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Abstract: By utilizing a CO2 laser centered at ~10.6 μm as an optical 
stimulus, we demonstrated bidirectional laser triggering in a two-terminal 
planar device based on a highly resistive vanadium dioxide (VO2) thin film. 
The break-over voltage of the VO2-based device was measured as large as 
~294.8 V, which resulted from the high resistivity of insulating VO2 grains 
comprising the thin film and the large electrode separation of the device. 
The bidirectional current switching of up to 20 mA was achieved by 
harnessing the dramatic resistance variation of the device photo-thermally 
induced by the laser illumination. The transient responses of laser-triggered 
currents were also analyzed when laser pulses excited the device at a variety 
of pulse widths and repetition rates. In the transient responses, a maximum 
switching contrast between off- and on-state currents was measured as 
~7067 with an off-state current of ~2.83 μA, and rising and falling times 
were measured as ~30 and ~16 ms, respectively, for 100 ms laser pulses. 
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OCIS codes: (160.6990) Transition-metal-doped materials; (250.6715) Switching; (140.3440) 
Laser-induced breakdown; (310.0310) Thin films. 
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1. Introduction 

Vanadium dioxide (VO2) thin films exhibit unique and reversible phase transition (PT) 
between an insulating state and a metallic state, which is induced by temperature [1–3], 
pressure [4], light [5–7], and so forth. This PT is a fascinating phenomenon that can provoke 
and support the development of novel electrical and optical devices such as electrical switches 
and oscillators [8–10], infrared detectors [11], thermally triggered optical switches [12], 
optically gated electrical switches [13], optical ring resonators [14], and silicon photonic 
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devices [15]. When metal electrodes are formed on a VO2 thin film to fabricate a two-terminal 
planar device, electric field can also trigger the PT [8–10]. This field-induced PT in the VO2-
based device usually accompanies an abrupt current jump in its current-voltage (I-V) 
properties, caused by the negative differential resistance (NDR) of VO2 [16], and this 
nonlinear current increase can be beneficially applied to electrical switching apparatuses. In 
particular, optical stimuli cast on the VO2 device can modulate this strongly nonlinear I-V 
behavior temporarily [13,17] or permanently [18]. From 2007, photo-assisted electrical 
gating, or the photonic control of the device current, was attempted by incorporating a 1.55 
μm laser illuminating the VO2 film of a two-terminal VO2-based planar device [13], and its 
threshold voltage, at which a current jump occurred during the field-induced PT, could be 
controlled by the proper adjustment of the illumination power [13,17]. Recently, the 
bidirectional laser triggering, which implies that the device current bidirectionally switches 
increasing or decreasing according to the switched state (on- or off-state) of the illumination 
laser, was reported by switching on or off a 1.55 μm laser diode (LD) illuminating a two-
terminal VO2 device [19]. This bidirectional current switching (increase or decrease) is based 
on the forward or reverse field-induced PT of VO2, triggered by the onset or the cutoff of the 
laser illumination. In [19], the bidirectional laser triggering of up to 10 mA was implemented 
with rising and falling times of ~192 and ~320 ms, respectively, but a switching contrast 
between on- and off-state currents was only ~68.2, which stemmed from a high off-state 
current, and the break-over voltage was as low as ~10.2 V. For VO2-based devices to reach 
the level of practical light-triggered thyristors, a variety of device parameters should be 
further improved including a switching contrast and a break-over voltage. In order to enhance 
a switching contrast and a break-over voltage by facilitating the triggering of the PT under a 
low off-state current, a CO2 laser centered at ~10.6 μm, with which a vigorous photo-
thermally induced PT was anticipated, was considered as an illumination laser for the 
bidirectional laser triggering in VO2 for the first time. Here, we demonstrated bidirectional 
laser triggering in a two-terminal planar device fabricated with a highly resistive VO2 thin 
film grown by a pulsed laser deposition (PLD) method by controlling the optical power of a 
CO2 laser illuminating the device. The output beam of the CO2 laser was focused by a beam 
focusing setup so that it directly illuminated the film surface. First, a bias voltage range 
enabling the bidirectional laser triggering was determined from the I-V characteristics of the 
fabricated device. The break-over voltage of the device was measured as large as ~294.8 V, 
which resulted from the high resistivity of insulating VO2 grains comprising the thin film and 
the large electrode separation of the device. Then, to investigate the temporal variation of the 
bidirectional triggering operation of the device current, its transient responses were analyzed 
with respect to various pulse widths and repetition rates of the illumination laser. In the 
transient responses of the VO2 device biased at ~4.8 V, stable bidirectional laser triggering 
between 0 and 20 mA was observed attaining a maximum switching contrast of ~7067 for 100 
ms laser pulses with a repetition rate of up to 3 Hz. Considerably high switching contrast is 
largely attributed to a low off-state current obtained from the large electrode separation and 
the high resistivity VO2 film. In particular, due to lower absorption of the tetragonal phase 
VO2 film at ~10.6 μm compared with the 1.55 μm absorption, rising and falling times could 
be also reduced as ~30 and ~16 ms, respectively. 

2. Experimental setup and device preparation 

Figure 1 shows the schematic diagram of the experimental setup in which a CO2 laser (Synrad 
FSVi30SAC) with a center wavelength of ~10.6 μm illuminates the VO2 film for bidirectional 
laser triggering in a two-terminal planar VO2-based device. The maximum output power of 
the laser was ~40.18 W, measured by an optical power meter (Ophir Nova II, 7Z02696). The 
output power of the laser whose pulse width is modulated with a fixed carrier frequency of 5 
kHz is adjusted by varying the duty ratio of periodical pulses, and the actual irradiation time is 
determined by a product of the duty ratio and the high-state duration of a TTL signal of the 
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function generator (Tektronix AFG3021C) fed into the laser controller via the external trigger 
port. To prevent the laser irradiation power from exceeding the film damage threshold, it was 
regulated to a power level of ~5.37 W by adjusting the duty ratio as 9%. Typical rising and 
falling times of the laser are ~29 and ~83 μs, respectively, when it operates at a repetition rate 
of 500 Hz and a duty ratio of 50%, resulting in a pulse width of 1 ms. The output beam of the 
laser is internally collimated by a built-in lens, and the 1/e2 beam diameter and the full-angle 
beam divergence are ~2.35 mm and ~7.0 mRad, respectively. The collimated beam 
propagates to a gold-coated line mirror (Thorlabs NB1-L01) at which its propagation path is 
changed when reflected. The damage threshold and reflectivity of the gold-coated line mirror 
are 4000 W/mm and > 99% at 10.6 μm, respectively. The reflected beam is introduced into a 
plano-convex lens (Thorlabs LA7660-F), used for beam focusing. The clear aperture and the 
effective focal length of the plano-convex lens for beam focusing are > 80% and ~75.0 mm at 
10.6 μm, respectively. The output power from the plano-convex lens was measured as ~4.77 
W. The focused beam from the plano-convex lens was launched into the film at normal 
incidence. The position of the VO2 device was precisely manipulated using an xyz translation 
stage for the surface spot diameter to be ~500 μm. The optical intensity at the film surface 
was evaluated as ~2429.3 W/cm2 at an incident optical power of ~4.77 W. 

 

Fig. 1. Experimental setup for bidirectional laser triggering in two-terminal planar VO2 device 
using CO2 laser. The inset at an upper right corner shows the optical microscope image of the 
fabricated VO2 device (L = 100 μm and W = 50 μm). 

VO2 thin films were grown on sapphire (Al2O3) substrates by a PLD method [20] for the 
fabrication of two-terminal planar devices. In order to decrease and increase the off-state 
current and the break-over voltage of the device, respectively, highly resistive VO2 thin films 
were prepared by the minute control of an oxygen atmosphere (32 mTorr) and a substrate 
temperature (650 °C). The average thickness of the grown films was measured as ~100 nm. 
Au/Ti electrodes were formed on isolated VO2 films, etched through ion beam-assisted 
milling technique, by a photolithographic method. Plane-view optical microscope images of 
fabricated devices are shown in the inset at an upper right corner of Fig. 1. The dimension of 
each device (L × W) was 100 × 50 μm2, where L and W were the electrode separation length 
and exposed film width, respectively. Micromanipulators with metal tips were used on a 
probe station for forming electrical contacts with the fabricated device. To begin with, the 
electroforming of the contacts was performed to form a conducting path at the interface 
between the Ti electrode and the VO2 film [21]. For the measurement of the transient 
responses of laser-triggered currents through the device, a test closed-loop circuit was 
constructed by combining a sourcemeter (Keithley 2410), a VO2 device, and a resistor with a 
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resistance of RE, as shown in Fig. 1. The VO2 device was connected in series with the 
sourcemeter and the resistor through metal tips. The sourcemeter was used as a voltage source 
for a DC bias VS, which was applied to the circuit branch composed of the device and the 
resistor. The current flowing through the device was observed by monitoring the voltage 
across the resistor with an oscilloscope (Tektronix TDS2022C). To measure the I-V properties 
of the devices, only the sourcemeter was employed instead of the oscilloscope and resistor. 

3. Results and discussion 

Figure 2 shows the I-V characteristics of the fabricated VO2 device, measured in a voltage-
controlled mode (V-mode) with the CO2 laser turned off and on, indicated as black circles and 
red triangles, respectively. As mentioned earlier, the laser illumination power was ~4.77 W 
when the laser was turned on. The compliance current was set as 20 mA to prevent excess 
current from flowing through the device. In case of the on state of the laser, the device 
resistance is reduced down to (~2.84 V)/(20 mA) = ~142 Ω because most insulating VO2 
grains change into the metallic ones through the photo-thermally induced PT. The left inset of 
Fig. 2 shows the current-controlled mode (I-mode) I-V property of the device, measured 
without laser excitation. When the applied current flowing through the device exceeds a lower 
threshold current ITL, measured as ~0.41 mA, the voltage across the device decreases from a 
higher threshold voltage VTH, measured as ~294.8 V, showing an NDR characteristic. When 
the applied voltage exceeds VTH (~294.8 V), the current flowing through the device abruptly 
jumps if measured in a V-mode, and the device resistance dramatically decreases. Thus, VTH 
becomes the break-over voltage of the device. Although the I-V behavior of the device could 
not be measured with respect to the applied current > 0.5 mA due to the device breakage 
(indicated as a black dot) caused by high threshold voltage (compliance voltage = 300 V), the 
I-V trace of the device is expected to be a red dotted line for the applied current > 0.5 mA, 
when considering typical NDR properties of VO2-based devices reported in many other 
works. The lower threshold voltage VTL can be inferred as ~8.0 V from the laser-regulated 
current switching experiment which will be explained later. The right inset of Fig. 2 shows a 
resistance versus temperature curve of the VO2-based device, and red circles and blue 
diamonds indicate heating and cooling curves, respectively. With the increase of temperature, 
the device resistance changes from ~1.92 MΩ at 25 °C to ~133.5 Ω at 90 °C. The curves show 
that the PT occurs around 69 °C with a resistance variation of ~1.44 × 104. The turn on 
resistance of the device obtained above (~142 Ω), higher than the device resistance at 90 °C, 
indicates that there still exist insulating phases due to the conducting path of the filament at a 
device current of 20 mA, which leads to a device resistance larger than that measured 
thermally. When the device current is further increased by increasing the current compliance, 
all portions of VO2 switch to the metallic phase by enough Joule heating [21,22]. 

If the VO2 device is excited by the laser, the field-induced PT can easily occur even at low 
VS due to the laser-induced drastic reduction of the device resistance. In case of the laser-
induced PT based on a 1.55 μm laser, photo-excitation initially increases carriers in the VO2 
film at lower illumination powers, but carrier generation is dominated by the thermally 
induced PT at higher illumination powers [23]. Here, the photo-thermal effect of the CO2 
laser purely drives the PT and increases carriers because its photon energy is much smaller 
than the bandgap of VO2 (~0.6 eV). The photo-thermally induced PT can be reversibly done 
by toggling the illumination laser unless the device temperature reaches a transition 
temperature of ~69 °C. For obtaining a high switching contrast through high off-state 
resistance, therefore, the device temperature should be maintained as low as room 
temperature, and the metal plate was attached to the backside of the device with thermally 
conductive adhesive for rapid heat dissipation. The energy per pulse (EPP), or the 
multiplication of the peak power and pulse width, and the repetition rate should be adequately 
balanced to achieve a high switching contrast, because the product of the EPP and the 
repetition rate determines the average power affecting the device temperature. Blue solid lines 
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shown in Fig. 2 show laser-regulated reversible current switching, i.e., the bidirectional 
current switching, which is measured at VS increasing from 4.2 to 10.0 V with the laser 
arbitrarily turned on or off six times per state. The above VS sweep was carried out for ~10 s, 
and the temporal interval between successive laser illuminations was > 0.5 s. In the VS range 
of 4.2−7.6 V, five bidirectional laser triggering operations were achieved, and only a current 
increase was observed at the sixth operation with VS > 8.0 V. It is found from these laser 
triggering operations that stable bidirectional current switching between 0 and 20 mA can be 
done by switching the laser on or off in the above VS range from 4.2 to 7.6 V, but the device 
current jumped by laser excitation does not return to its off-state level even after the turn off 
of the laser at VS > 8.0 V, that is, only unidirectional laser triggering is possible at VS > 8.0 V. 

 

Fig. 2. I-V characteristics of fabricated VO2 device, measured in V-mode with CO2 laser 
switched on (red triangles) or off (black circles). Blue solid lines show laser-regulated 
reversible current switching. The left inset shows the I-mode I-V property of the device, 
measured without laser excitation. A black dot indicates the device breakage point. The right 
inset shows a resistance versus temperature curve of the device. Red circles and blue diamonds 
indicate heating and cooling curves, respectively. 

In order to check the temperature increase caused by laser heating, the temperature 
variation at the laser spot was measured using a thermocouple in the first place when the CO2 
laser directly illuminated its sensor head with its surface beam diameter set as ~500 μm. The 
spot temperature was found to rise up to ~295.3 °C only 1 s after the 5 W illumination. The 
device temperature was also measured by attaching the sensor head of the thermocouple with 
silver paste to the surface of the device electrode adjacent to the laser irradiation point and 
was observed to increase by ~5.8 °C 1 s after the 5 W illumination. In our bidirectional laser 
triggering, the device temperature is not likely to significantly rise from room temperature and 
likely to find its equilibrium point less than the transition temperature of the fabricated VO2 
device, because the actual laser irradiation time is shorter than 1 s per pulse in transient 
response investigations for various pulse widths and repetition rates, which will be shown in 
Figs. 3 and 4. If the repetition rate increases over 3 Hz for 100 ms duration pulses, however, 
the device temperature is expected to gradually approach the transition temperature making 
off switching slow and ultimately impossible because the average power of the laser conveyed 
to the device is directly proportional to the repetition rate. In our laser-triggering experiments 
with a pulse width of 100 ms and a repetition rate < 3 Hz, although the device temperature is 
obviously lower than the transition temperature, VO2 thin film in the device can be 
instantaneously changed into a metallic state when stimulated by the laser as the VO2 active 
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area illuminated by the laser is as small as 100 × 50 μm2, smaller than the beam spot diameter, 
and high optical absorbance (> 80%) of a VO2/Al2O3 structure at 10.6 μm [24]. Due to high 
absorption of the VO2/Al2O3 structure, the laser energy is mostly converted to heat at the point 
at which absorption took place, and this converted heat energy facilitates the PT of VO2. 

 

Fig. 3. Transient responses of laser-triggered device, measured for various on-state pulse 
widths such as (a) 40, (b) 50, (c) 75, (d) 100, (e) 150, and (f) 200 ms at a repetition rate of 1 
Hz. The transient responses of the bidirectional laser triggering were examined in the circuit 
shown in Fig. 1 with RE = 100 Ω and VS = ~4.8 V, and the compliance current was set as 20 
mA. 

Figures 3(a)-3(f) show the transient responses of the laser-triggered device when the laser 
whose illumination power from the plano-convex lens is ~4.77 W is modulated at a fixed 
repetition rate of 1.0 Hz with on-state pulse widths of 40, 50, 75, 100, 150, and 200 ms, 
respectively. The transient responses of the bidirectional laser triggering were measured in the 
test circuit shown in Fig. 1 with RE = 100 Ω and VS = ~4.8 V, and the compliance current was 
set as 20 mA for all transient responses. As can be seen from Figs. 3(a)-3(c), the current 
switching operation is unstable and intermittent when the on-state pulse width is < 100 ms. 
On the contrary, stable switching operations are observed when it exceeds 100 ms, as shown 
in Figs. 3(d)-3(f). From these results on the dependence of the bidirectional laser triggering on 
the on-state pulse width, the minimum EPP to sufficiently provoke the photo-thermally 
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induced PT can be determined as ~12.1 mJ by considering an on-state pulse width of 100 ms 
and the peak power delivered to the VO2 film, which is calculated as ~121.4 mW from the 
product of the exposed film area (5 × 10−5 cm2) and the laser intensity (~2429.3 W/cm2). 
Although this result was drawn at a specific repetition rate (1 Hz), the same minimum EPP 
could be also obtained in slower repetition rates shown in Fig. 4 and especially in a single 
pulse. For EPPs less than the minimum EPP, the triggering operation is unstable and affected 
by ambient temperature, because the pulse energy is not enough to trigger the photo-thermally 
induced PT. If the spot size at the exposed film surface is further reduced by optimizing the 
beam focusing setup with additional lenses, the stable laser triggering operation is expected to 
be achieved for on-state pulse widths < 100 ms. 

In order to investigate the dependence of the bidirectional laser triggering on the repetition 
rate of the laser, the laser output power from the plano-convex lens and the pulse width were 
set as ~4.77 W and 100 ms for satisfying the minimum EPP, and repetition rates were chosen 
as six different frequencies. Figures 4(a)-4(f) show the transient responses of the laser-
triggered device, when the laser pulses with a 100 ms on-state pulse width are projected on 
the VO2 device at repetition rates of 0.1, 0.2, 0.5, 1.0, 2.0, and 3.0 Hz, respectively. The test 
circuit used in Fig. 3 was employed again for the measurement with RE and VS kept as 100 Ω 
and ~4.8 V, respectively, and the compliance current was also set as 20 mA. It is found from 
Fig. 4 that stable bidirectional laser triggering of up to 20 mA is realized for a variety of 
repetition rates. The limitation of the repetition rate was 3 Hz, and it was observed that the 
falling time increased with the repetition rate over 3 Hz and a unidirectional switching 
occurred at a repetition rate of 4 Hz. This is because the average power of the laser conveyed 
to the device, affecting the device temperature, is directly proportional to the repetition rate. 
The increase of the device temperature slows off-switching responses increasing the falling 
time and ultimately makes the bidirectional switching impossible. If the beam intensity is 
further increased by reducing the spot diameter, laser pulses with shorter durations are 
expected to be able to trigger the PT of VO2, and off-state durations without laser illumination 
become longer in a complementary manner, increasing the device cooling time. A prolonged 
device cooling time may increase the average power limit of the device and thus the repetition 
rate. The off-state current was measured as ~2.83 μA, and the maximum switching contrast 
was evaluated as ~7067. This switching contrast is 103 times higher than that obtained in our 
previous study [19], mainly attributed to a high room temperature absorbance of the VO2 film 
on the Al2O3 substrate and a very low off-state current that originates from the large electrode 
separation of the device and the high resistivity of insulating VO2 grains. The switching 
contrast obtained by the laser triggering is typically higher by more than 10 times compared 
with the voltage-induced triggering, because the device resistance change during the laser 
triggering nearly amounts to the resistance variation obtained during the structural PT [25]. 
But the voltage triggering is significantly superior to the laser triggering in the minimum 
triggering energy [25]. Regardless of the repetition rate, switching response times, i.e., rising 
and falling times, were measured as ~30 and ~16 ms, respectively, faster by more than 6 times 
the previous results [19]. Faster response times mainly come from the fast switching time of 
the modulated laser, relatively lower absorption of the metallic tetragonal VO2 film on the 
Al2O3 substrate at ~10.6 μm compared with that at ~1.5 μm, and rapid heat dissipation by the 
metal plate attached to the backside of the device. The RC time constant of the test circuit can 
be approximately estimated to be on the order of (100 Ω) × (100 pF) = 10 ns as the 
capacitance of the fabricated VO2 device is on the order of 100 pF [9,26]. Although this RC 
time constant does not seem to affect the response time of the laser triggering, which is on the 
order of 10 ms, the increase of the external series resistance can delay the triggering response. 
It was also confirmed from additional experiments that there was no observable difference in 
the time dynamics of the laser-triggered VO2 device for other external resistors with their 
resistance values < 100 Ω. Reliability tests were also performed for 24 hours for the 

#237214 - $15.00 USD Received 1 Apr 2015; revised 1 May 2015; accepted 14 May 2015; published 21 May 2015 
(C) 2015 OSA 1 Jun 2015 | Vol. 23, No. 11 | DOI:10.1364/OE.23.014234 | OPTICS EXPRESS 14241 



 
 

experiments in Fig. 4, and no noticeable variation was found in the transient responses of 
laser-triggered currents. 

 

Fig. 4. Transient responses of laser-triggered device, measured for various repetition rates such 
as (a) 0.1, (b) 0.2, (c) 0.5, (d) 1.0, (e) 2.0, and (f) 3.0 Hz at a fixed pulse width of 100 ms. The 
same test circuit used in Fig. 3 was utilized for the measurement of the transient responses, and 
the compliance current was also set as 20 mA. 

Considering the transmittance and the reflectance of VO2 films grown on Al2O3 substrates 
reported in [24, 27], it can be inferred that the room temperature absorbance of the VO2/Al2O3 
structure at 10.6 μm becomes more than at least 80%. But, after the structural PT, this 
absorbance is severely reduced down to ~14% at 85 °C and can be further decreased down to 
< 7% at 120 °C [27]. In the case of a 1.55 μm LD, it can be inferred from [12,27,28] that the 
absorbance at 1.55 μm is quite small (< 10%) before the structural PT and fairly increases up 
to the level of 30% after the structural PT. As the room temperature absorption of the 
VO2/Al2O3 structure is significantly higher at 10.6 μm compared with 1.55 μm, the use of a 
CO2 laser rather than a 1.55 μm LD in the laser triggering can generate more heat in the VO2 
film at the same optical power and thus facilitate the complete structural PT (into a tetragonal 
phase) and the utilization of full resistance variation during the PT, resulting in a considerably 
improved switching contrast that is more than 100 times that obtained by the 1.55 μm LD 
[19]. Actually, in the previous study based on the 1.55 μm LD [19], all portions of the VO2 
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film did not change into metallic tetragonal phases even at the maximum illumination power, 
as can be checked from nonlinear I-V curves shown in Fig. 2 of [19]. On the other hand, at 
high temperatures over the transition temperature of VO2 (68 °C), the 10.6 μm absorbance of 
the VO2/Al2O3 structure is relatively lower than the 1.55 μm absorbance as mentioned above. 
After the PT of the VO2 film is triggered by a CO2 laser, a low absorbance of < 10% is 
anticipated in the VO2/Al2O3 structure because the laser may instantaneously raise the spot 
temperature up to > 80 °C. This low absorbance at 10.6 μm prevents the subsequent heating 
of the VO2 film after the PT of the film is triggered, resulting in a faster falling time of the 
bidirectional laser triggering. 

It is worthwhile to investigate how much the laser elevates the device temperature and 
what the minimum power to trigger the PT or to sustain the triggered state is by considering 
the photo-thermal effect of the laser and the heat dissipation effect in the device. For thermal 
analysis, a simple device structure, comprised of a VO2 film on an Al2O3 substrate, two metal 
electrodes on both the film and the substrate, and a metal plate beneath the substrate, is 
considered. The heat generation and dissipative flow at the device structure can be classified 
into three stages: (1) The heat absorption of the VO2 film on the substrate from incident 
infrared laser light, (2) the Joule heat created by the current flowing through the VO2 channel 
after the PT of VO2, and (3) the thermal dissipation through the substrate, the two electrodes, 
the metal plate, and the VO2 film itself. At the first stage, the energy UVO2 delivered to the 
film during an interval Δt is given by UVO2 = PINΔtα(T) where PIN is the incident laser power, 
and α(T) is the temperature-dependent absorbance of VO2. Then, UVO2 is calculated as 
(~121.4 mW) × (100 ms) × (~0.8) = ~9.71 mJ, and it is assumed here that α(T) at room 
temperature is ~0.8 considering the transmittance and reflectance reported in [24,27,29]. At 
the second stage, the generated Joule heat, QIV, can be estimated by using electrical power PIV 
consumed by the device for 100 ms, a pulse width of the laser. In the case of the bidirectional 
laser triggering (Vs < 8 V), the Joule heat QIV generated in the VO2 film becomes (20 mA) × 
(~2.84 V) × (100 ms) = ~5.68 mJ, and this energy should be completely dissipated out of the 
film during 100 ms for the next triggering to happen. In the case of the unidirectional laser 
triggering (Vs > 8 V), after the device is laser-triggered, the device current remains as 20 mA, 
and the voltage across the device is fixed as ~8.0 V. The minimum power Pmin, determined by 
the higher threshold current (ITH) multiplied by ~8.0 V, is required to sustain the triggered 
state. If the dissipation power is less than (PIV – Pmin), i.e., (20 mA − ITH) × (~8.0 V), 
therefore, this unidirectional triggering can be maintained. That is, the dissipation energy QD 
for 100 ms should not be greater than (20 mA − ITH) × (~8.0 V) × (100 ms), which is 
evaluated as ~15.32 mJ if ITH is assumed as ~0.85 mA. As the final stage, heat generated in 
the VO2 film dissipates by conduction through the substrate, the metal plate attached to the 
substrate, two electrodes, and the film itself, which act as heat sinks. 

If ITH is assumed as ~0.85 mA in the following analysis, the actual heat dissipation energy 
QD from the device structure during 100 ms should be in the range from ~5.68 to ~15.32 mJ 
according to the above discussion on QD in both bidirectional and unidirectional triggering 
regions. If the residual heat energy QR, defined by subtracting QD from QIV, is smaller than 
the minimum energy for sustaining the triggered state, ITH × (~8.0 V) = ~0.68 mJ, the 
bidirectional triggering is allowed at VS < 8 V. At Vs > 8 V, the unidirectional triggering can 
be maintained if QR is larger than ~0.68 mJ. In the laser triggering, QR for a 100 ms laser 
pulse can be estimated as ~0.227 mJ considering a laser pulse with a duration of > 300 ms 
inducing the unidirectional triggering. In order to check if this residual heat energy can trigger 
the PT of VO2, a simple equation was adopted in [30] to calculate how much a CO2 laser 
elevates the surface temperature of the VO2 film. For a 100 ms laser pulse, the calculated 
surface temperature of the VO2 film was ~82.1 °C with the assumption of the room 
temperature of 25 °C, which was higher than the transition temperature of the VO2 device 
(~69 °C). Thermal constants of VO2 such as a thermal conductivity of 3.6 W/m/K, a specific 
heat of 0.48876 J/g/K, and a density of 4.571 g/cm3 were used in the calculation. The 
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dissipative heat energy QD can be also estimated by UVO2 – QR = ~9.483 mJ. This estimated 
dissipation energy belongs to the predicted energy region of the actual heat dissipation. 

Furthermore, the film thickness dependence of the device characteristics is well worth 
being considered. Typically, as the film thickness increases, the average grain size and 
resistance of the VO2 film increases and decreases, respectively. The VO2 grain size also 
influences directly on the amplitude and sharpness of the hysteresis curve in the thermally 
induced PT. With increasing grain size, which comes from thicker films, the density of grain 
boundaries and associated defects dwindle leading to stronger and sharper transition. On the 
contrary, the amplitude of the hysteresis curve decreases with decreasing film thickness [31], 
which may cause the reduction of the maximum on-state current and the switching contrast. 

4. Conclusion 

In summary, the bidirectional laser triggering was demonstrated in two-terminal planar 
devices based on highly resistive VO2 thin films by utilizing the CO2 laser centered at ~10.6 
μm as an optical stimulus and harnessing the photo-thermally induced PT in VO2. A bias 
voltage range for the stable operation of the bidirectional laser triggering was examined by 
incorporating the I-V properties of the VO2 device. The bidirectional current switching of up 
to 20 mA was realized with a switching contrast of ~7067 by switching on or off the laser 
illuminating the VO2 device biased at ~4.8 V. The switching contrast achieved here is 103 
times higher than that obtained in the previous study. Through the investigation of the 
transient responses of laser-triggered currents, the minimum EPP at which the photo-
thermally induced PT could be triggered was found to be ~12.1 mJ using laser pulses with a 
pulse width of 100 ms and a peak output power of ~4.77 W. With the laser pulse energy 
satisfying this minimum EPP, the bidirectional laser triggering was performed for a variety of 
repetition rates (0.1~3.0 Hz) with a fixed pulse width of 100 ms, and rising and falling times 
were measured as ~30 and ~16 ms, respectively. Large break-over voltages and high 
switching contrasts, implemented by the use of a CO2 laser, may support the development of 
advanced laser-triggered oxide PT devices in future power electronics and electrical systems. 
Furthermore, photo-thermal triggering study in graphene-VO2 films is anticipated to improve 
switching performances through the outstanding thermal characteristics of graphene [32]. 
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