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a b s t r a c t 

We report a giant persistent photoconductivity (GPPC) phenomenon in VO 2 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 2 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 2 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 2 device can contribute in realizing ultrafast optical remote control of 

advanced electronic devices i.e. optical memories, displays, and remote ultrafast switching devices. 

© 2020 The Author(s). Published by Elsevier Ltd. 
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. Introduction 

Persistent photoconductivity (PPC) is a phenomenon that refers 

o photo-induced conductivity that last for an extended time even 

fter the photon source vanishes. PPC has been actively inves- 

igated in various materials, e.g. semiconductor heterostructures 

ade of conducting GaAs on Cr-doped semi-insulating GaAs sub- 

trates, [1] AlGaAs/GaN, [2] Si nanomembranes, [3] metal ox- 

des of WO 3 nanowire [4] , BaTiO 3 /TiO 2 heterostructures, [5] and 

ven oxygen-deficient YBa 2 Cu 3 O 6 + x (YBCO) superconducting films. 

6] While the origin of PPC in these materials comes from charge 

eparation of photo-induced electrons and holes, the source of the 

harge separation seems to vary in each materials. In the case of 

emiconductors, the photo-induced carriers are separated due to 

otential barrier at the junction, the atomic scale of centers, or the 

urface. [1] In the case of oxides, the surface built-in potential con- 

ributes to the photo-generated electron–hole pairs that build po- 

ential barrier. [4] On the other hand, for the oxide superconduc- 

ors, the charge separation occurs as photo-induced electrons from 

uO 2 planes are trapped in the unoccupied p levels of O 

− in CuO x 

ayers. [6] 
∗ Corresponding authors. 

E-mail addresses: bsmun@gist.ac.kr (B.S. Mun), tesl@yonsei.ac.kr (H. Ju). 

f

l

d

V

h

ttps://doi.org/10.1016/j.apmt.2020.100894 

352-9407/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article
Vanadium dioxide (VO 2 ), one of the well-known strongly corre- 

ated oxides exhibiting ultrafast massive insulator-to-metal transi- 

ion (IMT) at near room temperature of 68 °C, has received much 

ttention. [7] The full comprehension of IMT phenomena in VO 2 

an provides the understanding of intricate physics of strongly cor- 

elated electron systems as well as the opportunities of diverse po- 

ential applications of VO 2 devices, such as ultrafast sensor, optical 

omputing, and neuromorphic memories. [8–13] It is well known 

hat the IMT of VO 2 can be induced by many different stimuli, e.g. 

emperature, voltage, light, and even strain. [14–17] While voltage- 

riven IMT in VO 2 device occurs from Joule heating that raises 

evice temperature (T D ) to critical phase transition temperature 

T C ), [ 18 , 19 ] a photo-induced IMT takes place due to photo-thermal

eat. [ 20 , 21 ] 

Especially, during the voltage-driven IMT, VO 2 exhibits hystere- 

is between two critical voltages V IMT ↑ (critical voltage in increas- 

ng bias voltage) and V MIT ↓ (critical voltage in decreasing bias 

oltage). When the bias voltage ( V ) is in the range of hystere- 

is loop V MIT ↓ < V < V IMT ↑ (See Fig. S1 in Supplemental Informa- 

ion), a photo-irradiation can promote the photo-induced IMT on 

O 2 , i.e. the abrupt enhancement of photo-induced conductivity 

rom the stable insulating low current state to metastable metal- 

ic high current state. In this case, a giant persistent photocon- 

uctivity (GPPC) can be realized [3–5] as the degree of PPC in 

O 2 is quite large. Nevertheless, the occurrences of GPPC in VO 2 

ave hardly been investigated until now. Not to mention about in- 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. (a) A schematic diagram of the experimental setup for the persistent photoconductivity measurements of the VO 2 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 2 device prepared on corning glass ( L = 20 μm, 

W = 50 μm, thickness = 120 nm). (c) Top view SEM image of the VO 2 /corning glass device. (d) Cross sectional SEM micrograph of the VO 2 /corning glass device. 
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eresting transport properties at the viewpoint of the fundamen- 

al physics, the GPPC in VO 2 can promote numerous opportunities 

n technological applications of the VO 2 or related materials. Re- 

ently, a transient photoconductivity of VO 2 device and VO 2 inter- 

anowire junction are reported, in which the photocurrent exists 

emporary only when light is applied, and their high photo sensi- 

ivity for photo detection applications is noted. [ 22 , 23 ] It is also

mportant to note that the GPPC in VO 2 comes from the laser 

nduced phase transition of insulating state to metallic states. As 

entioned previously, most of conventional GPPC materials comes 

rom the photo-induced electrons and holes pairs that generates 

ong-term charge separation inside of materials. [1–6] 

In this letter, we report the GPPC of the two-terminal VO 2 de- 

ice made of VO 2 film grown on corning glass substrate. Within 

he critical voltages of the voltage-current (V-I) hysteresis loop of 

he device, we showed that the GPPC of VO 2 device took place 

ithin as fast as ~ 1 ms upon a single pulse laser irradiation. The 

hoto currents for VO 2 device were increased up to 1~5 mA and 

emained stable with only ~1% reduction over 24 h under the ap- 

lied voltages of 7 V and 8 V. Optical microscope observation re- 

ealed that the GPPC in VO 2 was due to laser pulse induced IMT 

rom stable low current state to metastable high current state. It 

as also discussed that the choice of low thermal conductivity 

ubstrate was of critical importance for the occurrence of GPPC. 

. Experimental details 

The ~120 nm thick polycrystalline VO 2 films were deposited on 

orning glass (Eagle 20 0 0) substrates by DC reactive magnetron 

puttering system. The substrate temperature was maintained at 

60 °C under mixed gas of argon 99% and oxygen 1% during de- 

osition. A vanadium metal target was used and the films are 

ooled down in pure oxygen pressure of 50 mtorr after the de- 

osition process. [24] The quality of VO 2 thin film was checked 

y X-ray diffraction and temperature dependent resistivity mea- 

urement, shown in Fig. S2 of Section 2 in Supplemental Infor- 

ation. The IMT temperature of VO 2 , i.e. T c was identified near 

67.8 °C. The VO film devices made of VO film on corning glass 
2 2 

2 
nd Au(50 nm)/Cr(5 nm) contact electrodes were patterned by the 

tandard photolithography and lift-off processes. The dimension of 

O 2 device was 20 μm or 40 μm in length (L), the distance be-

ween the contact electrodes, at a fixed width (W) of 50 μm. 

he microstructure and morphology of VO 2 devices were charac- 

erized by scanning electron microscopy (SEM; JEOL-7610F-Plus). 

s shown in Fig. 1 (a), during the PPC measurements, the VO 2 de- 

ice was connected in series with an external resistor R EXT (2 k �

or L = 20 μm device and 20 k � for L = 40 μm device) to pro-

ect the VO 2 device and measuring instruments from the abrupt 

ncrease of photocurrent during IMT. A continuous 500 mW GaN 

aser diode with a wavelength of 405 nm was used. The laser 

ower was controlled by a step neutral density (ND) filter and a 

aser pulse was made by opening and closing a laser beam shut- 

er with opening time of ~800 μs (SH05, Thorlabs). [25] Laser 

ntensity was checked with power meter (Nova II, Ophir Photon- 

cs). The laser was focused through a bi-convex lens and was ap- 

lied vertically (except simultaneous long-term photo conductivity 

nd optical microscopy measurements) onto the VO 2 film device 

ia a silver mirror. With laser wavelength of 405 nm, the reflec- 

ivity (R n ) at normal incidence and absorption coefficient ( α) of 

he VO 2 film were 0.2 and 1 . 2 × 10 5 c m 

−1 , respectively. [26] Ab- 

orptance ( A n ) at normal incidence was calculated from the equa- 

ion ( 1 − R n )( 1 − e −αd ) , where d is the thickness (120 nm) of VO 2 .

26] It was estimated that about 60% of the vertically irradiated 

aser beam on the VO 2 device was absorbed. On the other hand, 

uring the simultaneous long-term photo conductivity and opti- 

al microscope image measurements, the single pulse laser irra- 

iation was obliquely irradiated to VO 2 device at an angle of 60 °
rom surface normal. Optical microscope with reflection mode was 

mployed to monitor the metallic and insulating phases of VO 2 de- 

ice before and after the single pulse laser irradiation. During V-I 

easurements under photo irradiation, the voltage was increased 

t a step of 0.01 V and the single pulse laser was irradiated at 

pecific voltages for V IMT ↓ < V < V IMT ↑ . Voltage ramp rate during the 

-I measurements was fixed to 0.03 V/s in which almost steady 

tate is ensured within the film devices. Before the photo irradia- 

ion 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 2 /corning glass device as a function of time. The intensity 

of laser was set to L int = 230 W/cm 

2 and the ambient temperature was at 30 °C. A single pulse laser with its pulse width (L PW 

) 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 2 /corning glass device. (a) The PPC curves 

at V = 7 V and 8 V. The photo current flowing in the VO 2 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. 
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ilizing time. In the same manner, V-I measurements with photo- 

rradiation were repeated at different laser fluxes. The high-speed 

urrent (I)-time (t) measurements of VO 2 device with L = 20 μm 

ere performed using a source meter (Keithley 2612A) with data 

ollection rate up to 20,0 0 0 data per second. 

. Results and discussion 

Shown in Fig. 1 (a) is a schematic diagram of the experimen- 

al optical setup used in this study. The optical setup is consisted 

f a linearly polarized continuous 500 mW GaN laser diode, a 

tep ND filter, an optical beam shutter, a silver mirror, and a bi- 

onvex lens. The step ND filter is used to control laser intensity 

L int ) from 140 W/cm 

2 to 620 W/cm 

2 at the VO 2 device position. 

ig. 1 (b) shows the SEM micrograph of VO 2 /corning glass device 

ith L = 20 μm and W = 50 μm, consisting of VO 2 film on corn-

ng glass substrate and Au/Cr electrodes. Fig. 1 (c) shows the top 

iew SEM image of the VO 2 /corning glass film, which shows the 

lm has grown into a densely packed granular structure with the 

verage grain size of ~220 nm. Fig. 1 (d) shows the cross-sectional 

EM image of the VO 2 film /corning glass substrate, displaying the 

niform thickness (~120 nm) of VO 2 with even interface with the 

orning glass substrate. It is also found that VO 2 grains are grown 

rom the bottom to the surface without microstructure in column 

irection, which makes the average grain height and film thickness 

he same. The average lateral dimension of the grain, 220 nm, is al- 

ost twice the average grain height (or film thickness) of 120 nm. 

To check out whether VO 2 can shows GPPC, the long-term 

hoto conductivity and optical microscope measurements of the 

O 2 /corning glass device ( W = 50 μm, L = 20 μm) were per-

ormed simultaneously at ambient temperature of 30 °C. A single 

ulse laser irradiation with pulse width (L PW 

) of 20 ms was ap- 

lied at the bias voltages of 6 V, 7 V, and 8 V. The laser with

 = 230 W/cm 

2 on the surface of the device was obliquely ir- 
int 

3 
adiated at an angle of 60 ° from the surface normal. In addition, to 

void any possible device deterioration during the extended mea- 

uring time under high voltage bias, experiments were performed 

ith relatively low voltages of 6 V, 7 V, and 8 V. 

Fig. 2 (a) shows the time dependence of the photo-induced cur- 

ent (photo current) of the VO 2 /corning glass device at the bias 

oltages of 7 V and 8 V. Indeed, GPPC in VO 2 was occurred 

bruptly with the single pulse laser. The magnitude of the photo 

urrent flowing in the VO 2 device remained fairly large, 1.3 mA at 

 V and 1.8 mA at 8 V, well above the base currents (0.05 mA-

.06 mA) before photo-irradiation. It is to note that the magnitude 

f the photo current can be increased further by reducing the mag- 

itude of the external resistor R EXT . When a single pulse laser was 

rradiated, the photo current was increased abruptly to more than 

ne order of magnitude, followed by abrupt decrease of ~10% in 

agnitude. Then, the photo current decreased at a very slow rate, 

nly 1.4% per day at 7 V and 1.1% per day at 8 V. Under the applied

oltages of 7 V and 8 V, it was estimated that the high conductiv- 

ty state could be persisted for several days, confirming that the 

hoto current was highly stable at these applied voltages. When 

he applied voltage was sufficiently high (7 V, 8 V), the channel 

idth was the same as the device width. But, when the applied 

oltage was low (6 V), the channel width became smaller than the 

evice width, which was previously reported. [19] VO 2 undergoes 

ransition from metal phase to insulating phase when the channel 

idth is reached to the minimum width. In the case of a large ini- 

ial channel width, e.g. high voltage bias case (7 V, 8 V), it takes 

 longer time to make the transition from metallic phase to in- 

ulating phase than that of a small initial channel width, e.g. low 

oltage bias case (6 V). 

Since highly conductive metallic state is metastable, an equilib- 

ium state, in which the metallic state remains stationary when the 

ulse is off, is believed to be nonexistent. That is, the photoinduced 

urrent eventually drops to the stable insulating value after suffi- 
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iently long time. Nonetheless, at high applied voltages, the pho- 

oinduced current remains highly stable with extremely low de- 

reasing rate. Also, we found that as the applied voltage increased, 

he slope of current reduction decreased. The possible origin is 

s follows: The super-cooled metallic grains, maintaining metallic 

hase even though temperature is lower than T C , can transform 

o insulating grain. The phase transition probability from super- 

ooled metallic grain to insulating grain drastically increases with 

he increasing |T-T C |, where T is less than T C . Since the device tem-

erature increases when applied voltage increases, |T-T C | at large 

oltages is less than that at low voltages. [27] Therefore, the higher 

pplied voltage induces higher device temperature, which then in- 

uce small rate of current reduction, as shown in Fig S6. 

Next, Fig. 2 (b) displays the optical microscope images of the 

O 2 /corning glass device ( W = 100 μm, L = 20 μm) before and

fter laser pulse irradiation, which were simultaneously measured 

ith Fig. 2 (a), at the bias voltage of 7 V and 8 V. The color of

he metallic phase VO 2 is darker than that of the insulating phase 

ue to the difference of optical reflectivity. [ 14 , 28 ] Before the laser

ulse irradiation, the microscope images at the bias voltage of 7 V 

nd 8 V were the identical to the image I, displaying that the en-

ire area of the device was the light-colored insulating phase. Then, 

fter a single pulse laser irradiation, the entire area of the device 

urned into the dark-colored metallic phase, shown as image II. 

he change of surface color and abrupt current increase in VO 2 de- 

ice indicated that the VO 2 film in the device experienced the IMT 

pon the laser irradiation, i.e. the IMT is the main cause of GPPC 

n the device. 

To check out the correlation between photo conductivity in VO 2 

aused by laser pulse and optical microscope images, the time de- 

endence of the photo current of the VO 2 /corning glass device at 

he slightly lower voltage, 6 V, was checked, shown in Fig. 2 (c). 

imilar to the previous cases of the bias voltage of 7 V and 8 V, the

hoto current was increased abruptly with irradiation of a single 

ulse laser. However, the photocurrent started to decrease mono- 

onically with irregular manner. At time of 5.8 hour, the current 

uddenly dropped to the dark current value (0.04 mA). Fig. 2 (d) 

isplays the optical microscope images of the VO 2 /corning glass 

evice ( W = 100 μm, L = 20 μm) before and after laser pulse

rradiation at the bias voltage of 6 V. Before the single pulse laser 

rradiation, the optical image at 6 V was the image III, thus the en-

ire area of the device was insulating. After the single pulse laser 

rradiation, a dark colored metallic conduction channel with the 

hannel width of 33 μm appeared suddenly between the two elec- 

rodes (optical image IV). Optical image IV showed the simultane- 

us presence of both insulating (light) and metallic (dark) phases. 

s time elapsed, optical microscopic images showed a decrease 

n channel width with decreasing photo currents. Then, the opti- 

al images changed to the order of V, VI, VII, VIII, and IX. When

he channel width was reached to 23 μm (optical image IX), the 

onduction channel was suddenly collapsed and the photo current 

anished. The optical image of position X, which was identical to 

he image III, showed that entire VO 2 was insulating. Thus, it is 

lear that the photo conductivity in VO 2 caused by laser pulse is 

irectly related to the sudden appearance of the metallic phase, 

hich can be present either in the entire area or partial area, de- 

ending on the applied voltage. 

As the correlation between applied voltages and GPPC is shown 

o exist in the result of Fig. 2 , it can be easily predicted that GPPC

n VO 2 device is expected to occur only in the hysteresis region 

Fig. S1). To check out the prediction, V-I measurements were per- 

ormed first to find the hysteresis region of VO 2 device at given 

emperature and fixed laser flux. Once the hysteresis region of VO 2 

s identified, multiple photo current states are generated afterward. 

irst, Fig. 3 (a) and (b) show the V-I measurements at 30 °C of the

O 2 /corning glass devices with L = 20 μm and L = 40 μm at fixed
4 
 = 50 μm. Again, while the VO 2 device with L = 20 μm was

onnected to R EXT of 2 k �, R EXT of 20 k � was used for the VO 2 de-

ice of L = 40 μm. This is due to smaller resistance of the VO 2 de-

ice of L = 20 μm than that of the device of L = 40 μm. The mea-

urements were performed with the increasing and then decreas- 

ng bias voltage. For both devices, currents were increased contin- 

ously when the external voltage is applied from 0.0 V. The slope 

dI/dV) was also increased with the increase of voltage. When 

he applied voltage on the VO 2 /corning glass reached to V IMT ↑ of 

4.7 V (57.1 V) for the VO 2 devices with L = 20 μm (40 μm), the

urrents suddenly jumped. When the bias voltage direction was 

eversed, the current in the device was decreased linearly until 

he voltage reaches the metal to insulator (MIT) voltage ( V IMT ↓ ) 
f 4.1 V (16.8 V) for the VO 2 device with L = 20 μm (40 μm).

elow the V IMT ↓ , current dropped rapidly and the VO 2 device be- 

ame insulating state. Thus, the hysteresis regions of VO 2 device 

re identified, i.e. the region between V IMT ↓ and V IMT ↑ . Next, GPPC 

xperiments were conducted by applying single pulse laser to the 

O 2 device between the lower and upper critical voltages. 

Fig. 3 (c) and (d) shows the V-I measurements of the 

O 2 /corning glass devices for L = 20 μm and L = 40 μm at fixed

 = 50 μm with single pulse laser irradiation at various volt- 

ges for V IMT ↓ < V < V IMT ↑ . During the V-I measurement, single pulse 

aser (L PW 

= 20 ms, L int = 140 W/cm 

2 ) was irradiated. In all cases,

he GPPC is attained with a single pulse laser, within much shorter 

ime than the laser pulse width of 20 ms. The magnitude of the 

hoto-induced currents depended on the bias voltage: the higher 

he voltage, the greater the current. As predicted, GPPC started to 

how up inside the hysteresis region. It is interesting to note that 

PPC tends to occur easily in VO 2 devices prepared on corning 

lass. Previously, GPPC was hardly reported in VO 2 devices pre- 

ared on Al 2 O 3 substrate which is the most commonly used sub- 

trate for VO 2 film growth. The effect of substrates on the occur- 

ence of GPPC needs further investigation in near future. 

The giant persistent photoconductivity known so far is due to 

he photo-induced of electrons and holes. However, origin of GPPC 

ound in VO 2 differ from that of GPPC in other materials. When 

he laser pulse is irradiated ( Fig. 2 (b)), the current is increased 

o 0.8 mA abruptly, and VO 2 becomes metallic. First, the carrier 

ensity of metallic state VO 2 is estimated at 0.8 mA. The mobility 

f VO 2 is reported as in the range 0.1 cm 

2 /Vsec - 1 cm 

2 /Vs with

eak temperature dependence in the temperature range 20 °C 

nd 100 °C, suggesting that the current increase predominantly 

ue to the increase of carrier density. At IMT, the current is in- 

reasing by ~0.76 mA. If the mobility was assumed to be constant 

alue of 1 cm 

2 /Vs in the temperature range 20 °C and 100 °C, 

he increased current density �n is ~10 20 /cm 

3 from the relation 

n = 

�I 
AeμE 

, where �I, e , μ, and E are the current increase, elec- 

ron charge, the mobility of VO 2 , and the electric field in VO 2 , re-

pectively. The calculated value matches well with reported value. 

29] It is important to note that the magnitude of the estimated 

arrier density, i.e. the liberation of one electron per vanadium 

t the phase transition from insulating phase to metallic phase in 

O 2 , is much larger than the photoinduced carrier density of the 

PPC materials. [30] Also, it is difficult to have the abrupt current 

ensity increase within 100 μs, the time scale of via electron hole 

air production with the single pulse of laser. Considering many 

f previous reports on PPC that based on photo-induced electrons 

nd holes mechanism showed the continuous increase of the car- 

ier density with the laser irradiation, the current density increase 

ith a single pulse laser irradiation is not due to the electron hole 

air generation. 

To observe GPPC process of VO 2 device in details, e.g. the on- 

et of GPPC, high-speed current (I)-time (t) measurements were 

erformed. 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 2 / corning glass device with L = 20 μm and 40 μm at fixed W = 50 μm without laser pulse irradiation. Red 

(Blue) arrow shows the increasing (decreasing) voltage scan direction. Insulator to metal transition (IMT), V IMT↑ , occurred at 14.7 V in L = 20 μm (57.1 V in L = 40 μm) 

and metal to insulator transition (MIT), V IMT↓ , occurred at 4.1 V in L = 20 μm (16.8 V in L = 40 μm). (c,d) The V-I measurements of the VO 2 /corning glass devices for 

L = 20 μm and L = 40 μm at fixed W = 50 μm with single pulse laser irradiation at various voltages for V IMT↓ < V < V IMT↑ . During the V-I measurement, single pulse laser 

(L PW 

= 20 ms, L DInt = 230 W/cm 

2 ) was irradiated. The magnitude of the photo currents linearly increase with the value of the applied voltage. 
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or 20 μm long VO 2 film device at fixed bias voltage of 6 V with

 single pulse laser at varying laser pulse intensity (L PW 

= 20 ms) 

rom 140 W/cm 

2 to 620 W/cm 

2 . With the single pulse laser irra- 

iation, the photo current was increased from ~1.8 mA ~ 2.5 mA 

ith the laser intensity from 140 W/cm 

2 to 620 W/cm 

2 . The plot 

f photo current in Fig. 4 (a) are divided into five regions. In region

, the current is constant as only the voltage is applied to the de- 

ice without laser irradiation. In region II, the current started to 

ncrease with the laser pulse being applied. The IMT is not tak- 

ng place in region II. The time, from the start of the current in-

rease to the point where the device temperature reaches to T c 
f VO 2 device, decreased from 1.2 ms to 0.6 ms as the laser in-

ensity was increased from 140 W/cm 

2 to 620 W/cm 

2 , shown in 

ig. 4 (b). The time, referred to as the incubation time ( t inc ), has

een also observed in voltage-induced IMT of epitaxial VO 2 de- 

ices and in threshold switching in VO 2 . [31–33] The estimation 

rocess of t inc is explained in Fig. S3(a, b) of Section 3 in Supple-

ental Information. In region III, the current rises rapidly due to 

he IMT and the current jump occurred in less than 100 μs. As 

he time taken for IMT ( t IMT ) is related to the RC time of the de-

ice, RC time can be a critical component of t IMT due to the inter-

al bulk capacitance which can serve as a limitation to t IMT due to 

harging/discharging effects. [ 34 , 35 ] In region IV, during the irra- 

iation of the laser pulse, large photo currents with ripples were 
5 
ncreasing over time. The ripple effect of the photo current is be- 

ieved to be due to the voltage division between the resistor and 

he device. The device temperature is believed to increase in the 

egion IV. In region V, as laser pulse was off, the photo current 

ecreases throughout all four occasions. Fig. 4 (c) show the high- 

peed I-t measurement results for 20 μm long VO 2 device at vary- 

ng applied voltage at fixed laser intensity of 140 W/cm 

2 (pulse 

idth = 20 ms). As the applied voltage is increasing, the current of 

O 2 device is increasing linearly. The t inc in Fig. 4 (d) was decreased 

ith the increasing the applied voltage from 1.2 ms at V = 6 V to

.6 ms at 12 V. Also, the t IMT was almost independent from the ap-

lied voltage and was about the similar value at all bias voltages, 

00 μs. 

In order to understand the origin of unique GPPC properties in 

O 2 film device on corning substrate, important participating pa- 

ameters are estimated, e.g. the temperature distribution over the 

evice and substrate, steady state device temperature under the 

oltage bias, the incubation time, t inc . First, the temperature distri- 

ution of the device and the substrate is estimated. When the laser 

s irradiated onto the VO 2 device during laser exposure time of sub 

s to ~ ms, the heat from the surface is expected to be dissipated 

nto the corning glass substrate up to tens of μm. Considering the 

hickness of the substrate (720 μm) is much thicker than that of 

O thin film (120 nm), we assume that one-dimensional approach 
2 
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Fig. 4. (a) High speed current (I) - time (t) measurement for VO 2 device with L = 20 μm at fixed bias voltage of 6 V. The laser pulse width (L PW 

) was 20 ms and the laser 

intensity (L PW 

= 20 was varied from 140 W/cm 

2 to 620 W/cm 

2 . (b) Enlarged curve of the specified area in (a), just before abrupt current rise. (c) High speed current (I) - 

time (t) measurement for VO 2 device with L = 20 μm at varying voltages from 6 V to 12 V. The laser pulse width (L PW 

) was 20 ms. The laser intensity was 140 W/cm 

2 . (d) 

Enlarged curve of the specified area in (c), just before abrupt current rise. 
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n the surface of a semi-infinite homogeneous solid medium is 

alid. (We will show later that our assumption on this point is 

alid.) It is also expected that the constant heat is generated at 

he surface and the heat conducts through the substrate. Then, the 

emperature distribution, i.e. temperature increment from steady 

tate temperature, in the corning glass substrate can be given by, 

 36 , 37 ] 

 ( x, t ) = 

I 0 
k corning 

√ 

αcorning t 

π
exp 

(
− x 2 

4 αcorning t 

)

− I 0 
k corning 

x 

2 

er f c 

( 

x 

2 

√ 

αcorning t 

) 

here I 0 , k corning , αcorning , and x are a constant flux of energy, the 

hermal conductivity of corning glass, thermal diffusivity of corn- 

ng glass, and the distance from interface between the VO 2 and 

ubstrate respectively. The er f c is the complement error function. 

he temperature at x = 0 is given by T ( 0 , t ) = 

I 0 
k 

√ 

αcorning t 

π and also

 ( 0 , t ) is approximately device temperature increment from steady 

tate device temperature, shown in Fig. S4 of Section 4 in Supple- 

ental Information. Then, the temperature in the corning glass can 

e written as; 

 ( x, t ) = T ( 0 , t ) 

[
exp 

(
− x 2 

4 αcorning t 

)

−√ 

π
x 

2 

√ 

αcorning t 
er f c 

( 

x 

2 

√ 

αcorning t 

) ] 

Fig. 5 (a) shows the T ( x, t ) as a function of x which is the effec-

ive thermal diffusion length μcorning of corning glass 2 ( αcorning t ) 
1 / 2 

36] , indicating that the temperature decreases to approximately 
6 
.1 times from its surface value T ( 0 , t ) at x = μcorning . Fig. 5 (b) dis-

lays the time dependence of μcorning . When t is increasing from 

 μs and 1 ms , μcorning is increasing from 1.6 μm to 51 μm .

hat is, μcorning at this time range is much larger than the film 

hickness (0.12 μm), which is supporting our assumption on one- 

imensional approach on the surface of a semi-infinite homoge- 

eous solid medium. Furthermore, since the substrate temperature 

as raised due to the conductive heat from the interface, the total 

eat energy transferred to the substrate can be obtained as fol- 

ows, 

 ∞ 

0 

c corning ρcorning AT ( 0 , t ) 

[
exp 

(
− x 2 

4 αcorning t 

)

−√ 

π
x 

2 

√ 

αcorning t 
er f c 

( 

x 

2 

√ 

αcorning t 

) ] 

dx 

After performing the integral, the above equation is equal to 

c corning ρcorning AT ( 0 , t ) 

4 

√ 

πμcorning . 

From this point of view, T ( 0 , t ) becomes equal to T C − T D in the 

elation of specific heat after the device temperature reaches T C 
ith the laser irradiation. (See Section 5 of Supplemental Informa- 

ion.) T ( 0 , t ) is the temperature increment due to laser irradiation 

rom steady state device temperature under bias voltage. This re- 

ult will be used later for estimating incubation time, t inc . 

Next, we estimate the device temperature under bias voltage as 

MT occurs in hysteresis regions. First, in the steady state, Joule 

eat I V D in voltage biased VO 2 device without laser pulse irra- 

iation is equal to thermally conductive heat loss k e f f ( T D − T A ) 

hrough the substrate (neglecting other heat losses due to radiation 

nd convection), where V D (equal to V − I R EXT ), T A , and k e f f are 

he voltage appeared on the VO device, the ambient temperature 
2 
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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 μcorning of corning glass, defined as 2 ( αcorning t ) 
1 / 2 . 

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

Table 1 

Calculated device temperature based on the photo thermalization 

model. 

Voltage 6 V 8 V 10 V 12V 

Device temperature 32.6 °C 34.9 o C 38.5 o C 44.1 o C 

Table 2 

Comparison between experimental and calculated incubation time as a function 

of laser intensity. 

140 W/cm 

2 230 W/cm 

2 430 W/cm 

2 620 W/cm 

2 

Experiment 6 

V 

1.2 ms 0.6 ms 0.6 ms 0.6 ms 

Calculation 2.4 ms 0.9 ms 0.3 ms 0.1 ms 
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Table 3 

Comparison between experimental and calculated incubation time 

as a function of applied voltage. 

6 V 8 V 10 V 12 V 

Experiment 140 W/cm 

2 1.2 ms 0.8 ms 0.7 ms 0.6 ms 

Calculation 2.4 ms 2.1 ms 1.7 ms 1.1 ms 

v
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c
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t

t

t
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s
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t
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t

2

(  

i

c

e

t

t

nd the effective thermal conductance, respectively. [19] Then, T D 

s equal to 
I V D 

2 

k e f f 
+ T A . The effective thermal conductance k e f f can be 

ound when the device temperature is almost equal to T C , just be- 

ore IMT. Then, k e f f = 

I DIMT−V DIMT−
T C −T A 

, where I DIMT − and V DIMT −are the 

urrent flowing through the VO 2 device and the voltage appeared 

n the device immediately before IMT, respectively. We found the 

ffective thermal conductance k e f f to be 6 . 6 × 10 −5 W/ ◦C for the 

O 2 device with L = 20 μm. Based on the calculated on effective 

hermal conductance k e f f , device temperature of the 20 μm long 

O 2 device with applied voltages of 6 V, 8 V, 10 V, and 12 V were

2.6 °C, 34.9 °C , 38.5 °C , and 44.1 °C , respectively. ( Table 1 ) 

Finally, the incubation time is estimated. As previously dis- 

ussed, the sum of two contributed heat energies can be written 

ollowing. (See also Section 6 in Supplemental Information.) 

c VO 2 ρVO 2 V VO 2 + c corning ρcorning A 

√ 

π

4 

μcorning 

]
( T C − T D ) . 

As the volume contribution of the film is much smaller than the 

ubstrate, V VO 2 � A μcorning , the equation becomes approximately 

o c corning ρcorning A 

√ 

π
4 μcorning ( T C − T D ) , which equals to 0 . 6 L int A t inc . 

hen, the μcorning can be described as 2 ( αcorning t inc ) 
1 / 2 and hence 

 inc can be expressed as t inc = ( 
c corning ρcorning ( T C −T D ) 

2 × 0 . 6 L int 
) 2 παcorning . For the 

O 2 device with L = 20 μm, the device volume, VO 2 density, 

pecific heat capacity of VO 2 are 1 . 2 × 10 −16 m 

3 , 4 . 6 × 10 3 kg/ m 

3 ,

38] and 6 . 6 × 10 2 J/kg ◦C, [39] respectively. Calculated t inc is given 

n Table 2 and 3 . The calculation values and experimental values 

re approximately within the same order. Overall, the calculated 

 value varies large with the laser intensity, but less with applied 
inc 

7 
oltage. The observation is believed due to that the assumption of 

ne-dimensional heat flow is better applied with small t inc than 

arge t inc . Recall that even when t inc is 1 ms, μcorning is 47 μm, 

omparable to the device dimension. 

Considering the lower intensity at the initial opening time, the 

alculated t inc can be adjusted in same order of magnitude with 

xperiment. It is critical to note that the t inc is proportional to ther- 

al diffusivity, which is then proportional to thermal conductivity. 

he larger the thermal diffusivity becomes, the longer t inc occurs. 

hus, it reveals that GPPC can occur relatively easily for the sub- 

trate with a low thermal diffusivity (or low thermal conductivity). 

n fact, the switching time can be further reduced with the adjust- 

ent of laser intensity and RC time. First, to shorten the incuba- 

ion time, the pulse laser with high intensity can be used. As the 

hermal diffusion length is shorter than the VO 2 thickness, most of 

he photo-thermal heat can be used to raise the VO 2 device tem- 

erature. Then, if the heat loss by the thermal conduction to the 

ubstrate is negligible, the incubation time can be obtained as fol- 

ows. 

 

c VO 2 ρVO 2 V VO 2 ) ( T C − T D ) = 0 . 6 L int A t inc . 

 inc = 

( c VO 2 ρVO 2 V VO 2 ) ( T C − T D ) 

0 . 6 L int A 

. 

 VO 2 = A t VO 2 , where t VO 2 is the thickness of VO 2 . 

 inc = 

( c VO 2 ρVO 2 t VO 2 ) ( T C − T D ) 

0 . 6 L int 

. 

The t inc decreases as the L int grows larger. When L int is 

 × 10 6 W/cm 

2 , t inc is 1 ns. Secondly, as the time taken for IMT 

t IMT ) is related to the RC time of the device, RC time can be a crit-

cal component of t IMT due to the internal bulk capacitance which 

an serve as a limitation to t IMT due to charging and discharging 

ffects. Previously, it has been reported that RC time is propor- 

ional to L 2 . [35] When the device length decreases to 1/300 times, 

he IMT time decreases to 1/(300) 2 times. In the present device 
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MT time is 100 μs. By reducing the device length 1/300 times 

rom 20 μm to 67 nm, the IMT time is expected to be reduced

own to ~1 ns. Thus, with further device optimization, the switch- 

ng time, the sum of the IMT time and incubation time, can be as 

mall as a few ns range. 

The GPPC found in our VO 2 devices have three distinct differ- 

nces from previous GPPC that occur in other materials or devices. 

irst of all, the origin of GPPC is different from previously reported 

PPC materials. i.e. the GPPC of VO 2 is due to IMT while the most

f GPPC from other materials started out from electron-hole charge 

eparation. Second, the GPPC of VO 2 occur rapidly with liberation 

f charges at IMT, yet the GPPC in other materials occurs rela- 

ively slow due the required sufficient time for photo generation 

f charges. Third, the GPPC of VO 2 is related to the metallic state, 

.e. the magnitude of the current is larger than that of other mate- 

ials. Until now, due to the limited magnitude of the photo current, 

PPC phenomena have been mainly applied for simple light detec- 

ion. However, in the case of VO 2 , it becomes possible to operate 

arious devices directly with the large current by the GPPC of VO 2 . 

he photo current in VO 2 device can be increased up to tens of mA

ith the decreasing R EXT . Furthermore, the device structure can be 

ptimized so that the current passing through device becomes en- 

arged. 

Lastly, the incubation time for reaching GPPC can be further 

ontrolled. With applying the laser pulse, the time needed for tran- 

ition from insulator metal is the sum of incubation time and IMT 

ime. While IMT time can be reduced by decreasing either R or 

, e.g. IMT time can become as small as ns range, the incubation 

ime can be reduced by increasing the laser intensity. In the case 

f ultrashort high intensity single pulse laser is applied to the de- 

ice, most of the photo-thermal heat will be used to raise the de- 

ice temperature as the thermal diffusion length within incuba- 

ion time is very small. The higher the intensity of the laser, the 

horter the incubation time. Consequently, the GPPC in VO 2 allows 

ltrafast remote optical control and manipulation of electric cur- 

ent and voltage, which can contribute in realizing the photo con- 

rolled electronic devices for optical memories and ultrafast remote 

witching devices. 

onclusions 

We have investigated that GPPC of VO 2 /corning glass device. A 

ingle pulse laser induced the GPPC of VO 2 device when the ap- 

lied voltage was tuned between the two critical voltages in hys- 

eresis region. The GPPC of VO 2 was monitored with the appear- 

nce of conduction channel on VO 2 devices during IMT. With the 

arying laser intensity or the applied voltage, the onset time for 

PPC, i.e. incubation time, was varied. With one dimensional the- 

retical model, various thermal transport properties, i.e. the tem- 

erature distribution over the device, the incubation time, steady 

tate device temperature under the voltage bias, were estimated. 

he GPPC in VO 2 can make a significant contribution to realiza- 

ion of optical control of electronic devices, e.g. optical memories, 

isplays, and remote ultrafast switching devices. 
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