conditions. These findings provide a viable pathway for inducing
metastable phases in 2D materials and offer new insights into the design and development of advanced electronic devices.
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1. Introduction

Since the successful synthesis of graphene, extensive re-
search has been conducted to explore novel two-dimensional
(2D) materials with highly tunable electronic and optoelec-
tronic properties, as well as their potential applications. To
date, multiple remarkable properties have been discovered in
2D materials, such as metallization, superconductivity, and

[1-4] Compared to the crystalline forms of 2D

ferroelectricity.
materials, substantially less research attention has been de-
voted to their amorphous counterparts. In some cases, the
highly disordered forms showed strange physical effects that
were different from their stable state. This made them interest-
ing candidates for fields like optoelectronics, energy storage,
and catalysis.[>~71 A case in point is amorphous MoS,, which
has higher activity in hydrogen evolution reaction (HER)
catalysis than that of its crystalline phase.!®*! The primary ob-
jective is to develop a method for controllably switching be-
tween amorphous and crystalline phases, leveraging the dis-
tinct properties of each phase.

Traditionally, the metastable amorphous materials can be
acquired by virtue of quick quenching from a high tempera-
ture. However, such a rapid heating-cooling path can only in-
herit the intrinsic properties of high-temperature phases.!!%-!1]
And moreover, the heating process at times might damage ma-
terials that are vulnerable to high temperature (e.g., decompo-
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sition reaction). Very recently, a new method named the su-
percritical carbon dioxide (SC CO») assisted process has been
successfully applied in the fabrication of 2D amorphous mate-
rials, but this strategy involved a complicated processing pro-
cedure and, in the meantime, inevitably introduced external
impurities.['>~15] As such, it is imperative to call for an alter-
native way to achieve amorphization in 2D materials.

Pressure is a clean and effective method to alter atomic
arrangements, potentially disrupting the crystal structure en-
tirely, a process known as amorphization. Pressure-induced
amorphization (PIA) is regarded as an important condensed
matter phenomenon, which was first discovered in ice.!'!7]
Subsequently, PIA was observed in many other materials, such
as silicon Si,'$11 g-quartz Si0,,1?°1 VO,,?!l Ti0,,??! and
boron carbide B4C.[*3! The amorphous 2D materials display
exceptional properties which are significantly unique com-
pared to their crystalline counterpart, PIA has become a very
interesting area of study. These differences pave the way for
new physical phenomena and innovative applications.

As an important 2D layered semiconductor material, >4
SiP is a medium bandgap semiconductor with an energy gap
ranging approximately from 1.69 eV to 2.59 eV.[>32% This
property enables efficient photoelectric conversion across a
wide range of wavelengths. SiP also has great linear opti-
cal properties and low crystal symmetry,>*27-28] making it
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suitable for applications such as polarization-sensitive pho-
todetectors, angle-dependent electronics, and synaptic devices
in various fields. Currently, the study of SiP under extreme
conditions has not been thoroughly explored. Chen et al.!*]
investigated the structural evolution of SiP under pressure
through synchrotron x-ray diffraction (XRD) experiments.
They revealed a pressure-induced irreversible amorphization
at 26.1 GPa, evidenced by a broad diffuse background and
the loss of major Bragg peaks. In this work, we systemati-
cally investigate the high-pressure structural phase transitions
and electronic property evolution of SiP through Raman spec-
troscopy, XRD, high-resolution transmission electron micro-
scope (HRTEM), selected area electron diffraction (SAED),
and conductivity measurement experiments, combined with
first principles calculations. The mechanism of the irreversible
amorphization was explored comprehensively by the experi-
mental and theoretical methods. We also found that an irre-
versible metallization was induced by the irreversible amor-
phization.

2. Experimental methods

SiP powder, with a purity of 99.99%, was acquired from
Nanjing Mako Nano Technology Company. This material be-
longs to the category of 2D layered materials.[*6%! The XRD
data were collected at room temperature and ambient pres-
sure utilizing a Rigaku Ultima IV Powder x-ray diffractome-
ter, which is equipped with a rotating anode target (Cu Ko,
A = 1.5406 A). The structural parameters were refined using
the GSAS software package.*!)

The high-pressure Raman measurements at room tem-
perature were conducted at Center for High Pressure Science
and Technology Advanced Research (HPSTAR). The exper-
imental setup was employed in a diamond anvil cell (DAC)
with anvil culet sizes of 300 um and stainless steel gaskets
for encapsulation.*”) No pressure-transmitting medium was
introduced into the chamber. The pressure calibration was
performed using the ruby fluorescence spectrum.*3! Prior to
the experiment, system calibration was performed using a Si
wafer. Raman spectra were obtained using an argon laser
with a spectral resolution of 1.0 cm™!, covering the range of
100 cm~'-700 cm ™.

Microscopic structural and morphological analyses of the
sample were performed using HRTEM and SAED operated
at an accelerating voltage of 100 kV.[** HRTEM was em-
ployed to acquire high-resolution and high-magnification mi-
crographs of the 2D semiconductor SiP. In parallel, SAED was
utilized to investigate the crystal structure and associated char-
acteristics through the analysis of diffraction patterns.

The XRD experiments for both the initial and recovered
samples were performed at beamline 15U1 of the Shanghai

Synchrotron Radiation Facility (A = 0.6199 A) at room tem-
perature and pressure. The spot sizes were ~ 3.1 pumx2.9 pm.
The sample—detector distance and geometric parameters were
calibrated using CeO; standard. The average acquisition time
was 60 s for each experiment.

The high-pressure in situ conductivity measurement ex-
periment was conducted in the DAC using the van der Pauw
method.*>! The design for DAC conductivity measurements is
shown in Fig. 1. The Keithley 6221 DC and AC constant cur-
rent source and the Model 2182A nanovoltmeter were used to
check the sample’s voltage and current. The resistance value
was ultimately derived based on the van der Pauw method, and
the experiment was repeated 35 times.®! The temperature-
dependent electrical conductivity of SiP under varying pres-
sures was systematically investigated in a liquid nitrogen en-

vironment.
(@) (b) Nano voltmeter
(Keithley 2182A)
Pt leads
~ Pt leads
Sample Sample
Ruby —— Gasket

De current source
(Keithley 6221)

ZIN
Fig. 1. Experimental diagram of sample assembly for high-pressure conduc-
tivity measurement. (a) Schematic diagram of conductivity measurement
using the four-electrode method in a DAC. (b) Diagram of the sample ar-
rangement. The sample is a disc approximately 80 um in diameter, with
four platinum (Pt) leads attached to it. The sample chamber is constructed
with a pre-indented stainlesssteel gasket, insulated with cubic boron nitride
(CBN), and contains both a ruby marker and the sample within its interior.
There is no pressure-transmitting medium present in the sample chamber.

The pressure inside the sample chamber was determined by the ruby fluo-
rescence wavelength positioned within the chamber.

First-principles calculations were carried out based on
density functional theory (DFT) using the Vienna Ab Ini-
tio Simulation Package (VASP).[3738] The Perdew—Burke—
Ernzerhof (PBE) method was used in the generalized gra-
dient approximation (GGA) as the exchange—correlation

39-41

functional.! 1 After the structural relaxation was done, the

HSEOQ6 hybrid functional was used to recalculate the electronic

states and density of the band structure. [4?]

3. Results and discussion
3.1. X-ray diffraction

SiP possesses a layered structure owing to van der Waals
(vdW) forces and is classified as the Cmc2; group at room
environment.!?°! The XRD refinement results of SiP, recorded
under ambient temperature and pressure, are presented in
Fig. 2. It shows that the experimental data align well with
the theoretical values, with an Rwp of approximately 9.49%.
The corresponding lattice parameters are a = 3.61(28) A,
b=120.45(14) A, ¢ = 13.64(8) A. The layered structure of SiP
is illustrated in the inset diagram of Fig. 2. Three phospho-

rus (P) atoms and four silicon (Si) atoms are interconnected
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through covalent bonding, with each P atom forming three Si—
P bonds with neighboring Si atoms. This bonding configu-
ration describes the atomic arrangement within a single layer
of SiP. Multilayer SiP is subsequently constructed by stacking
these single layers along the c-axis, with the layers aligned in

the ab plane.
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Fig. 2. XRD refinement of SiP at ambient temperature and pressure, SiP ex-
hibits an orthorhombic structure. The insert diagram shows a schematic rep-
resentation of the SiP layered structure, where silicon (Si) atoms are depicted
in blue and phosphorus (P) atoms in gray.

3.2. Pressure-dependent Raman spectroscopy

Raman spectroscopy is widely recognized as an impor-
tant technique for characterizing materials and studying phase
transitions, particularly through the appearance or disappear-
ance of lattice vibrational modes.[***3] Here, Raman spec-
troscopy was employed to further investigate the properties of
SiP under high pressure.

The phonon vibration modes of SiP can be decom-
posed into Ijaman = 24A1 + 12A; + 12B| + 24B,.1*1 Among
the different modes, only the modes in the ab-plane are
detectable.[*®! Consequently, the primary active vibration
modes in this system are A and A, all of which correspond to
in-plane vibrations. The Raman spectrum of SiP at room tem-
perature and atmospheric pressure is presented in Fig. 3. The
Raman peak positions measured in this study show excellent
agreement with the previous report.[*”]

Al Ambient pressure

Intensity (arb. units)

0

100 200 300 400 500 600 700
Raman shift (cm~1!)

Fig. 3. Raman vibrational spectroscopy measurements of SiP with the range
of 100 cm~!'=700 cm™! at room temperature and atmospheric pressure. The
Raman-active modes are identified as A| and A, modes, as indicated in red.

The evolution of Raman spectra of SiP was shown in
Fig. 4. To facilitate the discussion, we divided the analysis
of the high-pressure Raman spectra into three parts: (i) Ra-
man shift increases significantly with varying pressure. (ii)
Between 6.1 GPa and 12.1 GPa, the peaks A% (167.6 cm™1),
A3 (440.9 cm™!), AT (490.1 cm ™), and A% (516.7 cm™!) dis-
appear accompanied by the emergence of new peaks of P; at
115.1 cm~! and P at 163. cm ™. Additionally, two new peaks
(marked as P3 and P4) appear at 12.1 GPa. These changes
in vibrational modes may be caused by lattice distortion in-
troduced by pressure. Interestingly, this phenomenon likely
correlates with the changes in electronic structure. We will
investigate this further by measuring the conductivity at high
pressures. (iii) At 23.3 GPa, the Raman peak exhibits signifi-
cant Raman peak broadening, indicating the loss of long-range
structural order due to pressure-induced amorphization. Upon
releasing the pressure, the Raman spectra exhibit no noticeable

changes, indicating that the structural transition is irreversible.
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Fig. 4. (a) Raman spectra of SiP measured during compression and decom-
pression. The arrows marked as P;, P, P3, P4 representing the occurrence
of the newly observed peak. (b) Raman frequency of SiP shifts with varying
pressure. The gray shaded region was highlighted to facilitate the observation
of peak emergence and disappearance.

3.3. XRD, HRTEM, and SAED analyses of the recycled

samples

In order to reveal the structural evolution of SiP more
clearly, we performed HRTEM, SAED, and XRD analyses on
the pristine samples and samples recovered from 23.3 GPa.
The XRD pattern of pristine SiP (Fig. 5(a)) displays sharp
Bragg peaks, and the corresponding HRTEM image (Fig. 5(b))
shows a layered structure with ~ 0.301-nm interlayer spac-
ing. The SAED pattern (Fig. 5(c)) displays sharp diffrac-
tion spots, demonstrating the high crystallinity of pristine SiP.
These complementary results from XRD, HRTEM, and SAED
conclusively demonstrate the layered crystal structure of the

pristine SiP samples.
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Fig. 5. Panels (a) and (d) are XRD patterns of the initial and high-pressure recovered samples. Panels (b) and (¢) are HRTEM images of the initial SiP
under ambient pressure and the recovered sample from approximately 23.3 GPa. Scale bars are 10 nm. Panels (c) and (f) are SAED images of the initial

and recovered samples.

In contrast, structural analysis of the recovered SiP sam-
The XRD pat-
tern (Fig. 5(d)) shows the disappearance of Bragg diffraction

ples indicates irreversible amorphization.

peaks, while the HRTEM of image (Fig. 5(e)) reveals an amor-
phous phase. The SAED pattern (Fig. 5(f)) of the recovered
sample displays characteristic diffuse rings with the complete
absence of Bragg diffraction spots. Collectively, these results
provide unambiguous evidence for the irreversible long-range
disorder in SiP under high pressure.

The Raman spectroscopy results indicate that the lattice
structure of the material is significantly affected by stress un-
der high pressure, with a transition from crystalline to amor-
phous occurring at approximately 23.3 GPa. This conclu-
sion is supported by HRTEM and SAED analysis, which
confirm that SiP transforms into an amorphous state upon
exceeding the critical pressure. Besides, this amorphous
state remains stable at ambient conditions. In general, the
pressure-induced amorphization is typically explained through
pressure-dependent activation energy barrier models.*®! The
thermodynamic driving force provided by pressure fails to sur-
mount the high activation energy barriers required for crys-
talline ordering, thereby stabilizing a kinetically trapped amor-
phous state. The phenomenon of pressure-induced amor-
phization can also observed in materials like BioSe3 and «-
AsyTes. 149511

3.4. Electrical conductivity and electronic structures

In-situ high-pressure conductivity measurements were
conducted up to 62.2 GPa at room temperature. As shown in
Fig. 6(a), a gradual increase in conductivity with rising pres-
sure when the pressure is low. A sudden increase in electric
conductivity was observed around ~ 6.8 GPa, which could be
ascribed to a structural distortion triggered by pressure. This
phenomenon is largely consistent with the findings from Ra-
man spectroscopy data. Between 6.8 GPa and 20.5 GPa, the

conductivity shows a dramatic increase as compression pro-
gresses. This substantial rise in conductivity indicates that a
metallization process is occurring within the material. When
pressure exceeds 40.8 GPa, the conductivity remains largely
unchanged with further increases in pressure, suggesting that
the metallization process is complete within the sample. No-
tably, upon releasing the pressure back to atmospheric lev-
els, the conductivity remained unchanged, manifesting an irre-
versible transition. Similar irreversible metallization behavior
has been observed in other materials, such as HfTe,, SbySes,

ZrSe,, and certain compounds within the Sr-Ge system. >~
(a) Sp—r—————— M4
Togef——uo ]
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I 58 e EE 5 28 ]
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Fig. 6. (a) Pressure-induced variation of electrical conductivity of SiP. Green,
pink, and blue correspond to the data from the first, second, and third
compression—decompression experiments, respectively. The black vertical
line signifies that the electrical conductivity begins to increase significantly
at around 6.8 GPa. The error bar for conductivity determination is approx-
imately £10%, arising from uncertainties in both the measured resistance
values and the geometric relationship between the electrode contact length
and sample diameter (van der Pauw 1958). (b) The temperature dependence
of the conductivity of SiP at high pressure. The irreversible decrease in elec-
trical conductivity upon decompression to 0.2 GPa is highlighted by the blue
curve.

To further validate the metallic behavior of SiP at high
pressure, the temperature-dependent conductivity measure-
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ments were conducted in the DAC, as shown in Fig. 6(b).
According to conventional solid-state theory, the conductiv-
ity of semiconductors typically increases with temperature due
to enhanced carrier density. In contrast, the conductivity of
metals decreases with rising temperature because of increased
electron-phonon scattering.!378 At 3.1 GPa, the positive re-
lationship between conductivity and temperature showed the
semiconducting behavior of SiP. However, beyond 20.5 GPa,
a negative temperature coefficient of conductivity was seen,
which means the material is metallic. It still exhibits a metal-
lic state when the pressure is released.
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Fig. 7. Theoretical calculation of electronic band structures and density
of states (DOS) of multilayered SiP at (a) ambient pressure, (b) 9 GPa,
(¢) 15 GPa, and (d) 20 GPa.
Theoretical calculations of the band structure and den-
sity of states under different pressures are shown in Fig. 7,
which reveal significant changes in the electronic proper-
ties of SiP under pressure. At room temperature and pres-
sure, SiP exhibits a band gap of 1.75 eV. At approximately

20.0 GPa, the band gap narrows to 0.13 eV. When the im-
posed pressure goes beyond 20.0 GPa, the bandgap closes,
resulting in a transition from a semiconducting to a metallic
state driven by a pressure-induced electronic structural tran-
sition. With increasing pressure, the out-of-plane anisotropic
interactions strengthen, while the interlayer vdW interactions
weaken. This results in a gradual reduction of the band gap be-
tween the conduction band (CB) and the valence band (VB).
The behavior can be further elucidated by combining with the

[59-611 which posits that stronger atomic

tight-binding theory,
interactions enhance the overlap integrals between electron
orbitals. This increased orbital overlap broadens the energy
bands, thereby narrowing the band gap.

The combined experimental and theoretical results re-
veal that the semiconductor-to-metal transition in SiP occurs
at a pressure, nearly coinciding with the threshold for the
crystalline-to-amorphous structural transition. Notably, after
decompression, SiP retains its amorphous and metallic proper-
ties, suggesting a significant interplay between structural dis-
order and the electronic metallization process. Additionally,
we observed that the metallic state remains stable even after
pressure is released, highlighting the importance of the amor-
phous structure in maintaining the metallic electronic charac-
teristics of SiP. These results enhance our understanding of the
mechanisms behind pressure-induced phase transitions and of-
fer new insights into the relationship between the structure and

properties of novel materials.

4. Summary and conclusions

In summary, we employed Raman spectroscopy, con-
ductivity measurements, first-principles calculations, high-
resolution transmission electron microscope and selected area
electron diffraction to investigate the structural and elec-
tronic properties of 2D layered semiconductor SiP under high-
pressure conditions. Above 6.1 GPa, accompanied by the
shifts in Raman peaks, the sample begins to exhibit struc-
tural distortions, eventually becoming amorphous at 23.3 GPa.
The electronic structure undergoes significant changes around
6.8 GPa and a semiconductor-metal transition occurs at
~20.5 GPa. Notably, the metastable metallic amorphous SiP
obtained under extreme conditions can be retained at ambient
conditions. This pressure-induced amorphous metal phase of-
fers new insights into the relationship between structure and
properties in 2D layered semiconductors. These findings not
only enhance our understanding of pressure-mediated elec-
tronic transitions but also highlight potential pathways for de-
signing functional materials suitable for next-generation elec-

tronic devices.
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