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similar to other devices (Fig. 3a and Supplementary Figs. 14 and 22a). 
The DFTEM video shows that concomitant with the current fluctuations 
(or local field fluctuations), the strain field also fluctuates in a corre-
lated manner (snapshots in Fig. 4f–h) obtained at the corresponding 
points (labelled f, g and h) on the I–t curve (Fig. 4e). The perfect syn-
chronization of field fluctuations (Fig. 4e) and acoustic jerks (Fig. 4f–h) 
is evidence of piezoelectricity, and these jerks themselves resemble 
Barkhausen noise characteristic of disordered ferroelectrics emanat-
ing from intersecting dynamic domain boundaries7,8,39. Conversely, the 

observation of such noise stands as the evidence of polarization rota-
tion and interaction among sliding faults and domains in our system40 
(Supplementary Note 9).

Supplementary Video 3 captures the amorphization process, which 
immediately follows the current fluctuations and the NDR regime 
(Fig. 4i). On following the FFT of the DFTEM image, we see that the 
FFT, to start with, shows streaky patterns (Fig. 4j) of what were sharper 
modulation vectors (Fig. 4b), clearly suggesting an increase in disor-
der in the superstructure arising from In- and Se-vacancy ordering, 
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Fig. 3 | STEM analysis of a β″-In2Se3 nanowire device exhibiting sliding faults 
after applying a series of d.c. I–V sweeps before amorphization. a, I–V 
sweeps on the nanowire showing a change in behaviour from a positive I–V 
slope to noisy behaviour and finally the slope becoming negative, indicating an 
increase in structural disorder (the nanowire is still crystalline). The inset 
shows the scanning electron microscopy image of a nanowire device on a TEM 
chip. Scale bar, 5 μm. b, Electron diffraction showing the appearance of extra 
superlattice reflections apart from the usual three, which indicates the formation 
of numerous lattice defects in the nanowire. The red circled spot was used for 
DFTEM imaging. c–e, DFTEM (c), low-magnification HRSTEM (d) and high- 
magnification HRSTEM (e) images from a different nanowire device after 
multiple I–V sweeps, showing the distortion of the superstructure because of 
the creation of sliding faults. The superstructure contrast is enhanced first by 

Bragg filtering the raw HRSTEM image (Supplementary Fig. 19c) and then 
overlaying it on the Fourier-filtered image showing just the superstructure 
periodicity (Supplementary Fig. 19e). f, HAADF-HRSTEM image showing various 
nanoscopic regions (indicated by D1, D2, D3 and so on) created by interlayer- 
sliding-induced disorder just before amorphization. g, DFT-trained machine 
learning calculation of the activation barrier for the rotation of polarization 
from the <1100> to <1120> direction and for interlayer sliding along <1100>.  
h, Schematic of transformation from 1T (ABCAB ABCAB) to D2 (ABCAB BCABC) 
configuration through interlayer van der Waals (vdW) sliding mechanism.  
i, Results from the simulation on the steps involved in forming the nanoscopic 
region with stacking configuration D5. Scale bars, 10 nm (c), 5 nm (d), 2 nm (e) 
and 2 nm (f).
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Fig. 4 | In situ biasing DFTEM imaging of β″-In2Se3 nanowire device and 
observation of amorphization. a,b, DFTEM image of the initial state of another 
nanowire device (a) and the corresponding FFT (b) showing superstructure 
reflections and a diffuse halo corresponding to sliding faults and other defects 
or disorder. c,d, FFT (c) of a region obtained from the intersection of several 
sliding faults marked in the DFTEM image in d, showing a local loss of order.  
e–h, V–t and I–t characteristics (e) of the device, and snapshots of the DFTEM 

images (f–h) from Supplementary Video 2 capturing strain-field fluctuations 
corresponding to the points marked in e. i, V–t and I–t characteristics of the 
device, and snapshots of DFTEM images and their FFTs ( j–l) from Supplementary 
Video 3 at the points marked in i. The FFTs capture evolution from streaky 
patterns corresponding to disorder in superstructure reflections ( j) to a 
complete loss of intensity in the streaks on SSA (k and l). Scale bars, 50 nm  
(a and f–h), 50 nm ( j–l, right).
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perpendicular to the nanowire. At the point at which larger fluctua-
tions in current originate (Fig. 4i, point labelled k), corresponding to 
large strain-field fluctuations in both amplitude and spatial extent 
(DFTEM image shown in Fig. 4k), these streaky patterns in FFT further 
lose intensity, becoming more diffuse (Fig. 4k). Eventually, the current 
reduces (Fig. 4i), with the FFT of the DFTEM image showing only diffuse 
scattering (Fig. 4l) corresponding to long-range SSA.

Discussion
On the basis of our observations, we propose the following model for 
amorphization: electric field and carrier wind force provide a driving 
force for polarization rotation (domain-boundary motion) and sliding 
fault formation, initially in a local region (nanoscale). The ensuing 
piezoelectric stress due to polarization rotation creates similar defects 
over a longer range, dictated by the length scale of mechanical stress. 
As more sliding faults are created, they interact and cause strain-field 
fluctuations, which further create (replicate) more sliding faults, lead-
ing to much smaller domains (and more domain boundaries). The inter-
action of many sliding faults and domain boundaries locally causes the 
loss of long-range order (nanometre-length scale; Fig. 4c), nucleating 
SSA. These regions are replicated spatially (micrometre-length scales) 
through long-range strain fields, and this can be construed as multiple 
nucleation events of the amorphous phase. All these amorphous nuclei 
locally grow due to acoustic jerks, further disrupting the local crystal-
line order. Electrically, a collapse of current occurs once the percolative 
crystalline pathways are cut off completely by the growing amorphous 
nuclei (Supplementary Note 9). Such long-range electrically induced 
SSA has not been reported in any other system, which highlights the 
interplay of unique structure, piezoelectricity and ferroelectricity in 
β″-In2Se3 and the coupling of order parameter to external fields, essen-
tial for converting field fluctuations into long-range strain fluctuations.

In conclusion, we uncovered a unique long-range SSA process in ferroe-
lectric β″-In2Se3 nanowires on applying a d.c. bias, facilitated by a complex 
interplay of electric field, current, piezoelectric stress, acoustic jerks and 
Joule heating. β″-In2Se3 is a model material system in which the synergistic 
confluence of various material properties (layered, semiconducting,  
ferroelectric and piezoelectric) results in an unconventional amorphiza-
tion process. We believe that similar studies on other semiconducting 
ferroic materials can unlock other metastable phase transformations, 
which holds the potential for designing new materials and devices.
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Methods

Synthesis of In2Se3 nanowires
In2Se3 nanowires in the β″-phase (Supplementary Fig. 1) were grown by 
a catalyst-assisted vapour–liquid–solid mechanism. An approximately 
5-nm-thick Au–Pd catalyst layer was sputtered on a silicon substrate 
and was used for nanowire growth. The Au–Pd film breaks down into 
catalyst nanoparticles on heating in the furnace. About 10 mg of In2Se3 
powder (Sigma-Aldrich) was placed at the centre of a 2.54-cm tube 
furnace (Lindberg/Blue M), whereas the silicon substrate was placed 
approximately 10 cm downstream from the centre of the furnace. 
Before starting nanowire growth, the furnace was flushed multiple 
times with argon gas until a pressure of approximately 30 mtorr was 
reached to remove any residual oxygen. After that, the argon flow rate 
was set to 120 s.c.c.m. and the tube pressure was stabilized at approxi-
mately 50 torr. The furnace temperature was set to 700 °C and nanowire 
growth was carried out for 5 h, after which the furnace was gradually 
cooled down to room temperature.

Device fabrication
Electrical devices were fabricated on circular TEM grids (diameter, 
3.05 mm) from Ted Pella with a 0.25 mm × 0.25 mm silicon nitride (SiNx) 
membrane in the centre (Supplementary Fig. 11). Electron-beam lithog-
raphy was used to pattern the electrodes on the TEM grids. First, the 
TEM grid was spin coated with two layers (approximately 50 nm each) 
of PMMA 950 A2 resist with resist baking at 180 °C after each spin coat. 
A pre-defined array of electrodes was patterned by electron-beam 
lithography, followed by the physical vapour deposition of approxi-
mately 10 nm Ti and around 30 nm Au. A TESCAN S8000X focused 
ion beam (FIB) was used to pattern trenches (width, approximately 
1−2 µm; length, around 60 µm) in between the metal electrodes to 
enable HRTEM imaging. Following that, nanowires were dry transferred 
by gently tapping the patterned TEM grids on the nanowire growth 
substrate. Final electrical connections were established by deposit-
ing platinum through FIB at the point of contact of the nanowire with 
the patterned electron-beam lithography electrodes. The time and 
area of FIB exposure were carefully controlled to avoid any material 
damage from the ion beam. The open and lateral device geometry of 
the nanowires and their single-crystalline structure offer a favourable 
material system to image the evolution of the microstructure with high 
spatial resolution, as well as simultaneously minimizing the effects of 
pre-existing grain and domain boundaries on the structural dynamics.

Electrical characterization of devices
All the electrical measurements were performed in a two-probe con-
figuration on a Lake Shore TTPX cryogenic probe station. The d.c. I–V 
sweeps were applied using a Keithley 2602 source meter. For monitor-
ing the evolution of current with time as the d.c. voltage is held constant, 
we used an electrical setup shown in Supplementary Fig. 21. A constant 
d.c. bias was applied to the nanowire device connected in series with a 
standard 1 MΩ resistor through a Keithley 2635B source measure unit. 
Current was indirectly measured as the voltage drop across the standard 
resistor using a 500 MHz Tektronix DPO3052 digital oscilloscope with 
a 1 MΩ impedance. Hence, the actual current through the nanowire 
(Extended Data Fig. 1) is twice that indicated in Extended Data Fig. 1, 
but for the sake of proportionality, the actual magnitude of current is 
not as important.

HAADF-STEM imaging and Se displacement mapping
The imaging was carried out on an aberration-corrected Titan Themis 
instrument, which was operated at 300 kV. A probe angle of 24 mrad 
was used for imaging the nanowires in the STEM mode with a HAADF 
collection angle of 48–200 mrad. The obtained HR images were fur-
ther processed to get enhanced contrast of dislocations by first Bragg 
filtering the raw image (Supplementary Fig. 19a–c) and overlaying this 

image with the inverse FFT image (Supplementary Fig. 19d,e) obtained 
by masking only the spots given by band periodicity to obtain the final 
dislocation-contrast-enhanced images (Supplementary Fig. 19f). For 
mapping the Se displacement vector, we first found the geometric 
centre of each hexagon and then subtracted it from the central Se posi-
tions by using atom finding and refining algorithms from Atomap41. In 
this way, Se displacements from their geometric centres were mapped.

PFM switching
In2Se3 nanowires were transferred to Si substrates sputtered with gold 
and clamped at the ends by depositing platinum in an FIB Helios 5 UX 
DualBeam instrument. PFM spectroscopy measurements were carried 
out on AFM Asylum Research MFP-3D Origin+ in the dual-amplitude 
resonance tracking mode. The nanowires were mapped using the tap-
ping mode followed by Dual AC Resonance Tracking PFM spectros-
copy measurements by moving the tip to the points of interest. Voltage 
pulses were applied with amplitude varying from 0 to Vmax, Vmax to –Vmax 
and –Vmax to 0 (sawtooth envelope). The amplitude and phase of the 
piezoresponse is measured when every pulse is on (field-on response) 
and after a short delay, once the pulse is turned off (field-off response). 
The remnant loops (field off) of amplitude (Supplementary Fig. 9a) 
and phase (Supplementary Fig. 9b) show that the displacements are 
consistent with the polarization-switching behaviour.

In situ TEM measurements
The in situ TEM heating experiment (Supplementary Video 4) was per-
formed on a JEOL F200 STEM instrument in the TEM/diffraction mode. 
The nanowires were dry transferred on a Hummingbird Scientific heat-
ing chip (Supplementary Fig. 23a) by gently tapping the TEM chip on 
the nanowire growth substrate. A specialized single-tilt heating/biasing 
TEM holder from Hummingbird Scientific was used to monitor the 
structural changes during the in situ heating experiment. Temperature 
calibration was received from the manufacturer to achieve controlled 
heating based on the resistance measurements, for which the current 
was applied through an externally connected power supply.

In situ TEM electrical biasing experiments (Supplementary Videos 
1–3) were performed on a Thermo Fisher Titan Themis 300 instrument, 
in the DFTEM and diffraction modes. Nanowires were transferred onto 
the microelectromechanical-systems-based biasing chip (DENSsolu-
tions), and contacts were made to the metal pads on the chip through 
FIB. The chip was then loaded onto a lightning biasing holder (DENS-
solutions), which was externally connected to a Keithley parameter ana-
lyser (Model 4200) for electrical measurements. The DFTEM images/
videos were simultaneously captured as the devices were electrically 
biased in two modes: (1) constant voltage as a function of time and  
(2) linear ramp of voltage as a function of time. Sampling time for both 
electrical data and DFTEM images was set to be the same. The applica-
tion of bias results in small mechanical motion of the nanowire, which 
is used to synchronize the electrical stimulus with the DFTEM images.

DFT calculations
The thermodynamic stability and phase transformation between In2Se3 
polymorphs were calculated using spin-polarized DFT and the pre-
ferred potential42,43 machine learning potential implemented in the 
Matlantis program, respectively. The DFT calculations were performed 
with the projector augmented wave44 method and the Perdew–Burke–
Ernzerhof45 exchange–correlation functional of the generalized gradi-
ent approximation using the Vienna ab initio simulation package46,47. 
Monkhorst–Pack grids of 10 × 6 × 10 k-points, energy convergence 
criteria of 10−5 eV and force convergence criteria of 0.02 eV Å–1 were 
applied. Our DFT calculations assume a temperature of 0 K, but vibra-
tional free-energy contribution at room temperature and higher tem-
peratures can stabilize the initial structure. Moreover, it is possible to 
observe thermodynamically metastable configurations in experiments, 
depending on the external mechanical, thermal and electrical driving 



conditions, which can drive the system out of equilibrium. The activa-
tion barriers for phase transformation between In2Se3 polymorphs were 
obtained using the climbing image nudged elastic band48 method with 
a convergence criterion of 0.1 eV Å–1. The DFT-trained machine learning 
potential is a universal interatomic potential43, and is accurate enough to 
describe the saddle energy barriers. It should be noted that for the sake 
of computational simplicity, we did not consider the In and Se vacan-
cies in our structures for DFT calculations (Supplementary Note 10).

Data availability
The datasets generated and analysed during the current study are 
included with the Article or available from the corresponding authors 
upon reasonable request. Source data are provided with this paper.
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Extended Data Fig. 1 | TEM characterization of amorphized β″-In2Se3 
nanowire device upon application of d.c. voltage. (a) Evolution of current in 
the nanowire device with time when the device is held at different fixed d.c. 
voltages. Amorphization occurs at 20 V and is preceded by a rapid decrease in 
current with time. (b) Low magnification TEM image of the nanowire device 
after amorphization. (c) EDX elemental mapping of indium and selenium in the 
amorphized region of the nanowire. (d) DF-TEM image of the nanowire after 

amorphization. The contrast from the crystal-amorphous interface can be seen 
at the left side of the nanowire, where a part of the interface is shown in the 
HR-TEM image in (e). Electron diffraction and HR-TEM image from the (f) 
paraelectric crystalline phase and (g) amorphous regions of the nanowire 
device. The dashed white lines in (d) indicate the regions where the images 
were combined. Scale bars: (b) 1 µm, (d) 200 nm, (e) 5 nm, (f) and (g) 2 nm.




