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Abstract: By incorporating saturation-induced gain modulation of an
erbium-doped fiber amplifier (EDFA), we have demonstrated a high-speed
photo-assisted electrical gating with considerably enhanced switching
characteristics in a two-terminal device fabricated by using vanadium
dioxide thin film. The gating operation was performed by illuminating the
output light of the EDFA, whose transient gain was modulated by adjusting
the chopping frequency of the input light down to 1 kHz, onto the device.
In the proposed gating scheme, gated signals with a temporal duration of
~40 us were successively generated at a repetition rate of 1 kHz.
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1. Introduction

Up to the present, it has been found that a phase transition (PT) between insulating and
metallic states in vanadium dioxide (VO,) thin film, intensively being studied due to its
potential in high-speed optical devices [1,2], could be induced by temperature [3], pressure
[4], light [5,6], electric field [7] and so forth. In an electrical response, two-terminal electrical
devices based on VO, thin films (VO, device) show strong nonlinear current-voltage (I-V)
behaviors [7]; in other words, an abrupt current jump takes place at a specific threshold
voltage (Vr), and this current jump can be usefully applied to electrical switching devices like
thyristors [8] based on negative differential resistance characteristics [9,10]. Recently, it was
reported that Vr of the VO, device could be controlled by the intensity adjustment of the light
directly illuminated onto the VO, film of the device, i.e., the photo-assisted electrical gating
in the VO, device was embodied [5]. The optical gating scheme can be directly applied to the
light triggered thyristors [11,12] recently being adopted for many power stations, substations,
and power utilities for trains and automobiles [13]. In the previous study [5], however, the
optical switch, whose switching speed was ~1 ms, was employed for the modulation of the
cw input light, and the temporal duration of the optical switching pulse for the optical gating
could not be reduced to < 2 ms due to the limit of the switching speed of the optical switch. In
this paper, we have demonstrated a high-speed photo-assisted electrical gating in the VO,
devices by incorporating the saturation-induced gain modulation (SIGM) of an erbium-doped
fiber amplifier (EDFA), which was used only for the amplification of the illumination light in
[5], without an additional high-speed optical modulator. For the implementation of the high-
speed optical gating, a transient gain of the EDFA was modulated by adjusting the chopping
frequency of the input light down to 1 kHz, and overshoot-like short optical pulse peaks could
be generated in the amplifier output by the gain modulation. In the proposed gating system,
gated signals with a temporal duration of ~40 ps, which was reduced by > 50 times compared
with that obtained in [5], were successively generated at a repetition rate of 1 kHz.

2. Experimental setups

Figure 1 shows the schematic diagram of the experimental setup, composed of the infrared
light illumination and the electrical measurement sections, for implementing the high-speed
optical gating in the fabricated VO, devices. The cross-section and plane-view of the VO,
device are also shown. In the optical part, a 1550 nm laser output of a distributed feedback
laser diode (LD) goes into an optical chopper (OC) equipped with a U-shaped bracket, and
the modulated light from the OC enters an EDFA (Luxpert) to amplify its intensity. The OC
(Thorlabs MC2000) has a chopping frequency from 1 Hz to 6 kHz and a frequency drift < 20
ppm/°C. The bracket with a single-mode fiber pigtail at each end has a 0.51"" air gap and an
insertion loss < 2.5 dB. Through a 50:50 fiber coupler, the amplified output from the EDFA is
separated into two light components. One component is introduced into the fiber-pigtailed
focuser for conveying the light to the VO, film, and the other component into an optical
spectrum analyzer (Yokogawa AQ6370) for monitoring its output spectrum. The output beam
from the fiber focuser is launched into the film at 30° incidence. The location of the focuser,
whose spot diameter at beam waist and working distance to beam waist were designed as ~18
pm and ~10 mm, respectively, was precisely adjusted for the beam spot diameter to be ~300
um using an xyz translation stage. For electrical measurements using a parameter analyzer
(HP 4156C), the micromanipulator was employed for the minute position control of the metal
tip brought into contact with the electrodes of the VO, devices. The VO, films (thickness:
~100 nm) and devices were prepared by the same fabrication processes as those adopted in
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[5]. One different part in the devices was Ni/Au electrodes formed by the sputtering
technique [14]. In order to obtain the samples with optimal performance, a few hundreds of
VO, devices with various dimensions (L x W), where L and W were the electrode interval
and the film width, respectively, were fabricated, and the device with the dimension of 5 x 20
um’ was selected for the experiment.

Infrared light illumination section Plane-view

50:50 Fiber
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Fig. 1. Experimental setup for high-speed photo-assisted electrical gating.

3. Experimental results and discussions
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Fig. 2. (a) I-V properties of the VO, device when the infrared light with various intensities is
illuminated and (b) optical spectra of the illumination light at various intensities.

Figure 2(a) shows I-V characteristics of the fabricated VO, device in a voltage-controlled
mode when an infrared light with various intensities, which is provided by amplifying the LD
output through the EDFA, is illuminated onto the device without the OC. For preventing high
current flow, the electrical current flowing through the device was limited to 2 mA. Without
illumination (-inf dBm), an abrupt current jump is observed at a specific V1 of ~5.0 V. As the
light intensity increases, Vr decreases and moves toward 0 V. At the light intensity of 16.0
dBm, some peculiar phenomenon is observed that the abrupt current jump gradually
disappears. This percolative singularity that happens between both intensities of 15.5 and
16.5 dBm results from the inhomogeneity that the metallic phase (low resistance state of ~a
few Q) changed from the insulating phase (high resistance state of ~a few kQ) due to the
photo-induced PT coexists with the insulating one within the same film [15]. At more than
16.5 dBm, the metallic phase seems to dominate in the film compared with the insulating one,
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and the device conductivity continuously increases with the light intensity. Until the metallic
phase dominates in the film due to strong illumination > 15.5 dBm, V7 can be fully tuned, and
the tuning displacement can reach ~3.5 V with respect to the optical intensity variation of
15.5 dBm (~35.5 mW) resulting in a tuning sensitivity of ~98.6 V/W. Figure 2(b) shows the
optical spectra of the illumination light at various intensities (0 ~17 dBm), measured by the
optical spectrum analyzer with the resolution bandwidth of 0.05 nm. The center wavelength
and signal to amplified spontaneous emission ratio of the illumination light were measured as
~1550 nm and > 50 dB, respectively. The optical density of the light beam projected onto the
film was ~14.1 W/cm® at the input intensity of 10 mW.
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Fig. 3. (a) Photodetector output of the infrared light whose intensity is modulated at 1 kHz
using an external OC and (b) transient variation of the light intensity of the EDFA output when
the light signal whose intensity is modulated at 1 kHz is amplified by the EDFA.

Before we describe the implementation of a high-speed optical gating, let us investigate
the SIGM of the EDFA that can be obtained when the LD output modulated by an external
OC enters the EDFA. For clear comparison, the modulated light signal that is not affected by
the gain modulation of the amplifier is considered first. Figure 3(a) shows the photodetector
(PD) response of the LD output light whose intensity is modulated at 1 kHz through the
external OC when the output intensity of the LD is 0 dBm. In order to keep the input
threshold of the PD, an optical attenuator (OA) was utilized in front of the PD. The
attenuation values of the OA were 23, 24, and 25 dB, and the insertion losses of the OC and
OA were ~2.5 and ~1.5 dB, respectively. As shown in the figure, a square-shaped voltage
waveform switching between a ground voltage and a peak voltage was generated at 1 kHz. At
25, 24, and 23 dB attenuation of the OA, peak voltages of ~0.160, ~0.215, and ~0.274 V were
obtained in the PD output, respectively. Based on the measurement results, the conversion
gain of the PD was calculated as ~1.442 x 10> V/W at 1550 nm. Figure 3(b) shows the
transient variation of the amplified light intensity when the modulated light shown in Fig.
3(a) is amplified by the EDFA. The output intensity of the LD was also fixed as 0 dBm at
1550 nm, and the attenuation of the OA was 43 dB. The amplifier output was set as ~15.4
dBm at 0 dBm input. As observed from the figure, the leading and trailing edges of the output
pulses exhibit sharp overshoots, and these overshoots result from the SIGM of the EDFA that
is an effect of the reduction in population inversion or carrier density in the amplifier [16,17].

The generation of these overshoots can be understood from the gain characteristics that
the saturated gain of the amplifier is reduced with the increase of the input signal power. The
leading edge of the optical pulse with a peak intensity of 0 dBm initially undergoes the
unsaturated high gain of the EDFA, and then the amplifier gain decreases toward the
saturated low gain with a specific time constant due to the gain saturation. At the pulse
trailing edge, the saturated gain gradually recovers the initial unsaturated gain because the
input intensity becomes very small. This gain dynamics of the EDFA is mediated by a time
constant > tens of ps and is generally useful for suppressing the crosstalk caused by high-
frequency variations in the population inversion of the EDFA at high bit rates > 1 Gb/s. From
the viewpoint of a pulse compression, however, the overshoots with short temporal durations
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in the output pulses can be usefully applied to the high-speed optical gating. In these
overshoots shown in Fig. 3(b), the temporal width at the saturated power level (~0.2 V) and
the rising time were measured as < 70 ps and 20 ps, respectively. By using the conversion
gain obtained in Fig. 3(a), the optical powers conveyed to the device are estimated as ~17.2
and ~14.4 dBm at the peak and the saturated region of the pulse (indicated as A and B),
respectively, resulting in the gain modulation of 2.8 dB at the chopping frequency of 1 kHz.
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Fig. 4. (a) Electrical circuit for generating gated signals with short temporal duration based on
the SIGM of the EDFA. (b) High-speed optical gating operation in the VO, device when the
amplified output of the infrared light modulated at 1 kHz by the OC is shed on the VO, film
with various attenuation values of the OA. Inset shows the I-V property of the VO, device
(dimension: 10 x 50 um?) measured with the compliance current of 100 mA.

In order to implement the high-speed optical gating in the VO, devices, an electrical
circuit shown in Fig. 4 (a) was constructed by using a standard resistor (Rs) connected in
series with the VO, device and a DC voltage source (Vs). The configuration of the infrared
light illumination section is the same as that of the blue dotted box in Fig. 1. When Vg is set
as < Vr, the device remains in its high resistance state. If Vi goes below Vg due to the
illumination of the infrared light [S], however, it changes into its low resistance state. Figure
4(b) shows the transient electrical responses of the current flowing through the device ()
when an amplified output of the infrared light modulated at 1 kHz by the OC is shed on the
VO, film with Vg and R fixed as 1.5 V and 1.5 kQ, respectively. The output intensity of the
LD was maintained as 0 dBm at 1550 nm, and the EDFA was arranged for resulting output
intensity to be ~17.4 dBm. The attenuation of the OA was adjusted within 2 dB for varying
the intensity of the light shone on the VO, device. At the attenuation value of 1.8 dB in the
OA, as shown in plot I of Fig. 4(b), the gating operation does not seem to be initiated yet, and
the current I flows at a shallow level designated as the dark current level (Ip), determined by
Rs and the device resistance before the transition (Ry >> Rs). At a fixed Vs, Ry and thereby I
depend mainly on the intensity of the illumination light. When the attenuation decreases to
1.6 dB (plot II), the gating operation starts, and the gated current signals whose temporal
contents are < 40 pus emerge with signal amplitude (indicated as Isa in plot III) of ~0.10 mA.
At the attenuation values of 1.4 and 1.2 dB, the gated current signals with temporal widths
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comparable to those in plot II are observed in plots III and IV with I5, of ~0.30 and ~0.50
mA, respectively (Ip = ~0.21 mA). At the attenuation < 1.0 dB (plots V and VI), Is, of the
gated signal is nearly saturated to ~0.55 mA, and the following floor signals indicated as FF,
which are unwanted signals broadening the entire pulse width of the gated signals, grow from
Ip (~0.22 and 0.25 mA, respectively). These unwanted signals abruptly increase to ~0.35 mA
at the attenuation of 0.8 dB due to the transition of the device.

If we consider the transient intensity variation of the illumination light due to the SIGM
shown in Fig. 3(b), the intensity of the light illuminated onto the device at the attenuation of
1.0 dB can be estimated as ~18.2 and ~15.4 dBm at the peak and the saturated region of the
optical pulse corresponding to the gated signal and the FF signal, respectively. Similarly, in
other subplots of Fig. 4(b), these light intensities carried to the device can be also obtained by
associating them with the attenuation values specified in each plot, e.g., at the attenuation of
0.8 dB, ~18.4 and ~15.6 dBm at regions of the gated and the FF signals, respectively. From
this intensity information, it is concluded that the transition of the device is triggered at
regions of the gated and the FF signals at > 17.5 and 15.5 dBm, respectively. From I-V
characteristics obtained with cw infrared light in Fig. 2(a), the device transition in the region
of the FF signals at > 15.5 dBm is intuitively anticipated because Vg is set as 1.5 V and V¢
becomes < 1.5 V over 15.5 dBm. Additional power of 2 dB necessary for triggering the
transition in the region of the gated signals is attributed to relatively short temporal duration
compared with that of the FF signals, resulting in an insufficient photo-induced excitation. In
each subplot, the rising time of the gated signal was measured as < 10 ps, which was shorter
than that of the illuminating optical pulses (~20 ps) because the gated signal was generated
over the threshold optical intensity triggering the transition. The falling time was dependent
on the attenuation value of the OA, i.e., the light intensity transferred to the device and was 2
or 3 times longer than the rising one, which could be affected by the light-induced heat.
Compared with the switching speed including the rising and falling times in [5], that of the
proposed scheme is much faster by > 50 times. In addition to the switching time of the optical
pulse, the gating speed is restricted by a RC time constant (~0.15 ps) of the circuit in Fig.
4(a), which can limit the maximum gating speed. In particular, the temporal width of the
gated signal was independent of the chopping frequency, implying that the repetition rate can
be increased up to the maximum chopping frequency to embody the SIGM. Moreover,
electrical current as high as 100 mA can flow through the VO, channel of the junction device
with the dimension adjustment (10 x 50 umz), as shown in inset of Fig. 4(b).

4. Conclusion

In conclusion, we have investigated the enhanced photo-assisted electrical gating operation in
the VO, devices by incorporating the SIGM of the EDFA. The transient gain of the amplifier
was modulated by adjusting the chopping frequency of the input light down to 1 kHz. In the
proposed gating system, the gated signals with the temporal duration of ~40 ps were
successively generated at a repetition rate of 1 kHz.
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