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We report a giant persistent photoconductivity (GPPC) phenomenon in VO, film device prepared on corn-
ing glass substrate. With a single pulse laser irradiation onto the device at bias voltages of 7 V and 8 V,
the VO, film makes an insulator-to-metal transition with a sharp increase of photo current. The photo
current remained at a highly conductive state for long period, e.g. the photo current for VO, device was
decreased only ~1% in one day. The GPPC was found within the limit of critical voltages of the hysteresis
loop in voltage vs current curve of the device. High speed time-current measurements on the device with
a 20 ms single pulse laser irradiation revealed that the onset of abrupt photo current occurs in less than
1 ms time scale. The GPPC in VO, device can contribute in realizing ultrafast optical remote control of
advanced electronic devices i.e. optical memories, displays, and remote ultrafast switching devices.
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1. Introduction

Persistent photoconductivity (PPC) is a phenomenon that refers
to photo-induced conductivity that last for an extended time even
after the photon source vanishes. PPC has been actively inves-
tigated in various materials, e.g. semiconductor heterostructures
made of conducting GaAs on Cr-doped semi-insulating GaAs sub-
strates, [1] AlGaAs/GaN, [2] Si nanomembranes, [3] metal ox-
ides of WO3 nanowire [4], BaTiO3/TiO, heterostructures, [5] and
even oxygen-deficient YBa,Cu3Og,x (YBCO) superconducting films.
[6] While the origin of PPC in these materials comes from charge
separation of photo-induced electrons and holes, the source of the
charge separation seems to vary in each materials. In the case of
semiconductors, the photo-induced carriers are separated due to
potential barrier at the junction, the atomic scale of centers, or the
surface. [1] In the case of oxides, the surface built-in potential con-
tributes to the photo-generated electron-hole pairs that build po-
tential barrier. [4] On the other hand, for the oxide superconduc-
tors, the charge separation occurs as photo-induced electrons from
CuO, planes are trapped in the unoccupied p levels of O~ in CuOyx
layers. [6]
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Vanadium dioxide (VO,), one of the well-known strongly corre-
lated oxides exhibiting ultrafast massive insulator-to-metal transi-
tion (IMT) at near room temperature of 68 °C, has received much
attention. [7] The full comprehension of IMT phenomena in VO,
can provides the understanding of intricate physics of strongly cor-
related electron systems as well as the opportunities of diverse po-
tential applications of VO, devices, such as ultrafast sensor, optical
computing, and neuromorphic memories. [8-13] It is well known
that the IMT of VO, can be induced by many different stimuli, e.g.
temperature, voltage, light, and even strain. [14-17] While voltage-
driven IMT in VO, device occurs from Joule heating that raises
device temperature (Tp) to critical phase transition temperature
(Tc), [18,19] a photo-induced IMT takes place due to photo-thermal
heat. [20,21]

Especially, during the voltage-driven IMT, VO, exhibits hystere-
sis between two critical voltages Vjyr (critical voltage in increas-
ing bias voltage) and Vyr; (critical voltage in decreasing bias
voltage). When the bias voltage (V) is in the range of hystere-
sis 1oop Vyry <V <Viyrs (See Fig. S1 in Supplemental Informa-
tion), a photo-irradiation can promote the photo-induced IMT on
VO,, i.e. the abrupt enhancement of photo-induced conductivity
from the stable insulating low current state to metastable metal-
lic high current state. In this case, a giant persistent photocon-
ductivity (GPPC) can be realized [3-5] as the degree of PPC in
VO, is quite large. Nevertheless, the occurrences of GPPC in VO,
have hardly been investigated until now. Not to mention about in-
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Fig. 1. (a) A schematic diagram of the experimental setup for the persistent photoconductivity measurements of the VO, devices with laser wavelength of 405 nm un-
der varying photo irradiation time and laser intensities. (b) The scanning electron microscope (SEM) micrograph of a VO, device prepared on corning glass (L = 20 pum,
W = 50 pm, thickness = 120 nm). (c) Top view SEM image of the VO, /corning glass device. (d) Cross sectional SEM micrograph of the VO,/corning glass device.

teresting transport properties at the viewpoint of the fundamen-
tal physics, the GPPC in VO, can promote numerous opportunities
in technological applications of the VO, or related materials. Re-
cently, a transient photoconductivity of VO, device and VO, inter-
nanowire junction are reported, in which the photocurrent exists
temporary only when light is applied, and their high photo sensi-
tivity for photo detection applications is noted. [22,23] It is also
important to note that the GPPC in VO, comes from the laser
induced phase transition of insulating state to metallic states. As
mentioned previously, most of conventional GPPC materials comes
from the photo-induced electrons and holes pairs that generates
long-term charge separation inside of materials. [1-6]

In this letter, we report the GPPC of the two-terminal VO, de-
vice made of VO, film grown on corning glass substrate. Within
the critical voltages of the voltage-current (V-I) hysteresis loop of
the device, we showed that the GPPC of VO, device took place
within as fast as ~ 1 ms upon a single pulse laser irradiation. The
photo currents for VO, device were increased up to 1~5 mA and
remained stable with only ~1% reduction over 24 h under the ap-
plied voltages of 7 V and 8 V. Optical microscope observation re-
vealed that the GPPC in VO, was due to laser pulse induced IMT
from stable low current state to metastable high current state. It
was also discussed that the choice of low thermal conductivity
substrate was of critical importance for the occurrence of GPPC.

2. Experimental details

The ~120 nm thick polycrystalline VO, films were deposited on
corning glass (Eagle 2000) substrates by DC reactive magnetron
sputtering system. The substrate temperature was maintained at
560 °C under mixed gas of argon 99% and oxygen 1% during de-
position. A vanadium metal target was used and the films are
cooled down in pure oxygen pressure of 50 mtorr after the de-
position process. [24] The quality of VO, thin film was checked
by X-ray diffraction and temperature dependent resistivity mea-
surement, shown in Fig. S2 of Section 2 in Supplemental Infor-
mation. The IMT temperature of VO,, i.e. T was identified near
~67.8 °C. The VO, film devices made of VO, film on corning glass

and Au(50 nm)/Cr(5 nm) contact electrodes were patterned by the
standard photolithography and lift-off processes. The dimension of
VO, device was 20 um or 40 um in length (L), the distance be-
tween the contact electrodes, at a fixed width (W) of 50 pm.
The microstructure and morphology of VO, devices were charac-
terized by scanning electron microscopy (SEM; JEOL-7610F-Plus).
As shown in Fig. 1(a), during the PPC measurements, the VO, de-
vice was connected in series with an external resistor Rgxr (2 k2
for L = 20 um device and 20 k2 for L = 40 um device) to pro-
tect the VO, device and measuring instruments from the abrupt
increase of photocurrent during IMT. A continuous 500 mW GaN
laser diode with a wavelength of 405 nm was used. The laser
power was controlled by a step neutral density (ND) filter and a
laser pulse was made by opening and closing a laser beam shut-
ter with opening time of ~800 s (SHO5, Thorlabs). [25] Laser
intensity was checked with power meter (Nova II, Ophir Photon-
ics). The laser was focused through a bi-convex lens and was ap-
plied vertically (except simultaneous long-term photo conductivity
and optical microscopy measurements) onto the VO, film device
via a silver mirror. With laser wavelength of 405 nm, the reflec-
tivity (Rn) at normal incidence and absorption coefficient (o) of
the VO, film were 0.2 and 1.2 x 10°cm™~!, respectively. [26] Ab-
sorptance (A,) at normal incidence was calculated from the equa-
tion (1 —R,)(1 —e~d), where d is the thickness (120 nm) of VO,.
[26] It was estimated that about 60% of the vertically irradiated
laser beam on the VO, device was absorbed. On the other hand,
during the simultaneous long-term photo conductivity and opti-
cal microscope image measurements, the single pulse laser irra-
diation was obliquely irradiated to VO, device at an angle of 60°
from surface normal. Optical microscope with reflection mode was
employed to monitor the metallic and insulating phases of VO, de-
vice before and after the single pulse laser irradiation. During V-I
measurements under photo irradiation, the voltage was increased
at a step of 0.01 V and the single pulse laser was irradiated at
specific voltages for Vi) <V<Vyry. Voltage ramp rate during the
V-1 measurements was fixed to 0.03 V/s in which almost steady
state is ensured within the film devices. Before the photo irradia-
tion was made, the voltage ramping was stopped with 2 s of sta-
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Fig. 2. Time dependence graphs of the persistent photo current (PPC) and optical microscope images of the VO,/corning glass device as a function of time. The intensity
of laser was set to L, = 230 W/cm? and the ambient temperature was at 30 °C. A single pulse laser with its pulse width (Lpw) of 20 ms was irradiated while device of
voltages (V) was set to 6 V, 7 V, and 8 V. The laser was obliquely irradiated at an angle of 60° from the surface normal of the VO,/corning glass device. (a) The PPC curves
at V =7 V and 8 V. The photo current flowing in the VO, device remained almost constant at 1.3 mA at 7 V and 1.8 mA at 8 V. (b) The optical microscope images of the
device at V =7 V and 8 V. Upon the irradiation of single pulse laser, the color of optical images was changed from light-colored insulating phase (I) to dark-colored metallic
state (II). The dark-colored metallic state (II) remained the same throughout the measurement. (c) The PPC at V = 6 V increased abruptly upon the laser irradiation, then
started to decrease monotonically after ~3.5 h. After 5.8 h, the PPC dropped to the value of dark current. (d) The optical microscope images of the device at V = 6 V. The
images showed decreasing channel width as photocurrents decreased in the order of III to IX. When the PPC drops to dark current value at X, the optical image returns to

the original light-colored insulating state.

bilizing time. In the same manner, V-I measurements with photo-
irradiation were repeated at different laser fluxes. The high-speed
current (I)-time (t) measurements of VO, device with L = 20 um
were performed using a source meter (Keithley 2612A) with data
collection rate up to 20,000 data per second.

3. Results and discussion

Shown in Fig. 1(a) is a schematic diagram of the experimen-
tal optical setup used in this study. The optical setup is consisted
of a linearly polarized continuous 500 mW GaN laser diode, a
step ND filter, an optical beam shutter, a silver mirror, and a bi-
convex lens. The step ND filter is used to control laser intensity
(Line) from 140 W/cm? to 620 W/cm? at the VO, device position.
Fig. 1(b) shows the SEM micrograph of VO,/corning glass device
with L = 20 um and W = 50 pm, consisting of VO, film on corn-
ing glass substrate and Au/Cr electrodes. Fig. 1(c) shows the top
view SEM image of the VO,/corning glass film, which shows the
film has grown into a densely packed granular structure with the
average grain size of ~220 nm. Fig. 1(d) shows the cross-sectional
SEM image of the VO, film /corning glass substrate, displaying the
uniform thickness (~120 nm) of VO, with even interface with the
corning glass substrate. It is also found that VO, grains are grown
from the bottom to the surface without microstructure in column
direction, which makes the average grain height and film thickness
the same. The average lateral dimension of the grain, 220 nm, is al-
most twice the average grain height (or film thickness) of 120 nm.

To check out whether VO, can shows GPPC, the long-term
photo conductivity and optical microscope measurements of the
VO, /corning glass device (W = 50 um, L = 20 um) were per-
formed simultaneously at ambient temperature of 30 °C. A single
pulse laser irradiation with pulse width (Lpy) of 20 ms was ap-
plied at the bias voltages of 6 V, 7 V, and 8 V. The laser with
Line = 230 W/cm? on the surface of the device was obliquely ir-

radiated at an angle of 60° from the surface normal. In addition, to
avoid any possible device deterioration during the extended mea-
suring time under high voltage bias, experiments were performed
with relatively low voltages of 6 V, 7 V, and 8 V.

Fig. 2(a) shows the time dependence of the photo-induced cur-
rent (photo current) of the VO,/corning glass device at the bias
voltages of 7 V and 8 V. Indeed, GPPC in VO, was occurred
abruptly with the single pulse laser. The magnitude of the photo
current flowing in the VO, device remained fairly large, 1.3 mA at
7 V and 1.8 mA at 8 V, well above the base currents (0.05 mA-
0.06 mA) before photo-irradiation. It is to note that the magnitude
of the photo current can be increased further by reducing the mag-
nitude of the external resistor Rgxy. When a single pulse laser was
irradiated, the photo current was increased abruptly to more than
one order of magnitude, followed by abrupt decrease of ~10% in
magnitude. Then, the photo current decreased at a very slow rate,
only 1.4% per day at 7 V and 1.1% per day at 8 V. Under the applied
voltages of 7 V and 8 V, it was estimated that the high conductiv-
ity state could be persisted for several days, confirming that the
photo current was highly stable at these applied voltages. When
the applied voltage was sufficiently high (7 V, 8 V), the channel
width was the same as the device width. But, when the applied
voltage was low (6 V), the channel width became smaller than the
device width, which was previously reported. [19] VO, undergoes
transition from metal phase to insulating phase when the channel
width is reached to the minimum width. In the case of a large ini-
tial channel width, e.g. high voltage bias case (7 V, 8 V), it takes
a longer time to make the transition from metallic phase to in-
sulating phase than that of a small initial channel width, e.g. low
voltage bias case (6 V).

Since highly conductive metallic state is metastable, an equilib-
rium state, in which the metallic state remains stationary when the
pulse is off, is believed to be nonexistent. That is, the photoinduced
current eventually drops to the stable insulating value after suffi-
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ciently long time. Nonetheless, at high applied voltages, the pho-
toinduced current remains highly stable with extremely low de-
creasing rate. Also, we found that as the applied voltage increased,
the slope of current reduction decreased. The possible origin is
as follows: The super-cooled metallic grains, maintaining metallic
phase even though temperature is lower than T¢, can transform
to insulating grain. The phase transition probability from super-
cooled metallic grain to insulating grain drastically increases with
the increasing |T-T¢|, where T is less than Tc. Since the device tem-
perature increases when applied voltage increases, |T-T¢| at large
voltages is less than that at low voltages. [27] Therefore, the higher
applied voltage induces higher device temperature, which then in-
duce small rate of current reduction, as shown in Fig S6.

Next, Fig. 2(b) displays the optical microscope images of the
VO, /corning glass device (W = 100 um, L = 20 um) before and
after laser pulse irradiation, which were simultaneously measured
with Fig. 2(a), at the bias voltage of 7 V and 8 V. The color of
the metallic phase VO, is darker than that of the insulating phase
due to the difference of optical reflectivity. [14,28] Before the laser
pulse irradiation, the microscope images at the bias voltage of 7 V
and 8 V were the identical to the image I, displaying that the en-
tire area of the device was the light-colored insulating phase. Then,
after a single pulse laser irradiation, the entire area of the device
turned into the dark-colored metallic phase, shown as image II.
The change of surface color and abrupt current increase in VO, de-
vice indicated that the VO, film in the device experienced the IMT
upon the laser irradiation, i.e. the IMT is the main cause of GPPC
in the device.

To check out the correlation between photo conductivity in VO,
caused by laser pulse and optical microscope images, the time de-
pendence of the photo current of the VO,/corning glass device at
the slightly lower voltage, 6 V, was checked, shown in Fig. 2(c).
Similar to the previous cases of the bias voltage of 7 V and 8 V, the
photo current was increased abruptly with irradiation of a single
pulse laser. However, the photocurrent started to decrease mono-
tonically with irregular manner. At time of 5.8 hour, the current
suddenly dropped to the dark current value (0.04 mA). Fig. 2(d)
displays the optical microscope images of the VO,/corning glass
device (W = 100 um, L = 20 pum) before and after laser pulse
irradiation at the bias voltage of 6 V. Before the single pulse laser
irradiation, the optical image at 6 V was the image III, thus the en-
tire area of the device was insulating. After the single pulse laser
irradiation, a dark colored metallic conduction channel with the
channel width of 33 ywm appeared suddenly between the two elec-
trodes (optical image IV). Optical image IV showed the simultane-
ous presence of both insulating (light) and metallic (dark) phases.
As time elapsed, optical microscopic images showed a decrease
in channel width with decreasing photo currents. Then, the opti-
cal images changed to the order of V, VI, VII, VIII, and IX. When
the channel width was reached to 23 pum (optical image IX), the
conduction channel was suddenly collapsed and the photo current
vanished. The optical image of position X, which was identical to
the image III, showed that entire VO, was insulating. Thus, it is
clear that the photo conductivity in VO, caused by laser pulse is
directly related to the sudden appearance of the metallic phase,
which can be present either in the entire area or partial area, de-
pending on the applied voltage.

As the correlation between applied voltages and GPPC is shown
to exist in the result of Fig. 2, it can be easily predicted that GPPC
in VO, device is expected to occur only in the hysteresis region
(Fig. S1). To check out the prediction, V-I measurements were per-
formed first to find the hysteresis region of VO, device at given
temperature and fixed laser flux. Once the hysteresis region of VO,
is identified, multiple photo current states are generated afterward.
First, Fig. 3(a) and (b) show the V-I measurements at 30 °C of the
VO, /corning glass devices with L = 20 um and L = 40 um at fixed

Applied Materials Today 22 (2021) 100894

W = 50 pum. Again, while the VO, device with L = 20 um was
connected to Reyr of 2 k€2, Rext of 20 k€2 was used for the VO, de-
vice of L = 40 um. This is due to smaller resistance of the VO, de-
vice of L = 20 pum than that of the device of L = 40 um. The mea-
surements were performed with the increasing and then decreas-
ing bias voltage. For both devices, currents were increased contin-
uously when the external voltage is applied from 0.0 V. The slope
(dI/dV) was also increased with the increase of voltage. When
the applied voltage on the VO,/corning glass reached to Vjyrs of
14.7 V (57.1 V) for the VO, devices with L = 20 um (40 wm), the
currents suddenly jumped. When the bias voltage direction was
reversed, the current in the device was decreased linearly until
the voltage reaches the metal to insulator (MIT) voltage (Viyr,)
of 41 V (16.8 V) for the VO, device with L = 20 um (40 pm).
Below the Vjyr |, current dropped rapidly and the VO, device be-
came insulating state. Thus, the hysteresis regions of VO, device
are identified, i.e. the region between Vjyr and Vjyr4. Next, GPPC
experiments were conducted by applying single pulse laser to the
VO, device between the lower and upper critical voltages.

Fig. 3(c) and (d) shows the V-I measurements of the
VO, /corning glass devices for L = 20 um and L = 40 um at fixed
W = 50 pum with single pulse laser irradiation at various volt-
ages for Vi <V<Vjyr4. During the V-I measurement, single pulse
laser (Lpw=20 ms, Li,; = 140 W/cm?2) was irradiated. In all cases,
the GPPC is attained with a single pulse laser, within much shorter
time than the laser pulse width of 20 ms. The magnitude of the
photo-induced currents depended on the bias voltage: the higher
the voltage, the greater the current. As predicted, GPPC started to
show up inside the hysteresis region. It is interesting to note that
GPPC tends to occur easily in VO, devices prepared on corning
glass. Previously, GPPC was hardly reported in VO, devices pre-
pared on Al,03 substrate which is the most commonly used sub-
strate for VO, film growth. The effect of substrates on the occur-
rence of GPPC needs further investigation in near future.

The giant persistent photoconductivity known so far is due to
the photo-induced of electrons and holes. However, origin of GPPC
found in VO, differ from that of GPPC in other materials. When
the laser pulse is irradiated (Fig. 2(b)), the current is increased
to 0.8 mA abruptly, and VO, becomes metallic. First, the carrier
density of metallic state VO, is estimated at 0.8 mA. The mobility
of VO, is reported as in the range 0.1 cm?/Vsec - 1 cm?/Vs with
weak temperature dependence in the temperature range 20 °C
and 100 °C, suggesting that the current increase predominantly
due to the increase of carrier density. At IMT, the current is in-
creasing by ~0.76 mA. If the mobility was assumed to be constant
value of 1 cm?/Vs in the temperature range 20 °C and 100 °C,
the increased current density An is ~1029/cm? from the relation
An = ﬁ, where Al e, i, and E are the current increase, elec-
tron charge, the mobility of VO,, and the electric field in VO,, re-
spectively. The calculated value matches well with reported value.
[29] It is important to note that the magnitude of the estimated
carrier density, i.e. the liberation of one electron per vanadium
at the phase transition from insulating phase to metallic phase in
VO,, is much larger than the photoinduced carrier density of the
GPPC materials. [30] Also, it is difficult to have the abrupt current
density increase within 100us, the time scale of via electron hole
pair production with the single pulse of laser. Considering many
of previous reports on PPC that based on photo-induced electrons
and holes mechanism showed the continuous increase of the car-
rier density with the laser irradiation, the current density increase
with a single pulse laser irradiation is not due to the electron hole
pair generation.

To observe GPPC process of VO, device in details, e.g. the on-
set of GPPC, high-speed current (I)-time (t) measurements were
performed. Fig. 4(a) show the high-speed I-t measurement results
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Fig. 3. (a, b) Voltage induced IMT measurements of the VO, /| corning glass device with L = 20 xm and 40 pum at fixed W = 50 um without laser pulse irradiation. Red
(Blue) arrow shows the increasing (decreasing) voltage scan direction. Insulator to metal transition (IMT), Viyry, occurred at 14.7 Vin L = 20 pum (571 V in L = 40 um)
and metal to insulator transition (MIT), Vjyr,, occurred at 41 V in L = 20 um (16.8 V in L = 40 um). (c,d) The V-I measurements of the VO,/corning glass devices for
L =20 um and L = 40 um at fixed W = 50 um with single pulse laser irradiation at various voltages for Vjyr, <V < Vjyr4. During the V-I measurement, single pulse laser
(Lpw=20 ms, Lpje = 230 W/cm?) was irradiated. The magnitude of the photo currents linearly increase with the value of the applied voltage.

for 20 um long VO, film device at fixed bias voltage of 6 V with
a single pulse laser at varying laser pulse intensity (Lpy=20 ms)
from 140 W/cm? to 620 W/cm?2. With the single pulse laser irra-
diation, the photo current was increased from ~1.8 mA ~ 2.5 mA
with the laser intensity from 140 W/cm?2 to 620 W/cm?. The plot
of photo current in Fig. 4(a) are divided into five regions. In region
I, the current is constant as only the voltage is applied to the de-
vice without laser irradiation. In region II, the current started to
increase with the laser pulse being applied. The IMT is not tak-
ing place in region II. The time, from the start of the current in-
crease to the point where the device temperature reaches to T
of VO, device, decreased from 1.2 ms to 0.6 ms as the laser in-
tensity was increased from 140 W/cm? to 620 W/cm?, shown in
Fig. 4(b). The time, referred to as the incubation time (t;,.), has
been also observed in voltage-induced IMT of epitaxial VO, de-
vices and in threshold switching in VO,. [31-33] The estimation
process of t;,. is explained in Fig. S3(a, b) of Section 3 in Supple-
mental Information. In region III, the current rises rapidly due to
the IMT and the current jump occurred in less than 100 us. As
the time taken for IMT (¢tjr) is related to the RC time of the de-
vice, RC time can be a critical component of tj,r due to the inter-
nal bulk capacitance which can serve as a limitation to ty,; due to
charging/discharging effects. [34,35] In region IV, during the irra-
diation of the laser pulse, large photo currents with ripples were

increasing over time. The ripple effect of the photo current is be-
lieved to be due to the voltage division between the resistor and
the device. The device temperature is believed to increase in the
region IV. In region V, as laser pulse was off, the photo current
decreases throughout all four occasions. Fig. 4(c) show the high-
speed I-t measurement results for 20 um long VO, device at vary-
ing applied voltage at fixed laser intensity of 140 W/cm? (pulse
width=20 ms). As the applied voltage is increasing, the current of
VO, device is increasing linearly. The t;,. in Fig. 4(d) was decreased
with the increasing the applied voltage from 1.2 ms at V=6 V to
0.6 ms at 12 V. Also, the tj;r was almost independent from the ap-
plied voltage and was about the similar value at all bias voltages,
100 ws.

In order to understand the origin of unique GPPC properties in
VO, film device on corning substrate, important participating pa-
rameters are estimated, e.g. the temperature distribution over the
device and substrate, steady state device temperature under the
voltage bias, the incubation time, t;,.. First, the temperature distri-
bution of the device and the substrate is estimated. When the laser
is irradiated onto the VO, device during laser exposure time of sub
ms to ~ ms, the heat from the surface is expected to be dissipated
into the corning glass substrate up to tens of um. Considering the
thickness of the substrate (720 wm) is much thicker than that of
VO, thin film (120 nm), we assume that one-dimensional approach
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Fig. 4. (a) High speed current (I) - time (t) measurement for VO, device with L = 20 um at fixed bias voltage of 6 V. The laser pulse width (Lpw) was 20 ms and the laser
intensity (Lpw=20 was varied from 140 W/cm? to 620 W/cm?. (b) Enlarged curve of the specified area in (a), just before abrupt current rise. (c) High speed current (1) -
time (t) measurement for VO, device with L = 20 pm at varying voltages from 6 V to 12 V. The laser pulse width (Lpyw) was 20 ms. The laser intensity was 140 W/cm?. (d)

Enlarged curve of the specified area in (c), just before abrupt current rise.

on the surface of a semi-infinite homogeneous solid medium is
valid. (We will show later that our assumption on this point is
valid.) It is also expected that the constant heat is generated at
the surface and the heat conducts through the substrate. Then, the
temperature distribution, i.e. temperature increment from steady
state temperature, in the corning glass substrate can be given by,
[36,37]

I corningt X2
T(X, t) _ 0 corning exp( —
kcorning T 4acorningt
Iy x X
—erfc
2\/ O‘corm’ngt

kcorning 2
where Iy, Keorning: ®corning» and x are a constant flux of energy, the
thermal conductivity of corning glass, thermal diffusivity of corn-
ing glass, and the distance from interface between the VO, and
substrate respectively. The erfc is the complement error function.

The temperature at x = 0 is given by T(0,t) = %,/ ac%’“gt and also
T(0,t) is approximately device temperature increment from steady
state device temperature, shown in Fig. S4 of Section 4 in Supple-
mental Information. Then, the temperature in the corning glass can
be written as;

2
T(x,t) =T(0,t) [exp(—éh)
corning’

X X
T ————erfc| ————
2 acorningt zw/acorningt

Fig. 5(a) shows the T(x,t) as a function of x which is the effec-
tive thermal diffusion length fcomingOf corning glass 2(ctcormingt) '/
[36], indicating that the temperature decreases to approximately

0.1 times from its surface value T(0, t) at X = Ucoming. Fig. 5(b) dis-
plays the time dependence of pcoming. When t is increasing from
1 wus and 1 ms, Wcoming 1S increasing from 1.6 um to 51 um.
That is, corning at this time range is much larger than the film
thickness (0.12 pm), which is supporting our assumption on one-
dimensional approach on the surface of a semi-infinite homoge-
neous solid medium. Furthermore, since the substrate temperature
was raised due to the conductive heat from the interface, the total
heat energy transferred to the substrate can be obtained as fol-
lows,

00 X2
Ceorni indAT (0, t)] exp| ———
‘/(; cormngpcornmg ( ) [ p( 4acorningt>

—JT X erfc X dx

2 acorningt 2 Olcorm’ngt

After performing the integral, the above equation is equal to

CcorningpcorningAT (0’ t)
4

From this point of view, T(0,t) becomes equal to Tr — Tp in the
relation of specific heat after the device temperature reaches T
with the laser irradiation. (See Section 5 of Supplemental Informa-
tion.) T(0,t) is the temperature increment due to laser irradiation
from steady state device temperature under bias voltage. This re-
sult will be used later for estimating incubation time, t;,..

Next, we estimate the device temperature under bias voltage as
IMT occurs in hysteresis regions. First, in the steady state, Joule
heat IVp in voltage biased VO, device without laser pulse irra-
diation is equal to thermally conductive heat loss ks (Tp — Ty)
through the substrate (neglecting other heat losses due to radiation
and convection), where Vp (equal to V —IRgxy), T4, and k.s; are
the voltage appeared on the VO, device, the ambient temperature

vTT Mecorning-
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Fig. 5. (a) Transient temperature T(x,t) in corning glass substrate as a function of the effective thermal diffusion length ftcoming Of corning glass, defined as Z(acﬂ,,.i,‘gt)l/z.

(b) The time dependence of the fLcoming in log scale.

Table 1
Calculated device temperature based on the photo thermalization
model.
Voltage 6V 8V 10V 12V
Device temperature  32.6 °C 349°C 385°C 44.1°C

Table 2
Comparison between experimental and calculated incubation time as a function
of laser intensity.

140 W/cm? 230 W/cm? 430 W/cm? 620 W/cm?
Experiment 6 1.2 ms 0.6 ms 0.6 ms 0.6 ms
Calculation V 24 ms 0.9 ms 0.3 ms 0.1 ms

and the effective thermal conductance, respectively. [19] Then, Tp
2
is equal to LV% + Ty. The effective thermal conductance k. can be
e

found when the device temperature is almost equal to T, just be-
fore IMT. Then, k,s; = %, where Ipjyr— and Vpyr_are the
current flowing through the VO, device and the voltage appeared
on the device immediately before IMT, respectively. We found the
effective thermal conductance k.ff to be 6.6 x 10->W/°C for the
VO, device with L = 20 um. Based on the calculated on effective
thermal conductance k., device temperature of the 20 um long
VO, device with applied voltages of 6 V, 8 V, 10 V, and 12 V were
32.6 °C, 34.9 °C, 38.5 °C, and 44.1 °C, respectively. (Table 1)

Finally, the incubation time is estimated. As previously dis-
cussed, the sum of two contributed heat energies can be written
following. (See also Section 6 in Supplemental Information.)

JT
|:CV02 onszoz + Ccorningpcorning Tﬂcoming (TC - TD)-

As the volume contribution of the film is much smaller than the
substrate, Vyoz2 < Allcoming: the equation becomes approximately
to Ccorning:ocorningA@Mcoming(TC - TD): which equals to 0~6LimAt1’nc-
Then, the fieoming can be described as 2(ctcomingtinc)/? and hence

Ceorni ing (Tc—T;
tinccan be expressed as tj,c = (%W)znacommg. For the
R U1

VO, device with L = 20 um, the device volume, VO, density,
specific heat capacity of VO, are 1.2 x 10~1%m3, 4.6 x 103kg/m3,
[38] and 6.6 x 102J/kg°C, [39] respectively. Calculated t;,. is given
in Table 2 and 3. The calculation values and experimental values
are approximately within the same order. Overall, the calculated
tincvalue varies large with the laser intensity, but less with applied

Table 3
Comparison between experimental and calculated incubation time
as a function of applied voltage.

6V 8V oV 12V

0.8 ms
2.1 ms

0.7 ms
1.7 ms

0.6 ms
1.1 ms

1.2 ms
2.4 ms

Experiment
Calculation

140 W/cm?

voltage. The observation is believed due to that the assumption of
one-dimensional heat flow is better applied with small ¢;,. than
large tj;,.. Recall that even when i, is 1 mS, Weorping IS 47 um,
comparable to the device dimension.

Considering the lower intensity at the initial opening time, the
calculated t;,. can be adjusted in same order of magnitude with
experiment. It is critical to note that the t;,  is proportional to ther-
mal diffusivity, which is then proportional to thermal conductivity.
The larger the thermal diffusivity becomes, the longer t;,. occurs.
Thus, it reveals that GPPC can occur relatively easily for the sub-
strate with a low thermal diffusivity (or low thermal conductivity).
In fact, the switching time can be further reduced with the adjust-
ment of laser intensity and RC time. First, to shorten the incuba-
tion time, the pulse laser with high intensity can be used. As the
thermal diffusion length is shorter than the VO, thickness, most of
the photo-thermal heat can be used to raise the VO, device tem-
perature. Then, if the heat loss by the thermal conduction to the
substrate is negligible, the incubation time can be obtained as fol-
lows.

(cvozpvo2Vvoz) (Tc — Tp) = 0.6LinAtjpc.

(cvo2pvo2Vvoz) (Tc — Tp)
0.6L;:A '

Vyoz = Atyop, where tyg; is the thickness of VO,.

(cvozpvoztvoz) (Tc — Tp)
0~6Lint '

The tj, decreases as the L;,, grows larger. When L;,is
2 x 108 W/cm?, ti,c is 1 ns. Secondly, as the time taken for IMT
(tym) is related to the RC time of the device, RC time can be a crit-
ical component of t;r due to the internal bulk capacitance which
can serve as a limitation to tp,r due to charging and discharging
effects. Previously, it has been reported that RC time is propor-
tional to L2. [35] When the device length decreases to 1/300 times,
the IMT time decreases to 1/(300)2 times. In the present device

tinc =

tinc =
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IMT time is 100 ws. By reducing the device length 1/300 times
from 20 um to 67 nm, the IMT time is expected to be reduced
down to ~1 ns. Thus, with further device optimization, the switch-
ing time, the sum of the IMT time and incubation time, can be as
small as a few ns range.

The GPPC found in our VO, devices have three distinct differ-
ences from previous GPPC that occur in other materials or devices.
First of all, the origin of GPPC is different from previously reported
GPPC materials. i.e. the GPPC of VO, is due to IMT while the most
of GPPC from other materials started out from electron-hole charge
separation. Second, the GPPC of VO, occur rapidly with liberation
of charges at IMT, yet the GPPC in other materials occurs rela-
tively slow due the required sufficient time for photo generation
of charges. Third, the GPPC of VO, is related to the metallic state,
i.e. the magnitude of the current is larger than that of other mate-
rials. Until now, due to the limited magnitude of the photo current,
GPPC phenomena have been mainly applied for simple light detec-
tion. However, in the case of VO,, it becomes possible to operate
various devices directly with the large current by the GPPC of VO,.
The photo current in VO, device can be increased up to tens of mA
with the decreasing Rgyr. Furthermore, the device structure can be
optimized so that the current passing through device becomes en-
larged.

Lastly, the incubation time for reaching GPPC can be further
controlled. With applying the laser pulse, the time needed for tran-
sition from insulator metal is the sum of incubation time and IMT
time. While IMT time can be reduced by decreasing either R or
C, e.g. IMT time can become as small as ns range, the incubation
time can be reduced by increasing the laser intensity. In the case
of ultrashort high intensity single pulse laser is applied to the de-
vice, most of the photo-thermal heat will be used to raise the de-
vice temperature as the thermal diffusion length within incuba-
tion time is very small. The higher the intensity of the laser, the
shorter the incubation time. Consequently, the GPPC in VO, allows
ultrafast remote optical control and manipulation of electric cur-
rent and voltage, which can contribute in realizing the photo con-
trolled electronic devices for optical memories and ultrafast remote
switching devices.

Conclusions

We have investigated that GPPC of VO,/corning glass device. A
single pulse laser induced the GPPC of VO, device when the ap-
plied voltage was tuned between the two critical voltages in hys-
teresis region. The GPPC of VO, was monitored with the appear-
ance of conduction channel on VO, devices during IMT. With the
varying laser intensity or the applied voltage, the onset time for
GPPC, i.e. incubation time, was varied. With one dimensional the-
oretical model, various thermal transport properties, i.e. the tem-
perature distribution over the device, the incubation time, steady
state device temperature under the voltage bias, were estimated.
The GPPC in VO, can make a significant contribution to realiza-
tion of optical control of electronic devices, e.g. optical memories,
displays, and remote ultrafast switching devices.
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