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Abstract: The unique intermolecular van der Waals
force in emerging two-dimensional inorganic molecular
crystals (2DIMCs) endows them with highly tunable
structures and properties upon applying external stimuli.
Using high pressure to modulate the intermolecular
bonding, here we reveal the highly tunable charge
transport behavior in 2DIMCs for the first time, from an
insulator to a semiconductor. As pressure increases, 2D
a-Sb,0; molecular crystal undergoes three isostructural
transitions, and the intermolecular bonding enhances
gradually, which results in a considerably decreased
band gap by 25% and a greatly enhanced charge
transport. Impressively, the in situ resistivity measure-
ment of the a-Sb,0; flake shows a sharp drop by 5
orders of magnitude in 0-3.2 GPa. This work sheds new
light on the manipulation of charge transport in 2DIMCs
and is of great significance for promoting the fundamen-
tal understanding and potential applications of 2DIMCs
in advanced modern technologies. )

Introduction

Two-dimensional inorganic molecular crystals (2DIMCs)
have emerged as rising stars due to their unique structure
and exceptional physical properties, including long-range
molecular ordering, diverse molecular structure, excellent
dielectric property, and high thermal stability.l"! Unfortu-
nately, due to the weak intermolecular coupling, they
typically show poor charge transport and behave as
insulators, severely hindering their potential applications in
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electronics and optoelectronics."™? Their intrinsic poor
charge transport property is promising to be addressed by
applying compressive strain.”! Strain engineering has been
known as a desirable approach to modifying the physical
and chemical properties of various materials, which exhibits
the powerful capability to regulate lattice structure on the
atomic and molecular scale.*¥ To date, strain-induced
changes of various physical properties, such as enhanced
carrier mobilities and light emission, reduced in-plane
symmetry, and weakened interlayer coupling, have been
widely achieved in 2D atomic crystals via changing the bond
lengths and bond angle.**! Recently, strain engineering has
also been applied to 2D organic molecular crystals to
reinforce the intermolecular coupling by shortening the
intermolecular distances.**® A prominent example is the
6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-PEN)
molecular crystal, in which the hole mobility increased by 20
times under a compressive strain of 16.7 %.[°"!

It should be emphasized that here, 2DIMCs possess
unique structural features and are distinct from 2D atomic
crystals as well as 2D organic molecular crystals."**¢ For
2D atomic crystals, each layer is formed by atoms, which are
connected by strong covalent bonds; whereas in 2DIMCs,
each layer is composed of inorganic molecules, which are
bonded together through weak van der Waals (vdW)
force."! On the other hand, though 2D inorganic and
organic molecular crystals are both composed of molecules,
molecular volumes of inorganic molecules consisting of only
a few atoms are much smaller than those of common
aromatic organic molecules.”) Besides, the unique -7
stacking in 2D organic molecular crystals, providing paths
for charge hopping between neighboring molecules, is also
absent in 2DIMCs.”™® These huge structural differences
result in the classical band transport model that is applicable
for 2D atomic crystals failing to describe the charge trans-
port behavior in 2DIMCs. Besides, whether the widely
accepted transient localization theory in organic molecular
crystals is applicable to 2DIMCs remains unclear yet.®"
With these regards, it is believed that the changes of physical
property, especially the charge transport, in 2DIMCs under
compression will be different from both 2D atomic crystals
and 2D organic molecular crystals. Elucidating the varia-
tions of structures and properties opens fascinating oppor-
tunities to acquire emergent properties and reveal new
mechanisms, but experimental research is lacking until now.

© 2022 Wiley-VCH GmbH
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In this work, by using high-pressure regulation and in
situ characterizations, we present the highly tunable charge
transport behavior in 2D «a-Sb,O; inorganic molecular
crystals, from insulator to a wide-band gap semiconductor.
The structure changes under compression are revealed by in
situ high-pressure Raman spectroscopy and DFT calcula-
tions, demonstrating that there are three isostructural
transitions at ~4 GPa, 10 GPa, and 15 GPa, respectively.
Besides, the transition pressures of the isostructural tran-
sitions can be tailored by regulating the crystal thickness.
Bond order and electron localization function (ELF) are
employed to assess the evolutions of intermolecular bond-
ing. Upon compression, the intermolecular bonding enhan-
ces significantly, which plays an essential role in the decrease
of a-Sb,O; band gap and the improvement of charge
transport property. Nevertheless, the nature of the indirect
band gap is preserved and there is no formation of the
intermolecular covalent bond up to 15 GPa. Intriguingly, a
steep decrease in resistivity by 5 orders of magnitude was
observed in 0-3.2 GPa, suggesting the transformation from
an insulator to a semiconductor. The achievement of this
work sets a new milestone for 2DIMCs and will greatly
stimulate the fundamental research and potential applica-
tions of 2DIMCs in optoelectronics and nano-electrome-
chanical systems.

Results and Discussion

The Sb,0; solid includes three phases, a-Sb,0;, f-Sb,0;, and
v-Sb,0;. Among these three phases, 0-Sb,O; is a molecular
crystal (space group Fd3m) composed of the Sb,O4 molec-
ular cage with T, point group symmetry,'” as depicted in
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Figure la. Given the characteristic of molecular crystal and
good thermal stability of o-Sb,03,"! vertical micro-spacing
sublimation (VMS) strategy (Figure 1b) was utilized to grow
2D a-Sb,0; flakes, which possesses the advantages of low-
cost, simple operation and short growth time in comparison
with the conventional chemical vapor deposition (CVD)
methods.'"™'? Detailed growth method is provided in the
section of experiment details in the Supporting Information.
Typical optical microscope (OM) images of the as-synthe-
sized o-Sb,0; flakes with different sizes and thicknesses are
presented in Figure S1. Monolayer o-Sb,0; flake exhibits a
thickness of ~0.64 nm."™ Significantly, the ultrathin a-Sb,O;
flakes below 5nm can be also obtained in this way (Fig-
ure 1c and Figure S2), which correspond to 4 layers and 6
layers of a-Sb,0;, respectively.

To identify structural information of the Sb,O; flakes, X-
ray diffraction (XRD) and Raman spectroscopy were
performed. As shown in Figure S3, the three sharp diffrac-
tion peaks can be distinguished clearly and match well with
the standard cubic a-Sb,0O; (PDF# 05-0534), corresponding
to the (111), (222), and (444) lattice planes, respectively.
Raman spectroscopy, i.e., Raman active phonon modes, can
be regarded as the fingerprint of a material and is an
effective tool for phase identification. Figure 1d presents the
Raman spectra of the as-grown Sb,O; flakes at ambient
pressure ranging from 50 to 500 cm ™' and the peak positions
of the six Raman peaks are consistent with the data of a-
Sb,0; in previous reports.*"* Among the six peaks, the F,
located at 84 cm™! is the translational mode (intermolecular
vibration) and the rest are internal modes (intramolecular
vibrations). Moreover, transmission electron microscopy
(TEM) was utilized to further illustrate the high quality and
crystalline phases of Sb,0O; flakes. The Sb,0; flakes on mica
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Figure 1. VMS growth and characterizations of ultrathin single-crystalline a-Sb,0; flakes. a) Structural diagram of the Sb,O4 molecule. b) The
schematic diagram for the growth process. ¢) AFM image of the as-synthesized a-Sb,0; flakes. d) Raman spectra of the a-Sb,0; flakes. ) SAED

pattern of the a-Sb,0O; flake. Inset: TEM image with a scale bar of 2 pm.
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were transferred onto the TEM Cu grid with carbon film via
a PMMA-assisted method.'"™ The selected area electron
diffraction (SAED) pattern in Figure le shows distinct
hexagonal diffraction spots, indicating that the Sb,0O; flakes
are high-quality single crystals. The calculated interplanar
spacing from the SAED pattern is about 4.0 A, in good
accordance with the interplanar distance of (220) plane in a-
Sb,05." The chemical composition of Sb,0j5 flakes was also
verified by energy-dispersive X-ray spectroscopy (EDS). As
illustrated in Figure S4a, only Sb and O elements can be
detected and the Sb and O elements are uniformly
distributed (Figure S4b,c) across the whole flake, demon-
strating the chemical uniformity of the nanoflake. The above
characterizations reveal the high crystal quality of as-grown
a-Sb,0; flakes, which is the basis for the following research.

Pressure serves as a fundamental thermodynamic varia-
ble that has been widely used to create novel structures and
modify the properties of functional materials.**™ For
example, the Cs,AgBiBrs and Cs,Pbl,Cl, show large band-
narrowing of 223%, and significant photocurrent
enhancement under high pressure, respectively.l*'%! To
reveal the structural changes during compression, Raman
spectra of o-Sb,0O; flakes with pressure increasing were
recorded using a symmetrical diamond anvil cell (DAC).
Raman spectra provide a wealth of information for the
phonons, which can be used to investigate chemical bonds,
intermolecular forces, and structural features of molecular
crystals.'! Figure 2a presents the process of loading a-Sb,0,
flake into the DAC chamber. We first measured the
pressure-dependent Raman spectra of an a-Sb,0; flake with
a thickness of 345 nm (Figure S5). The three additional
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Raman peaks in Figure S5 can be attributed to the mica
substrate, as confirmed by Figure S6. The evolutions of
Raman peak positions of this a-Sb,O; flake are summarized
in Figure 2b—e. The translational mode F,, (external mode)
at 89.5 cm™! shifts to higher wave numbers (blue-shift) from
ambient pressure to 3.77 GPa (Figure 2b) and disappears at
higher pressure. Meanwhile, we noticed that the pressure
coefficient of the A, mode (255 cm™) changes at ~3 GPa,
11 GPa, and 16 GPa. The E, mode (120 cm™) changes the
slope of pressure dependence at 4 GPa and 15 GPa. Besides,
the F,, mode (364 cm™) also changes its slope of pressure
dependence at 3.5 GPa and 10 GPa. The evolution of
Raman frequency with pressure is caused by the anharmonic
part as the stiffness coefficient of chemical bonds changes
with the interatomic distance upon compression.'” Accord-
ing to the Griineisen scaling approximation, the slope of
Raman frequency under pressure can be deduced as
do;/dP = ky,w,m, where w,, denotes the zero-pressure
frequency of the Raman mode w,.['™!® Isothermal compres-
sibility x is mainly affected by the strength of the chemical
bonds and crystal structure.'*'! Mode-Griineisen parame-
ter y; is determined by the bond stiffness-bond strain
relation.!"’” Based on the above discussions, the variations
of pressure coefficient for these Raman modes can be
attributed to the changes of isothermal compressibility x or
mode-Griineisen parameter,l”!®! which signify the changes
in the crystal structure or chemical bond properties at
around 4 GPa, 10 GPa and 15 GPa. Therefore, it is con-
cluded that there are three structural transitions from 0 to
22 GPa, which appear at ~4 GPa, ~10 GPa, and ~15 GPa,
respectively. Besides, the three structural transitions are
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Figure 2. In situ high-pressure Raman measurements for the a-Sb,0O; flake. a) The process for loading a-Sb,0O; flake into the DAC chamber. b—
e) Pressure dependence of Raman peak positions of the a-Sb,0; flake. Insets are schematic diagrams of the corresponding vibration modes.!""*!
f) Pressure dependence of the A, mode (255 cm™) peak position in a-Sb,0; flakes with different thicknesses.
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reversible (as confirmed by Figure S7). Given the absence of
new Raman peaks that may be related to the four possible
high-pressure phases of a-Sb,0; during 0-20 GPa, we infer
that the three structural transitions are all isostructural
phase transformations.™!

Another distinctive feature is that the E, (120 cm™), A,
(255cm™), and F,, (362 cm™') modes shift to lower wave-
numbers (red shift) at relatively low pressure (Fig-
ure 2b,d,e). The red shift of Raman peak positions with
pressure (phonon softening) is abnormal as it is usually
associated with lattice expansion.” Given the cubic symme-
try of a-Sb,0;, it is impossible that the lattice of a-Sb,0;
expands with pressure. Seeing that the E, (120cm™), A,
(255cm™), and F,, (362 cm™") modes belong to the intra-
molecular vibrations, we argue that the red-shift of the three
Raman modes is probably related to the softening of
intramolecular covalent bonds, which isn’t included in the
three change types (i.e., bond shortening, bond-angle
bending, and intermolecular compression), as summarized
by M. Hazen and Larry W. Finger in 1985.2"

To reveal the effect of flake thickness on the above-
mentioned structure changes, pressure-dependent Raman
spectra of the other two a-Sb,0O; nanoflakes with thicknesses
of 278 nm and 30 nm were measured (Figure S8). Figure 2f
displays the evolution of the A, mode (255cm™) with
pressure for the three a-Sb,O; flakes. Since A, mode
(255 cm™) is less sensitive to the third structural transition,
here we shall mainly focus on the first two structural
transitions. As the thickness of a-Sb,0; nanoflake decreases,
the first two isostructural transitions are delayed consider-
ably. Besides, the slope of the A, mode (255cm™) also
diminishes with the decrease in thickness from ambient
pressure to where the first structural transition occurs. These
influences that seem to be caused by the thickness variation
may arise from the interfacial adhesion force between the
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mica substrate and a-Sb,0O; nanoflakes, which induces the
existence of deviatoric stress, thus breaking the quasi-hydro-
static condition.”? This result inspires us that we can
regulate the compression behavior of 2DIMCs by adhesion
force design via changing the substrate and sample thick-
ness.

To clarify the microscopic structural changes on the
atomic level during compression, we carried out density
functional theory (DFT) calculations on the high-pressure
structures of o-Sb,O; by employing Grimme’s DFT-D3
correction method. Figure 3a shows the calculated unit-
cell volume as a function of pressure. Based on these three
isostructural transitions, the P-V data were fitted in four
regions using second-order Birch-Murnaghan state
equations.” The bulk modulus B, for the four regions (0-
4 GPa, 4-10 GPa, 10-15 GPa, and 15-28 GPa) are deter-
mined to be 22.0(3), 38.1(4), 52.4(8), and 64.1(3) GPa,
respectively. The relatively small B, in 0-4 GPa indicates the
highly compressible feature of molecular crystals. In the
meantime, we reveal that the possible phase transition to
tetragonal phase Sb,0O; proposed by Zhao etal. is not
permitted in 0-25 GPa according to the comparison of
enthalpy (Figure $9)."*%! Since the structural changes of o-
Sb,0; are dominated by intermolecular van der Waals force,
we first extracted intermolecular adjacent Sb—Sb, Sb—O, and
O—-O distances as a function of pressure, as presented in
Figure 3b,c. Here the subscript numbers are used to
distinguish different types of interatomic distances between
Sb,O4 molecules. The structure illustrations of the two
groups of Sb—Sb distance, three groups of Sb—O distance,
and the O—O distance are displayed in Figures S10, S11, and
S12, respectively. All these intermolecular atom distances
mentioned above shorten fleetly in 04 GPa but shorten
slowly in 4-25 GPa, which explains why the B, in 04 GPa is
much smaller than those in 4-25 GPa.
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Figure 3. Simulated variations of crystal structure and molecular structure at high pressure. a) Pressure-dependent unit-cell volume of a-Sb,0;. b,c)
Pressure-dependent interatomic distance of Sb—Sb, Sb—O, and O—O between the adjacent Sb,O molecules. d,e) Pressure dependence of the
intramolecular Sb—O distance and the angle of O—Sb—O and Sb—O—Sb. f) Pressure dependence of the volume of the fourfold SbO; triangular

pyramid and the Og regular octahedron.
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The shortening of these intermolecular distances would
inevitably affect the geometrical structure of the Sb,Oq
molecule, i.e., the bond length and bond angle within the
Sb,0O4 molecule, as demonstrated in Figure 3d,e. The
pressure coefficient of the Sb—O bond length shows two
inflection points at 4 GPa and 15 GPa. Meanwhile, the
pressure dependence of the Sb—O-Sb angle shows an
inflection point at ~10 GPa. These three inflection points
are close to the pressures where the pressure coefficient of
E, (120cm™), A, (255cm™"), and F,, (362cm™') modes
change, strongly corroborating the three isostructural phase
transitions. Moreover, softening (lengthening) of the intra-
molecular covalent bond is also revealed. The Sb—O bond
length increases in 0—4 GPa and decreases in 4-25 GPa. The
pressure dependence of Sb—O bond length is consistent with
the molecular crystal vibrational model,"’* which explains
why the A, mode (255 cm™') shows a red shift in 0-4 GPa
but a blue shift in 4-22 GPa. The other two inflection points
at 11 GPa and 16 GPa of the pressure dependence of A,
mode (255c¢m™) in Figure 2d can be attributed to the
changes of pressure dependence of the O—Sb—O angle at
10 GPa and Sb—O bond length at 15 GPa, respectively. In
addition, lengthening of the Sb—O bond leads to the
expansion of the SbOj; triangular pyramid volume in 0-
4 GPa (Figure 3f and Figure S13), which suggests that local
structure in molecular crystals may expand during compres-
sion. Whereas its increase is negligible in comparison to the
decrease of Og4 regular octahedron volume (Here the atoms
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are treated as particles), so the volume of the Sb,Oq
molecule unit decreases monotonically in a nearly linear
fashion (Figure S14). Through a detailed analysis of the
displacements of Sb and O atoms upon compression (see
supporting note 1 in the Supporting Information), we reveal
that all the microscopic structural changes are triggered by
the intermolecular repulsion of O—O, Sb—O;, and Sb-Sb,
atom pairs. These increased intermolecular repulsion forces
with pressure would enhance intermolecular bonding, thus
modifying the band structures and potentially improving the
charge transport.*!

In order to prove the changes in bonding properties
during compression, the bond strength of the intramolecular
Sb—O bond and the intermolecular adjacent atom pairs were
quantified by bond order and electron localization function
(ELF)."! The bond orders are assessed by the density-
derived electrostatic and chemical charge (DDEC)
method.”! A bond order value of “0” indicates pure ionic
and a value of “1” reflects a full single covalent bond.*’
Similarly, the region with a high ELF value signifies the
position of covalent bonding or lone-pair electrons (LPEs).
ELF is a local measure of the effect of the Pauli repulsion
on the kinetic energy density.”** The bond orders of
different types of atom pairs in o-Sb,O; at 0, 4, 10, and
15 GPa are summarized in Table S1. At ambient pressure,
the bond order of the intramolecular Sb—O bond is 0.849
and it gradually decreases with the pressure increasing
(Figure 4a). Conversely, the bond orders of the intermolec-

a 09 bo20 ¥ =
0.90 —e—8b-0 one-pair electron Sb-Shy)
Sb-0. @ L v
=08y 2 ~0.15 ; 0-0
= o e —8—Sb-Sh, 2 ¥
Z075 T po -V A 0.4
5 5 0.10] OP% @) -0 -sb-0,
To2s 2 0GPa 15GPa  _o-.Sp-0,
S0 ° :
= 2oos
07 - g -
0.10 " :
0.05{ e— 000) ——0Q -——-Q——-0
0.00
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18
Pressure (GPa) Pressure (GPa)
d e fo
s I%. - -e- - Compression 1 ® LUMO
LUMO 42 L% - 8- - Decompression HOMO
s 2
1P, < el o
Bt 240 e, N\ E 3
o ‘. -
E, Sas n %% <
2 e 25
..... = 36 R ]
IP,, @ : ’\x--‘& 6
-
3.4 A Ny
HOMO B i
32 8
0 2 4 6 8 10 12 14 16 18 0 5 10 15 20 25
Pressure (GPa) Pressure (GPa)
45 h 4 j4
9 .  LUMO - HOMO /\/\ &
4 “eoans o Bandgap 3 2 3
35 Ml L T T T TP PP PPres = \ —
= S, i s,
3 30{° C \ °
= °s = 0/GPa \ > 15GPa ™\
o ° > 4 \ > 4 N
325 o, 5 \ ] N
(9] (LI 2 v c N
20 "o%%° w B [ITH \
o et
s — <
-1 -1 —
10 —
0 5 10 15 20 25 X UK r L w : X UIK r L w

Pressure (GPa)

Figure 4. Pressure-induced variations of the bonding properties and band structure. a) Bond order evolution with pressure of the covalent Sb—O
bond, and the intermolecular Sb—O; and Sb—Sb;. b) Bond order evolutions of other intermolecular atom pairs. Inset, 3D ELF graphs of the Sb,Oq
unit at 0 and 15 GPa. c) 2D ELF maps of a-Sb,0; at 0 GPa (top) and 15 GPa (bottom) projected on the (111) plane. d) Schematic diagram of the
energy levels for molecular crystals. e) The band gap evolution of an a-Sb,0; flake during compression and decompression. f) Calculated LUMO
and HOMO energy level positions of the Sb,O¢ molecule. g) Calculated pressure dependences of the a-Sb,0; band gap and the energy gap
between LUMO and HOMO of the Sb,O, molecule. h,i) Calculated band structures of a-Sb,05 at 0 and 15 GPa.
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ular Sb—O; and Sb—Sb; both increase significantly with
pressure (Figure 4a), which implies enhanced intermolecular
bonding. Nevertheless, the bond orders for other intermo-
lecular atom pairs change very little with pressure (Fig-
ure 4b), suggesting that these interatomic forces play a small
role in the structure transitions. In addition, all the bond
orders for the aforementioned intermolecular atom pairs are
still far below 0.5 at 15 GPa, meaning there is no formation
of intermolecular covalent bonds. The enhancement of
intermolecular bonding of Sb—O; and Sb—Sb, is further
demonstrated by the 2D ELF maps (Figure 4c) and ELF
line profiles (Figure S15), where the ELF values between
Sb—O; and between Sb—Sb, in 15 GPa are larger than those
in 0 GPa. The enhanced intermolecular bonding arises from
the valence electron sharing between different atoms. Owing
to the lone-pair electrons on the Sb atom being increasingly
shared by the Sb and O atom on other surrounding
molecules upon compression, the lobe-like charge extension
of Sb 5s* lone-pair electrons is suppressed significantly under
high pressure, as demonstrated by the inset in Fig-
ure 4b.[19:26]

The changes of intramolecular and intermolecular bond-
ing properties and the Sb,Og structure unit will highly
regulate the band structure by changing the energy level
positions of HOMO and LUMO of the Sb,O4 molecule,
polarization energy (P, and P,), and band dispersion (Fig-
ure 4d).P! The polarization energy and band dispersion are
manifestations of intermolecular interactions.”'>? To ex-
plore the band gap variations of o-Sb,O; flake, in situ
pressure-dependent absorption spectra of the a-Sb,O; flake
were collected (Figure S16). The a-Sb,O; band gaps at
different pressures were estimated by extrapolating the
linear portion of (ahv)? versus hv.'" Figure 4e shows that
the o-Sb,0O; band gap decreases from 4.4eV to 3.3eV
monotonously with the increase of pressure and the process
is reversible. Interestingly, though the Sb,0O4 molecule
structure indeed changes with pressure, the energy level
positions of the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital
(HOMO) and the gap between them are extremely
insensitive to the pressure (Figure 4f,g), which means the
decrease of Sb,O; band gap is dominated by the strengthen-
ing of intermolecular interaction that is mainly contributed
by the enhancement of intermolecular Sb—O; and Sb—Sb,
bonding (Figure 4a). In addition, the calculated band gap
shows the same variation tendency as our experimental data
To gain more insight into the electronic properties of a-
Sb,0;, the band structures of a-Sb,0; at the four representa-
tive pressures were calculated, as shown in Figure 4h,i and
Figure S17. The corresponding DOS results are presented in
Figure S18. The valence- and conduction-band edges are
dominated by O 2p and Sb 5p states, respectively. Under
higher pressure, the evolution of atomic orbital weights
arises from hybridization between Sb 5s and O 2p
electrons.* As pressure increases, the nature of indirect-
band-gap is maintained. The valence band maximum
(VBM) and conduction band minimum (CBM) are located
at L-point and 7-point, respectively.
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From the perspective of enhanced intermolecular bond-
ing, the originally poor charge transport of 2D a-Sb,0O; flake
may be greatly improved.'"™**# To investigate its electrical
properties under high pressure, the resistivity of single-
crystalline o-Sb,0O; flakes with different thicknesses was
measured (Figure 5a). Au electrodes were coated (Fig-
ure S19) on the flakes and then connected with the Pt
probes in the DAC chamber (Figure S20). At ambient
pressure, the a-Sb,0; flakes show insulating behavior with a
high resistivity of about 10® Q-m. During compression, the
resistivity of these flakes decreases sharply by about 5 orders
of magnitude within 0-3.2 GPa, while changes a little from
3.2 GPa to 18 GPa. Note that the onset pressure (Figure 5a)
of the first isostructural phase transformation was postponed
significantly with decreasing the thickness of a-Sb,0O; flakes
(Figure 5b). According to Figure 5b, the critical thickness
for the delayed effect on the onset pressure is estimated to
be around 100 nm. This delay behavior arises from the
interfacial adhesion force f between the mica substrate and
a-Sb,0; flake (Figure S21). The obstructive effect of the
adhesion force f on in-plane compression is more significant
for the thinner flakes, leading to the in-plane compression
coefficient ¢,, of the thinner flake smaller than the bulk
counterpart under the same pressure. To obtain the same in-
plane compression, a larger pressure is needed for a thinner
sample. Besides, the resistivity variations of a-Sb,0; are
nearly reversible during the compression-decompression
cycle (Figure S22). Below the onset pressure of the first
isostructural phase transformation, the steep decrease in
resistivity can be attributed to the dramatically increased
intermolecular charge transfer integral (Table S2) and the
suppressed thermal vibration of Sb,0O, molecules,*®® which

a bso t
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Figure 5. a) Pressure-dependent electrical resistivity of single-crystalline
0-Sb,0; flakes with different thicknesses. b) Thickness dependence of
the onset pressure for the first isostructural phase transformation that
was determined from Figure 5a. c) Photocurrents of the a-Sb,0; flake
with a thickness of 85 nm under different pressures. d) Conductivity for
the flake with a thickness of 85 nm as a function of compressive strain
of the lattice. The lattice parameters at different pressures were derived
from unit-cell volume.
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are incurred by the enhanced intermolecular Sb—O; and
Sb—Sb;, bonding. Above this pressure, the character of
molecular crystal disappeared, as evidenced by the disap-
pearance of the intermolecular vibration F, (84 cm™') mode
over 3.77 GPa, which possibly changes the charge transport
mechanism from hopping transport to band transport.”>*
Consequently, the nearly constant resistivity after the first
isostructural transformation can be elucidated by the tiny
change in the effective mass of electron and hole (Table S3
and S4) according to the band transport theory. Moreover,
benefiting from the enhanced charge transport and reduced
band gap, o-Sb,O; flake exhibited gradually improved
photoresponse after 13 GPa (Figure 5c and Figure S23). To
further reveal the electro-mechanical response of a-Sb,0O;
nanoflake, we plotted the conductivity of the device with a
flake thickness of 85 nm as a function of lattice strain in
Figure 5d. The dramatic increase of conductivity in 0-
3.6 GPa is achieved within a strain of 4.1 %. Such a large
electro-mechanical response is more sensitive than the state-
of-the-art organic molecular crystal that was observed in
TIPS-PEN (i.e., hole mobility increased by 20 times under a
compressive strain of 16.7%).*! Besides, the electro-
mechanical response in a-Sb,O; nanoflake is superior to
those in common 2D materials.™ To acquire a resistivity
variation of 5 orders of magnitude, the pressures needed to
apply on MoS,, WS,, MoSe,, and MoTe, are 15 GPa,*
25 GPaP! 35 GPa,”™ and 15 GPa,* respectively. Impor-
tantly, the strain of 4.1% is achievable for the flexible
substrates.®?*®! Thus, the large increase of a-Sb,O; con-
ductivity in 0-3.6 GPa, from insulating to semiconducting,
could inspire the designs of novel force-switching devices.

Conclusion

In conclusion, we have successfully prepared high-quality
2D a-Sb,0; flakes using the VMS method and demonstrated
the highly tunable charge transport in 2DIMCs by regulating
the intermolecular interactions. Using in situ high-pressure
Raman spectroscopy, we revealed three isostructural trans-
formations at ~4 GPa, 10 GPa, and 15 GPa, respectively,
correlating well with the microscopic structural changes on
atomic level simulated by DFT. Meanwhile, the transition
pressures of the isostructural transition can be further
tailored by changing the sample thickness. The intermolecu-
lar bonding gradually strengthens with pressure but is free
of forming covalent bonds up to 15 GPa, which plays a
decisive role in the decrease of a-Sb,O; band gap and the
dramatic improvement of charge transport. Remarkably, a
sharp decrease in resistivity by 5 orders of magnitude was
observed in 0-3.2 GPa, which may have potential applica-
tions in switching devices. Our work not only reveals the
variations of structure and intermolecular bonding in
2DIMCs on the atomic scale but also sheds light on the
manipulation of charge transport in 2DIMCs, promising to
advance the development of molecular physics and inspire
their potential applications in optoelectronics and nano-
electromechanical systems.
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Giant tunability of charge transport in
two-dimensional inorganic molecular
crystals, from an insulator to a semi-
conductor, is revealed for the first time
through in situ high-pressure experimen-
tal characterizations.
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