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Cu,Se is a superionic conductor above 414 K, with ionic conduc-
tivities reaching that of molten salts. The superionic behavior
results from hopping Cu ions between different crystallographic
sites within the Se scaffold. However, the properties of Cu,Se below
414 K are far less known due to experimental limitations imposed
by the bulk or polycrystalline samples that have been available so
far. Here, we report the synthesis of ultra-thin, large-area single
crystalline Cu,Se samples using a chemical vapor deposition
method. The as-synthesized Cu,Se crystals exhibit optically and
electrically detectable and controllable robust phases at room
temperature and above. We demonstrate that Cu ion vacancies
can be manipulated to induce an insulator—metal transition, which
exhibits 6 orders of magnitude change in the electrical resistance of
two terminal devices, accompanied by an optical change in the
phase configuration. Our experiments show that the high mobility
of the liquid-like Cu ion vacancies in Cu,Se causes macroscopic
ordering in the Cu vacancies. Consequently, phase distribution over
the crystals is not dictated by the diffusive motion of the ions but by
the local energy minima formed due to the phase transition. As a
result, long-range vacancy ordering of the crystal below 414 K
becomes optically observable at a micrometer scale. This work
demonstrates that Cu,Se could be a prototypical system where
long-range ordering properties can be studied via electrical and
optical methods.
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New concepts

In this communication, we demonstrate the synthesis of single-cry-
stalline, ultra-thin flakes of Cu,Se using the chemical vapor deposition
technique. Using these novel samples, we employed high-resolution
transmission electron microscopy, scanning electron microscopy, X-ray
photoelectron spectroscopy, and X-ray diffraction to show that Cu,Se
loses Cu at the edges of the crystal due to the unique edge faceting of the
crystals. The resulting Cu vacancies can create an order within the crystal
due to the mobile Cu ions. We demonstrate that Cu,Se exhibits an ion
transport mediated insulator to metal transition (IMT) resulting in six
orders of magnitude change in resistivity, accompanied by an alteration
in the optical contrast. Existing research is focused on polycrystalline or
bulk samples, which are known to pose granularity effects that hinder the
IMT and associated optical and electrical changes. Our results show that
the Cu vacancy ordered phase can be manipulated persistently using a
focused laser beam. The studies reported here set the first example of an
intrinsic ion-mediated IMT. The unique persistent phase manipulation of
the vacancy-ordered IMT provides a path for studying correlation effects.
Moreover, the single crystals of Cu,Se can help develop a better
understanding of the low-temperature phase of Cu,Se.

1. Introduction

Ionic motion within a solid is intriguing, with many realized
and potential technological applications. So far, many solids
that exhibit superionic conductivity have been discovered that
fall mainly into three different types, classified based on the
nature of the phase transition from low to high conductivity
state." Among these ionic solids, cuprous selenide, Cu,Se, is an
appealing material as it exhibits record high thermoelectric
properties with a thermoelectric figure of merit, zT, reaching up
to® 1.5 at 1000 K. Such high zT values are attributed to the high
electrical transport with suppressed phonon transmission due
to the disorder induced by the mobile Cu ions.*” At room
temperature, stoichiometric cuprous selenide is in the so-called
B-phase where immobile Se ions form a superstructure of face-
centered cubic (fcc) sublattice with the remaining Cu ions
residing at multiple tetrahedral sites by forming various
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ordered configurations.® The crystal structure of the B-phase
is considered to be monoclinic."®"* There are various face-
centered-cubic-like structures with almost random Cu occu-
pancies at various crystallographic sites.>'*'*> The difference
between the total energy of room temperature Cu configura-
tions is determined to be very small using ab initio studies.'™*>

Above 414 K, the B-phase transforms to the a-phase through
a continuous (second-order) phase transition."*'®™® Despite
the ambiguity surrounding the nomenclature of the low-
temperature phase, with some papers callling® it the “o-
phase,” we will stick with the conventional labelling,'**82!73
Upon phase transition, Cu ions mobilize within the sublattice
with the highest occupancy at the 8c tetrahedral (T) sites,®**2*
along with a small fraction of the Cu ions that can occupy the
interstitial 4b octahedral (O) sites.>*”*” Furthermore, 32f trigo-
nal sites located around the T sites contribute to ion migration.
Based on the X-ray diffraction measurements and ab initio
molecular-dynamics simulations, it has been demonstrated
that in cuprous selenide, Cu transport is possible via T — O
hopping followed by O — T hopping, which is energetically
more favorable than T — T hopping.”” As a result, fast ionic
conduction is possible even in the stoichiometric Cu,Se. Fig. 1a
depicts the structure of the B-phase and the positions of the T
and O sites. Here, trigonal sites are not shown to avoid confu-
sion, but four interstitial positions exist per each T site. The
phase transition, combined with the highly mobile Cu ions
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within the crystal, results in exceedingly complicated temperature-
dependent structural phase dynamics that are not fully understood
so far.”!

Despite the progress, all these studies have been performed
on bulk single crystals, nano-powders, or polycrystalline sam-
ples of the cuprous selenide. The microscopic ordering in
Cu,Se is evident in recent high-resolution transmission elec-
tron microscopy studies,>*®?° and the microscopic domain
configuration requires uniform samples for reproducible char-
acterization of their properties. Even the most fundamental
aspects regarding the crystal structure, phase transitions, as
well as the nature of the very high thermoelectric figure of merit
ZT are under debate.”>***”?°> 1t is well-established in other
phase-change materials that samples larger than the charac-
teristic domain size result in averaging the observed effects
and irreproducibility due to the sensitivity to the microscopic
details of the samples’ to the intrinsic and extrinsic factors.**™*
Thus, having single crystalline Cu,Se samples is imperative to
avoid irreproducibility across the samples due to the broad-
ening and hysteresis of the characteristics.

One exciting possibility with this kind of d-electron system is
the possibility of observing insulator-metal transitions (IMTs).
Previous experiments and theoretical work indicate that pris-
tine Cu,Se is a semiconductor®® with a ~1.2 eV energy gap.’’
By removing a fraction of Cu ions from the unit cell, the
Fermi level can be lowered with respect to the valence band
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(a) Unit cell of the room temperature Cu,Se with Cu, tetrahedral, and Cu, octahedral sites depicted. The red arrow points along the monoclinic

[001] direction. (b) Optical micrograph of a large Cu,Se crystal on a sapphire substrate (left panel) and two thicker crystals on a mica substrate
(right panel). (c) XRD 0-20 scan of the Cu,Se crystals at room temperature. The red lines indicate the peak positions in the JCPDS-00-019-0401 data
card. (d) XPS surveys of Cu 2p and Se 3d peaks. The smaller peaks fitted to the Cu survey correspond to the Cu* oxidation state.
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Despite the band shape not being altered
significantly, lowering the Fermi level leads to significant
manipulation of the electrical conductivity. Even a small
amount of hole doping through ion vacancy formation could
result in the emergence of an electrically conductive state.
Moreover, the mixed ion-electron charge transport in Cu,Se
could lead to strong modulation of the electrical conductivity by
applying bias on the samples, even in the pristine semicon-
ducting state. This demonstration would require high-quality
single crystalline samples since grain boundaries, defects, and
impurities in other samples would hinder the delicate vacancy-
ordered states. A successful demonstration of the ion-mediated
IMT would provide a deeper understanding of the low-
temperature properties of similar ionic solids.

In this work, we synthesized ultra-thin (as thin as 11 nm),
large-area Cu,Se single crystalline flakes using the chemical
vapor deposition method. These high-quality crystals enabled
us to study ionic phase transition properties while avoiding the
problems associated with the interfaces introduced due to
sample polycrystallinity or bulkiness. Here, we focused on the
growth of the crystals and characterized the structural, optical,
and electrical properties of the Cu,Se crystals. We experimen-
tally determined that even in the B-phase, Cu-ions are mobile,
and this results in Cu-vacancy formation as ions can oxidize at
the corners of the crystal. Our experiments show that
Cu-vacancy formation and its long-range ordering lead to an
insulator-metal transition since Cu’ deficiency in the unit cell
causes hole doping in the system. IMT is accompanied by an
optical contrast change. This ion-mobility-induced phase tran-
sition mechanism is very different from that of other similar
IMT materials, as the IMT can be controlled by the motion of
intrinsic ions instead of parameters like temperature, pressure,
or extrinsic doping.

2. Results and discussion
2.1. Cu,Se synthesis and characterization

Cu,Se single-crystal synthesis was performed via chemical
vapor deposition (CVD). Se and CuCl in powder form are used
as the precursors, and Ar as the carrier gas. Typically, the
growth takes place at 970 K, followed by natural cooling down
to room temperature. The synthesis can be performed on c-cut
sapphire or fluorophlogopite mica substrates with a higher
yield of thin crystals in the latter. See the Methods section for a
more detailed synthesis procedure. Fig. 1c shows the optical
microscopy images of typical crystals (atomic force microscopy
height trace maps are given in the ESI¥).

To understand the structure and stoichiometry of the crys-
tals, we performed grazing incidence X-ray diffraction (GI-XRD)
on the samples. Fig. 1d shows the 0-20 scan plot. The peaks
match very well with the deformed cubic crystal system of
Cu,Se as reported in the literature'®'® and referenced from
the data card JCPDS-00-019-0401. The presence of multiple
peaks corresponding to different crystal planes might be due
to the presence of crystals grown on different crystallographic

This journal is © The Royal Society of Chemistry 2024
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orientations on the substrate. This is not unexpected as Cu,Se
has a highly symmetric structure, and the growth kinetics are
dictated by the wettability of the substrate surface by the
reactant precursors rather than the crystal formation energy
difference along various crystallographic directions. Moreover,
the presence of various orderings of the Cu ions at the room
temperature structure may also lead to the observed XRD
pattern as shown in Fig. 2 of ref. 15. X-ray photoelectron
spectroscopy (XPS) reveals that the Cu ions are in the Cu'
oxidation state predominantly with a slight contribution from
Cu”". Despite Ar ion milling for a few seconds, the Cu®" peaks
remain, showing the multivalency of the samples. Se 3d peaks
can be fitted with two Gaussians corresponding to the Se 3d;.,
and 3ds,, peaks (Fig. 1e).

We noticed that depending on the substrate type, confine-
ment, and cooling rate from the synthesis temperature, Cu,Se
crystals develop optically contrasting regions (Fig. 1c). When
the crystal cooled down naturally from the growth temperature,
a noticeable color contrast emerges at the corners of the
crystals, particularly those grown on mica substrates. However,
when the crystals cooled faster by promptly opening the fur-
nace lid at approximately 670 K, the color-contrasting regions
were dispersed randomly across the crystal (see Fig. S1, ESIt).
The formation of the color-contrasting regions is directly linked
to the Cu-deficient sites, as we shall demonstrate later. The
mechanism leading to the Cu deficiencies and how they spread
on the crystals might be attributed to the influence of the
substrate and the cooling rate, which may affect the crystal-
lographic orientation. The edges of the Cu,Se have a wedge-
shaped facet formation (see Fig. S2 and S3, ESIt), and different
crystallographic orientations may lead to different oxidation
rates as reported for other materials.*® Further investigations
are imperative to elucidate the exact mechanisms underlying
the emergence of the contrasting regions. However, as we will
discuss later, these regions play a crucial role in the observed
phase transitions.

2.2. Optically contrasting regions of Cu,Se

Here, we will focus on the differences of optically contrasting
regions of Cu,Se, below 414 K. Utilizing high-angle annular
dark field scanning TEM (HAADF-STEM) and selected area
electron diffraction (SAED), we examined flakes with apparent
color contrast transferred to a holey carbon-supported Cu grid,
similar to what is shown in Fig. 2a. It is challenging to find the
exact location of the boundary between optically contrasting
regions in TEM as there is no clear contrast under electron
beam imaging (Fig. 2b). However, we noticed regions in
HAADF-STEM scans with a distinct moiré pattern, different
than other parts of the crystal (Fig. 2c and d). The SAED pattern
from non-moiré regions (Fig. 2e) matches well with the cubic
crystal structure of a-Cu,Se, which possesses the Fm3m space
group. This can be attributed to an e-beam heating-induced
phase transition as observed in other phase change materials.*!
Further investigation is required to elucidate how electron
beams affect different optically contrasting regions in Cu,Se
via electron doping or e-beam-induced heating. The SAED

Nanoscale Horiz., 2024, 9, 137-1145 | 1139
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Fig. 2 (a) Optical microscopy image of a Cu,Se crystal on a holey-carbon TEM grid. (b) HAADF-TEM image of a different sample is shown. The inset is a
bright-field TEM image. Marked regions show where HAADF-STEM maps are collected. (c) HAADF-STEM images of regions that exhibit a moiré pattern
(left panel), zoomed-in area (right panel), and (d) with no moiré pattern. (e) The SAED collected from the region without a moiré pattern matches well with
the cubic crystal system along the [111] zone axis. Interplanar spacing of 2.05 A is measured for the marked planes. (f) SAED from the region with a moiré
pattern shows supercell reflections. Crystal planes are marked with the same zone axis, and 2.05 A is measured for the marked planes as well. (g) EDX

spectra and maps for Cu and Se in the inset are provided. The scale bar is 2 um.

patterns from the moiré regions (Fig. 2f) exhibit peculiar super-
cell reflections around the primary peaks corresponding to the
Fm3m space group in a cubic structure. This hints at Cu"
vacancy ordering as reported before.**** These vacancies form
an ordered super-structure with a periodicity of 0.68 nm along
the [111] crystallographic axis. A simulated SAED pattern is
given in Fig. S4 (ESIT). The EDX survey given in Fig. 2g shows
the presence of Cu and Se exclusively. The inset of Fig. 2¢g also
demonstrates the elemental mapping where Cu and Se are
uniformly distributed throughout the crystal regardless of the
optical contrast differences within the flake. The findings
indicate that the variations in Cu content are not significant
enough to be observed in EDX maps.

We imaged the edges of the crystals to formulate our
hypothesis on the formation of the optical contrasting phase.
SEM images of the crystal edges (Fig. S3, ESIt) along with the
TEM analysis show that the {101} family of crystal planes are
the dominant termination facet of the crystals. At this angle the
tetrahedral sites reside on the surface of the facet, exposing it to
the ambient atmosphere. Based on the HAADF-STEM, SAED,
and SEM characterization of the samples, we hypothesize that
some Cu' reacts with the oxygen under ambient conditions
through these facets, after the growth. The process continues
until the diffusive motion of Cu ions from the bulk of the
crystal is no longer sufficient to fill the edge sites. This leads to
a Cu deficiency at the corners of the crystal. As a result, the
Fermi level shifts into the valence band, and the corners
become metallic. It is not possible to quantify the amount of
deficiency in our samples, yet when there is enough Cu vacancy

1140 | Nanoscale Horiz., 2024, 9, N137-1145

to induce the phase transition, all the excess Cu ions within the
newly formed phase are expelled. This creates a phase bound-
ary and uniform-looking domains at room temperature. The
IMT outlined above also explains why these regions have
different optical contrasts than the rest of the sample. This
hypothesis can be tested by heating the crystals to increase the
rate of Cu oxidation to induce more vacancies.

To verify the ion oxidation through the corners of the crystal,
we heated the crystals under the ambient conditions to increase
the ion oxidation rate. Newly created Cu ion vacancies should
expand the area of dark contrasting regions (phase at the
corners). This is exactly what we observed in samples heat
cycled from room temperature to 388 K back to room tempera-
ture. We compared the ratio of dark contrasting regions (4) to
the total area of the crystal (A,) before and after thermal cycling.
A/A, increases by more than twofold. Fig. 3a shows optical
microscope images of a Cu,Se crystal during thermal cycling.
When we repeat the thermal cycling under vacuum, we find the
dark configuration area to be the same as the initial condition
(Fig. 3b). During ambient heat cycling of the samples, as the
temperature increases, the dark region expands from the
corners. Optical images for other thermal cycled samples are
given in Fig. S5 and S6 in the ESI.{ We also would like to note
that there is hysteresis between the areal ratio vs. temperature
during heating and cooling. Upon cooling, the bright configu-
ration emerges below ~ 360 K. This entire observation can be
explained by Cu ion vacancy migration and ordering. The room
temperature phase separation due to Cu vacancies has been
predicted previously by ab initio studies®'"'® and the structures

This journal is © The Royal Society of Chemistry 2024
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Fig. 3

(a) Optical microscopy micrographs of a Cu,Se crystal taken during thermal cycling. After cooling down to room temperature, the A/Aq ratio

increases more than two times. (b) When thermal cycling is performed under 10~2 mbar vacuum, no change is measurable in A/Aq. The scale bar is 10 um.
(c) Arrhenius plot of A/Aq versus T~ for four different samples of similar size. The average activation energy is calculated from the slope of the lines fit to

be E5 = 0.207 £+ 0.053 eV.

are derived from the B-phase by modifying the (001) plane of
the pseudo-fcc sublattice of Se atoms in various configurations.
Despite the small energy difference between the ordered con-
figurations, long-range ordering-induced phase aggregation is
possible’ and has been observed in ultra-small clusters*® of
Cu,Se and hydrogen-doped VO, nanobeams.?**443

The temperature-dependent expansion of the dark phase
area can be measured to extract the energy barrier between the
dark and the pristine phase. Fig. 3c shows the Arrhenius

Ex

behavior of A/Ay x e ksT for four different samples, where
T is the temperature at which A/A, is calculated, E, is the
activation energy and kg is the Boltzmann constant, with E, =
0.207 + 0.053 eV. Error is defined from the line fitting. The
measured activation energy is very close to the total energy
difference between different phases of the B-phase reported in
the literature."™'® These observations and measurement of the
activation energy between the dark and the pristine phase are
consistent with the Cu ion-induced IMT picture hypothesized
earlier.

2.3. Inelastic optical spectroscopy

We performed Raman and photoluminescence (PL) spectro-
scopy on our Cu,Se at room temperature as well as at elevated
temperatures up to 454 K. A micro-Raman/PL setup equipped

This journal is © The Royal Society of Chemistry 2024

with a 532 nm laser beam that can be focused to a spot at the
diffraction limit is used for the measurements. First, we compared
the spectra of the dark and pristine regions at room temperature.
We limited the laser power to 10 pW (~60 kW cm™2) to avoid the
formation of the dark phase optically, as demonstrated in the next
section. The dark phase shows a broad PL peak centered around
2.1 eV (~600 nm), while the pristine part of the crystal shows a
single peak around 227 cm™ ' (~538.5 nm in the graph), which
could be due to the Raman scattering, over an elevated featureless
background (Fig. 4a). We attribute the enhanced signal to the hot
PL,"**® which is prominent in metals with d-orbitals. PL. mapping
also matches well with the dark phase distribution over the
sample. The hot PL emerges from the direct recombination of
holes in the d-band with the electrons in the conduction band
below the Fermi energy. However, in the insulating phase, PL is
not present as the energy gap is present due to correlation effects,
and thermalization occurs via non-radiative channels.

Next, we performed temperature-dependent PL measure-
ments from room temperature to 454 K (Fig. 4b), both from
the pristine and dark phases. As elucidated in the previous part,
increasing temperature plays two roles: (1) the mobility of Cu
vacancies increases, and Cu vacancies diffuse into pristine
regions of the crystal, and (2) the edge oxidation rate increases.
As a result, more vacancies are formed, and these vacancies are
more uniformly distributed over the entire sample at elevated
temperatures. Since Cu ion vacancy per unit cell is less and Cu

Nanoscale Horiz., 2024, 9, 137-1145 | 1141
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Fig. 4 (a) Photoluminescence spectra of the dark and the bright configurations are shown. The panel on the right shows the optical microscopy image
and the integrated PL intensity map around 600 nm of the dashed region. The scale bar is 10 um. (b) Temperature-dependent PL spectra of the dark
(upper graph) and the bright (lower graph) phases are given. The intensity counts are normalized to 1.

ions can also occupy different lattice sites, the PL intensity from 2.4. Optical manipulation of the phase configuration
the dark region decreases with increasing temperature. We would
like to note that, in some samples, a secondary PL peak appeared
around 1.9 eV (~ 640 nm) (Fig. 4b). This can be attributed to a new
phase with a different Cu deficiency, yet further experiments are
required to elucidate the presence of the second PL peak.

The phase configuration, ie., distribution of phases over a
crystal, can be manipulated using a focused laser beam even
at low laser intensities (~kW cm™?). We used this observation
to perform controlled experiments to further support our
hypothesis based on the IMT induced by copper deficiency.
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Fig. 5 (a) A series of optical microscope images to show laser manipulation of spatial phase configurations. (i) Pristine crystal with the dark phase at the
corners, (ii) a 532 nm laser beam (marked with the green dot) focused on a diffraction-limited spot on the center of the crystal with ~100 uW power
attracting the dark configuration to the center, and (iii) the dark configuration is completely pulled at the center. The dashed gray lines outline the
hexagonal boundaries of the dark phase. (iv) The laser power is increased to ~1 mW. The dark area expands to a point where a further increase in the
laser power doesn't change the A/Aq ratio (indicated above each image). The hexagonal outline is preserved. (v) Once the laser power is reduced and the
laser is positioned at the corner of the crystal, some of the dark phase is moved to the corner. The scale bar is 5 um. (b) The same crystal in (a) is shown.
The dark phase is collected at the left upper corner of the crystal. The series of images from (i) to (iv) shows the effect of increasing laser power when the
laser is placed over the dark phase. (i) From 0 pW to 125 pW, we observed no change in A/Ao ratio (indicated below each image). (ii)—(iv) The A/Ag ratio
increases with the increasing laser power. Beyond 1150 uW, no change in A/Ag ratio is observed. (v) Once the laser beam is blocked, the A/Ag ratio shrinks
to the pristine value. (c) Minimum laser power required to create the dark and the high-T dark configurations from the bright configuration. The solid line
shows a polynomial fit to aid the eye. (d) A crystal schematic of Cu,Se, viewed from the [111] zone axis of the cubic phase for simplicity, showing a
vacancy (marked by red circles) ordered dark phase on the left panel. On the right panel, laser-induced driving of Cu ions into vacancies is illustrated.
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Fig. 5a and b show a series of optical microscopy micrographs
of a crystal manipulated with a diffraction limited-focused laser
spot (beam waist FWHM = 500 nm), taken under the micro-PL
microscope with the 532 nm high pass filter inserted. The dark
phase is spatially moved even with a relatively low laser power
(125 uW) and remains in the new position even after the laser is
off. The fluid-like motion of the phase configuration shows the
long-range ordering of the low-temperature configurations (see
the Supporting Video, ESIt). It is also interesting to note that
the dark phase edges have a hexagonal boundary (Fig. 5a-iii).

One peculiar aspect of the laser-induced reconfiguration of
the dark phase is that the ratio of the dark area to the total
area (A/A) of the crystal remains unchanged. The ratio for the
crystal in Fig. 5a-i to -iii remains at 0.14 regardless of the
reconfiguration. We observed this invariance at different tem-
peratures as well (Fig. S7, ESIf). Once the laser power is
increased even further (~1 mW), the dark configuration
expands to A/4, = 0.21 (Fig. 5a-iv). Beyond 1 mW, the ratio
remains constant and when the laser is turned off, the dark
configuration area shrinks to its original size (Fig. 5a-v).
Only after applying larger laser powers (above 100 uW) for tens
of minutes to several hours, depending on the laser power on
the sample, the dark area expands irreversibly. This shows that
laser beam induced heating causes an increased oxidation rate
of the Cu ions.

Next, we demonstrated the effect of laser power on A/A,.
First, we collected all the dark contrasting regions to a corner

View Article Online

Communication

using 100 pW total power on the sample (Fig. 5b). Then, by
gradually increasing the laser power, we measured the total
area of the dark region. As mentioned before, up to 125 pW, no
change in the dark area size is observed. From 125 to 1150 pWw,
the dark area increased. Any increase in laser power beyond
1150 uW did not cause an increase in the dark phase area as in
Fig. 5b-iv. When the laser beam is blocked, the dark area is
reverted to its original size. Moreover, there is a temperature-
dependent laser power threshold that induces dark configu-
ration. Fig. 5¢ shows the change in the threshold laser power vs.
temperature of the crystal. The decrease in the threshold laser
power hints that the energy required to induce the dark
configuration decreases with increasing temperature.

These observations show that the dark phase area is not
determined by the temperature distribution created by the laser
beam but rather by the local configuration altered by laser-
induced heating, which mediates the vacancy-driven phase
configuration in a long range. When the laser beam locally
heats a region, Cu ions are excited to hop from site to site.
Although the rest of the crystal (beyond the laser spot and its
immediate vicinity) is still at ambient temperature, the pressure
from the laser-heated region pushes the copper ions to the
corners and converts the dark phase to the pristine phase by
attracting vacancies under and in the vicinity of the laser spot.
Once the new phase is nucleated, it is stable. Further increases
in the laser power cause no change in the dark region size as
there are no vacancies left to push Cu ions into. Fig. 5d depicts
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(a) I-V curve before applying the formation voltage, 1V with 1 mA compliance. (b) /-V curve of the same device after forming the device. (c) The

resistance—temperature graph shows a positive temperature coefficient of resistance. (d) A series of optical micrographs were collected during the /-V
cycling. Panel (i) shows the optical contrast of the crystal before the application of the formation voltage. (ii) Is after forming the device, and (iii) is when a
reverse bias is applied. The ground terminal is marked on the first panel. The scale bar is 10 pm.
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the vacancy movement-mediated phase reconfiguration. The
observed persistent phase modulation, even after the laser is
removed, is a unique feature of this ion-mediated phase
transition.

2.5. Electrical properties of Cu,Se

To gain a better understanding of the complex interplay of ionic
motion with the crystal lattice in Cu,Se, we fabricated two
terminal devices of Cu,Se. Device fabrication steps and device
details are given in the Methods section. When the devices are
measured for the first time, typically, they exhibit very large
resistance on the order of mega-Ohms with a non-Ohmic
response (Fig. 6a). This is consistent with the semiconducting
nature of pristine Cu,Se. When a bias above a certain thresh-
old, typically around 1 V with a compliance of 1 maA, is applied,
the resistance drops by almost 6 orders of magnitude (Fig. 6b).
A similar resistance drop is also observed on samples that are
illuminated by a laser beam focused on the samples (Fig. S8,
ESIt). This dramatic change in the electrical conductance can
be attributed to insulator-metal transition due to the migration
of Cu ions into the contacts. Indeed, we demonstrated that
further biasing of the crystal in the metallic state results in Cu
ion accumulation at the Au contacts (Fig. S9, ESIt). Temperature-
dependent resistance measurements, given in Fig. 6¢, exhibit low
resistivity and a positive temperature coefficient of resistance,
which are consistent with the metallic nature of the Cu deficient
Cu,Se, as reported previously for Cu,Se synthesized via other
methods."®**

Optical changes in the phase configuration are simulta-
neously monitored during the I-V measurements. Fig. 6d shows
the optical micrographs of three major contrast changes
observed optically in the device. Fig. 6d-i shows the device
before applying large voltages. The phase configuration is
affected by the device fabrication steps. Fig. 6d-ii show the
phase configuration after applying 1 V. Fig. 6d-iii show another
phase contrast distribution after the application of reverse bias.
The motion of the dark contrasting region is consistent with
the motion of Cu vacancies, as discussed in the previous
section. The Supporting Video (ESIf) shows the real-time
changes recorded under the optical microscope during I-V
cycling. Fig. S10 (ESIt) illustrates our extended temperature-
dependent resistivity measurements up to 408 K.

3. Conclusion

In conclusion, we demonstrated the synthesis of large-area
ultra-thin Cu,Se crystals on sapphire and mica substrates.
Our results show that copper vacancies created by the edge-
oxidation of the Cu in single-crystalline -Cu,Se result in an
optically distinguishable insulator-metal transition that can be
manipulated electrically and optically. Our results show that
the dark, Cu-deficient phase has strong, broad photolumines-
cence that can be attributed to hot photoluminescence. The
ability to control the vacancy order on the length scale of
crystallite dimensions may enable novel applications in optical

144 | Nanoscale Horiz., 2024, 9, 1137-1145
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switching based on ion-mediated phase transition. These
results show that Cu,Se can be a prototypical material for
studying ion-mediated IMT and is promising for applications
beyond thermoelectrics.??%%:°

4. Methods

Sapphire substrates were ultrasonically pre-cleaned in isopro-
panol and deionized water and dried using a high-purity N,
spray gun and the mica was freshly cleaved with a surgical
blade with no additional cleaning process. The target substrate
was placed downstream of the tube, and 10 mg of Se powder
was placed in a crucible upstream. Then, CuCl powder (10 mg) was
placed in a separate crucible in the center of the furnace, about
1 cm away from the substrate. The system was pumped down to
2.0 x 10> mbar, then purged with Ar gas for five minutes and
heated to the optimum growth temperature (923 K and 973 K for
sapphire and mica, respectively). During growth, ambient pressure
was maintained in the system, and the dwell time was set to
5 minutes. After growth, the system was cooled naturally to room
temperature.

Two terminal devices were fabricated through standard
optical lithography procedures followed by thermal evaporation
of 5 nm Cr followed by 100 nm Au.
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