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ABSTRACT: Stable electrical modulation of plasmonic nano-
lasers is achieved on a hybrid graphene−insulator−metal
(GIM) platform at room temperature. To support surface
plasmon polariton (SPP) resonance, a zinc oxide (ZnO)
nanowire is placed on the GIM platform to create a plasmonic
cavity with a compact mode volume of 2.6 × 10−2 λ3, and the
graphene layer is used as a transparent electrode for electrical
modulation. When a gate voltage is applied, the surface electron
density of Al varied, which results in the shifting of its plasma
frequency and thus affects its SPP dispersion. In particular, this
variation strongly changes the internal loss of the SPP mode;
thus, the lasing thresholds of the ZnO nanowire plasmonic
nanolasers on the GIM platform can be modulated by the gate
voltage. This study demonstrates the gate voltage modulation of ZnO nanowire plasmonic nanolasers on a GIM platform at
room temperature. These nanolasers can exhibit ultrahigh modulation speed on the order of terahertz. Accordingly, plasmonic
nanolasers with gate voltage modulation have high potential for plasmonic circuit applications with high operation speed and
versatility.
KEYWORDS: graphene, nanolaser, electrical gating, high-speed modulation, surface plasmon polariton

INTRODUCTION
The demand for nanoscale optoelectronics has increased
dramatically in recent years. Suitable nanoscale optical devices
are required for achieving improved functionality and reduced
power consumption in several cutting-edge applications such
as photonic integrated circuits (PICs) and quantum
communications.1−4 However, the optical diffraction limit
restricts the development of nanoscale optical devices. A
promising method for breaking the optical diffraction limit is
the use of surface plasmons (SPs).5−7 SPs are localized
electromagnetic fields induced by the collective oscillation of
surface electrons, and they are formed at the interface between
a dielectric and a metal.5−7 When SPs couple with incident
photons, quasiparticles called surface plasmon polaritons
(SPPs) are formed on the metal surface.6 These quasiparticles
can be confined with an ultrasmall mode volume and thus high
potential for use in nanoscale optical devices. SPPs have been
applied in many devices, including plasmonic photodetec-
tors,8,9 surface plasmon resonance sensors,10,11 nanoscale
optical tweezers,12,13 and nanolasers.14−16 For plasmonic
nanolasers, SPPs provide an ultracompact laser cavity, and
their small mode volume and high group index lead to a strong
Purcell effect.17−19 A strong Purcell effect can enhance light−

matter interactions, engender a laser cavity with a low lasing
threshold, and afford a high operation speed.17 With these
powerful capabilities, some groups have even proposed the
plasmonic laser that can be electrically driven at room
temperature.20 Furthermore, strong light−matter interactions
cause a plasmonic nanolaser to be sensitive to variations in the
characteristics of the laser cavity, which implies that the lasing
signal can be modulated by tuning the cavity geometry or
material. The modulation of plasmonic nanolasers has been
realized through many approaches, such as hot-electron
transfer,21 spectral engineering of gain materials,22 and
Lorentzian reciprocity disruption.23 Therefore, plasmonic
nanolasers have potential for improving the performance of
conventional PICs and architecting on-chip plasmonic circuits,
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which are crucial for the development of nanoscale optical
devices.
In order to construct an actively modulated plasmonic

nanolaser, single-layer graphene (SLG) can be a perfect
component that has suitable interactions with SPPs owing to
its one-atom thickness. Because of the massless Dirac fermions
produced in graphene through Dirac cone dispersion at K
valleys, graphene has ultrahigh electron mobility and can be
used as a transparent electrode to support electrical

injection.24−26 Graphene also has high mechanical strength
and thermal conductivity,27−29 which allow it to be used in
many manufacturing processes and room-temperature oper-
ations. Moreover, graphene is a promising candidate for
realizing SPP modulation. Kim et al. demonstrated the
electrically controlled plasmon resonance of gold nanorods in
a hybrid graphene−nanorod structure.30 They achieved SPP
modulation through top electrolyte gating. When a gate voltage
was applied, the Fermi level of graphene shifted, thus switching

Figure 1. Schematics and lasing characteristics of the ZnO nanowire plasmonic nanolasers on a GIM platform. (a) Schematics of the gate
modulation of the nanolaser (the inset shows the cross section of the laser). The voltage drop is applied between the source/drain connected
to the graphene layer and the gate electrodes. (b) Optical microscopy image of the GIM structure. (c) Scanning electron microscopy image
of the ZnO nanowire. (d) L−L curves and (e) power-dependent PL spectra of a ZnO nanowire plasmonic nanolaser with a 7 nm thick Al2O3
layer. (f) L−L curves and (g) power-dependent PL spectra of a ZnO nanowire plasmonic nanolaser with a 15 nm thick Al2O3 layer. The
insets of (d) and (f) depict the corresponding near-field images, and the insets of (e) and (g) depict the corresponding far-field polarization.
The black arrows in the insets indicate the orientation of the ZnO nanowire.
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on or off its interband transition. According to the Kubo
formula, variations in the interband transition strongly affect
the dielectric functions of graphene and thus affect the
resonant frequency and quality factor of gold plasmons in the
hybrid graphene−nanorod structure. A similar electrical
modulation has been demonstrated in a photonic crystal
defect laser and band-edge laser.31,32 However, in the visible or
ultraviolet (UV) region, the Kubo formula becomes invalid
because a strong excitonic effect occurs near the saddle-point
singularity at the M point, and the gate-induced Fermi-level
shift of graphene does not cause a large variation in the
dielectric function. Accordingly, our previous study proposed a
hybrid graphene−insulator−metal (GIM) platform for realiz-
ing SPP modulation at 373 nm.33 The combination of
graphene with a metal prompted graphene to exhibit p- or n-
type doping because of the difference in work function
between graphene and the metal. The difference in work
function influenced the surface carrier density of the metal and
shifted its plasma frequency; thus, the internal loss of the SPP
mode changed. The aforementioned study indicated that the
lasing threshold of a zinc oxide (ZnO) nanowire plasmonic
nanolaser could be reduced by 50% when SLG was combined
with an Al template and separated by a 7 nm thick Al2O3 layer.
In another study, we used the GIM platform to realize the
current modulation of a ZnO nanowire plasmonic nanolaser at
77 K by inducing a Doppler shift and breaking the Lorentzian
reciprocity.23 Moreover, we have realized room-temperature
current modulation in 2021.34 Although the electrical
modulation of plasmonic nanolasers has been achieved at
room temperature, severe current-induced thermal accumu-
lation occurs during this modulation, and the nanowire must
be carefully aligned with the current direction, which can affect
the modulation performance and increase the fabrication
complexity.
The present study demonstrated the active modulation of

ZnO nanowire plasmonic nanolasers on a GIM platform by
applying a gate voltage. Achieving modulation through
electrical gating entails generating an electric field in the gate
oxide and then inducing charge concentration in graphene and
the metal. Therefore, when a gate voltage is applied, the carrier
density of graphene changes, which leads to a shift in its Fermi
level. Subsequently, graphene would exhibit p- or n-type
doping depending on whether the shifted Fermi level crosses
the Dirac point. The Fermi level of graphene on the GIM
platform deviates from the Dirac point even in the absence of a
gate voltage because of the difference in the work functions of
graphene and the metal.33 The variation in the carrier density
of graphene can be examined through Raman scattering
analysis.35 The positions of the G and 2D peaks in the Raman
spectra of graphene are sensitive to changes in the charge
concentration. The shifts of these two peaks can determine the
doping or charge concentration characteristic of graphene.
Therefore, in the present study, Raman scattering analysis was
performed to determine the gate-induced doping dependence
of graphene on the GIM platform. This information can be
used to determine the variation in the surface carrier density of
the metal, which is correlated with the Fermi-level shift of
graphene. Furthermore, gate-voltage-induced variations in the
surface carrier density of the metal could cause a shift in the
plasma frequency of the metal and significantly affect the
internal loss of the SPP mode. With this feature, the gate
modulation of a ZnO nanowire plasmonic nanolaser can be
achieved. The application of a gate voltage can considerably

reduce the thermal accumulation observed in current
modulation23 and thus improve the modulation performance
and enable stable room-temperature operation. Gate voltage
application is a promising method for the integration of a light
source and an optical modulator, which can facilitate the
development of plasmonic circuits and increase the degrees of
freedom in optical system design.

RESULTS AND DISCUSSION
Figure 1a illustrates a schematic of the gate-modulated ZnO
nanowire plasmonic nanolaser on the GIM platform. To
construct the back-gate configuration shown in Figure 1a, a
single-crystalline Al film was grown using molecular-beam
epitaxy and then etched through deep UV lithography and a
wet-etching process to form an Al strip on a sapphire substrate.
The flatness of the prepared Al film prevented surface
scattering in the SPP mode.36 An atomic force microscopy
(AFM) image of the Al strip on the sapphire substrate is
depicted in Figure s1c in the Supporting Information, and the
root-mean-square (RMS) roughness of the Al strip was
measured to be 0.754 nm. Plasma-enhanced chemical vapor
deposition was conducted to grow a 300 nm thick SiO2 layer
on both sides of the Al strip to support the deposition of
electrodes. To ensure the insulation of the gate oxide, atomic
layer deposition was performed to grow an Al2O3 layer, and
SLG was then transferred to construct the GIM platform. An
AFM image of the configuration obtained after the transfer of
graphene is illustrated in Figure s1d, and the RMS roughness
of this configuration was 1.16 nm. Finally, a ZnO nanowire was
placed on the GIM platform to form a plasmonic cavity, and
electrodes were deposited on the source, drain, and gate of the
platform for electrical modulation control. The right inset of
Figure 1a depicts the cross section of the ZnO nanowire
plasmonic nanolaser. When a gate voltage was applied, the
charge concentrations in graphene and Al varied with the
thickness of the Al2O3 layer, which determined the capacitance
of the GIM structure. Accordingly, to explore the electrical
gating effect, two samples with different Al2O3 layer
thicknesses (i.e., 7 and 15 nm) were prepared. The electrical
properties of these samples for different electrode lengths are
shown in Figure s1b. Figure 1b illustrates the optical
microscopy image of the GIM platform; in this figure, the
left and right electrodes are the source and drain, respectively,
and the distance between these electrodes was 45 μm. A
scanning electron microscopy image of the prepared ZnO
nanowire is displayed in Figure 1c. The side length and wire
length were approximately 45 nm and 1.5 μm, respectively.
Moreover, a 355 nm pulse laser with a repetition rate of 1 kHz
and a pulse duration of 0.5 ns was used to pump the ZnO
nanowire plasmonic nanolasers at room temperature. The
corresponding light-in versus light-out (L−L) curves and
power-dependent photoluminescence (PL) spectra obtained in
the absence of a gate voltage are illustrated in Figure 1d−g.
Measurement results obtained using the 7 nm thick Al2O3 layer
are presented in Figure 1d,e, and those obtained using the 15
nm thick Al2O3 layer are presented in Figure 1f,g. According to
the L−L curves, the lasing threshold of the ZnO nanowire
plasmonic nanolaser with the 7 nm thick Al2O3 layer was lower
than that of the ZnO nanowire plasmonic nanolaser with the
15 nm thick Al2O3 layer. This result was observed because the
nanolaser with the 7 nm thick Al2O3 layer had a stronger
plasmon-enhanced Purcell effect than did the nanolaser with
the 15 nm thick Al2O3 layer,16 and the lasing line width was
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approximately 0.5 nm for both lasers. As indicated in the insets
in the power-dependent PL spectra, the far-field polarization of
these lasers was parallel to the orientations of their ZnO
nanowires, which corresponds to the transverse magnetic
polarization and meets the characteristic of the fundamental
SPP mode.16

Before examining the gate modulation of the ZnO nanowire
plasmonic nanolasers, this study investigated the Fermi-level
shift of graphene by measuring its Raman scattering. Figure 2a
displays the Raman spectrum of the SLG on the GIM platform.
This spectrum contained two notable peaks. The peak located
at the lower Raman shift was ascribed to the G peak, and the
other peak was ascribed to the 2D peak. Moreover, the
aforementioned spectrum did not contain a D peak, indicating

that the prepared graphene had perfect zigzag edges, which
suggested that the graphene had high quality and was nearly
free of defects.37,38 When a gate voltage was applied to the
GIM platform, the G and 2D peaks began to shift, as illustrated
in Figure 2b. Notably, when the gate voltage increased from
negative to positive gate bias, the 2D peak always exhibited a
blue shift; however, the G peak initially exhibited a red shift
and then exhibited a blue shift at gate voltages higher than −10
V. This difference originated from the change in the charge
concentration in graphene. The blue shift of the 2D peak was
engendered by the decrease in the electron concentration and
the increase in the hole concentration, and the shift of the G
peak was engendered by the deviation of the Fermi level from
the Dirac point.35 Therefore, the blue shift of the 2D peak

Figure 2. Variations in the Raman scattering of graphene and the SPP characteristics with the gate voltage (VG). (a) Raman spectrum of
graphene in the absence of a gate voltage. (b) Shifts in the G and 2D peaks of graphene with VG, where the red and blue regions represent
the n- and p-type doping of graphene, respectively. (c) Variations in the charge concentration in graphene and the metal with VG, where
VDirac is the voltage corresponding to the Dirac point. (d) Real part of the permittivity spectra of Al covered with a 7 nm thick Al2O3 layer
and graphene under different VG. (e) Dispersion curves for the SPP mode under different VG. The inset of (e) illustrates the electric field
distribution of the SPP mode when a gate voltage was not applied.
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when the gate voltage was increased from −30 to 30 V implied
that the p-type doping of graphene increased with the gate
voltage. Moreover, the lowest Raman shift of the G peak
indicated that the Fermi level of graphene was located at the
Dirac point, and the shift of the G peak changed with the gate
voltage because the Fermi level crossed the Dirac point. Figure
2c displays the variations in the charge concentrations in
graphene and the metal with the gate voltage. In this figure,
VDirac is the gate voltage (VG) corresponding to the Dirac
point. When VG was gradually increased to VDirac, as indicated
in the red region in Figure 2b, the electron concentration

decreased, which resulted in the Fermi level of graphene
approximating the Dirac point. Therefore, a blue shift occurred
in the 2D peak but a red shift occurred in the G peak. In the
aforementioned region, graphene still exhibited n-type doping,
which weakened as VG increased. Based on the capacitor
discharge effect, the gate-induced n-type doping of graphene
led to a reduction in the surface electron density of Al, which
caused the plasma frequency of Al to be lower than that at
thermal equilibrium. When VG reached VDirac, the Fermi level
of graphene was located at the Dirac point; thus, the G peak
exhibited the lowest Raman shift. Graphene also exhibited

Figure 3. Gate voltage modulation of nanolasers on a GIM platform. (a) Lasing peak intensities of nanolasers with 7 nm thick layer and 15
nm thick Al2O3 layers as a function of VG. The pumping power was fixed right above the threshold when the gate voltage is 10 V. (b) Gate-
voltage-dependent PL spectra of the nanolaser with the 7 nm thick Al2O3 layer at a pumping power right above the threshold when the gate
voltage is 10 V. (c) L−L curves and (d) corresponding threshold power of the nanolaser with the 15 nm thick Al2O3 layer under different VG.
(e) L−L curves and (f) corresponding threshold power of the nanolaser with the 7 nm thick Al2O3 layer under different VG. The black dots
in (d) and (f) indicate the measured threshold power under different VG. The red bars in (d) and (f) indicate the simulated transparency
threshold gain (gtr) of the SPP mode.
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charge neutrality; thus, no changes occurred in the surface
electron density or plasma frequency of Al. At gate voltages
higher than VDirac, as indicated in the blue region in Figure 2b,
an increase in the hole concentration resulted in the blue shifts
of the 2D and G peaks because the Fermi level gradually
moved away from the Dirac point. Consequently, graphene
exhibited p-type doping, and electrons accumulated on the Al
surface because of the gate-induced electric field in the gate
oxide, which increased the surface electron density and
changed the plasma frequency. Notably, without VG, graphene
still exhibited p-type doping (Figure 2b) because of the work
function difference between graphene and Al. This result is in
agreement with the finding of a previous study.33

To examine the effect of the gate voltage on the SPP mode,
the gate-induced variation in the electron density of graphene
was determined using the following equation:35,39

=n C V V e( )/ox Dirac G (1)

where n is the surface electron density, and C0 is the
capacitance of the gate oxide, which can be calculated by the
ratio of the permittivity and thickness of the gate oxide. VDirac
(−10 V in Figure 2b) can be determined by measuring the
Raman scattering of graphene. Based on the electrical gating
effect, the change in the surface electron density of Al can be
estimated using −Δn. Moreover, in the absence of a gate
voltage, the p-type doping of graphene on the GIM platform
increased the surface electron density of Al by 1.7 times.33

Accordingly, the gate-induced variation in the plasma

frequency can be derived using the Drude−Lorentz model,
and a fine-element method can be used to estimate the shift in
the SPP dispersion. Figure 2d illustrates the real part of the
permittivity spectrum of Al under increasing VG. When VG was
increased from −15 to 15 V, the real part of the permittivity of
Al decreased, which resulted from the plasma frequency of Al
changing by approximately 0.806−1.658 times its initial value.
By substituting the gate-controlled permittivity of Al into the
simulation model, the gate modulated characteristics of the
SPP mode can be calculated. Figure 2e presents the SPP
dispersion of the ZnO nanowire plasmonic nanolasers under
increasing VG, and the inset shows the electric field distribution
of the SPP mode, whose electric field is primarily localized in
the gate oxide. Note that a Lorentzian gain was considered in
the dielectric function of the ZnO nanowire, and the mode
volume of the nanolaser with the 7 nm thick Al2O3 layer was
estimated to be only 2.6 × 10−2 λ3. As VG increased, the plasma
frequency of Al increased and caused the resonant frequency of
the SPP mode to move away from the PL range of the ZnO
nanowire, which weakened the SPP resonance and led to a
considerable reduction in the SPP momentum. The local-
ization of the SPP mode also decreased as VG increased,
indicating that the electric field gradually shifted away from the
metal surface; thus, the internal loss decreased. These results
indicate that the threshold gain of the ZnO nanowire
plasmonic nanolasers was modulated by the gate voltage, and
the higher the applied gate voltage was, the lower the lasing
threshold became.

Figure 4. Repeatability measurements and dynamics of a ZnO nanowire plasmonic nanolaser with a 7 nm thick Al2O3 layer. (a) Spectra and
(b) corresponding peak intensities obtained in the repeatability test over five periods, where VG was 6 and 0 V in the on-state and off-state,
respectively, and the switching period was 1 s. (c) Turn-on behavior of the nanolaser under different VG; time t = 0 represents the time when
the operation of the pumping laser was started. (d) Small-signal frequency response of the nanolaser under different pumping power
densities.
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Figure 3a displays the gate-modulated peak intensity of the
ZnO nanowire plasmonic nanolasers with the 7 nm thick Al2O3
layer and 15 nm thick Al2O3 layer on the GIM platform. The
pumping power was fixed at right above the threshold when
the gate voltage is 10 V. When a gate voltage was applied, the
peak intensities of both nanolasers were clearly attenuated; the
intensity variation was higher for the laser with the 7 nm thick
Al2O3 layer than for that with the 15 nm thick Al2O3 layer.
This difference originated from the capacitances of the
aforementioned lasers. Based on eq 1, the laser with the
thinner gate oxide had a larger capacitance, which led to a
more significant change in the surface electron density. Figure
3b illustrates gate-voltage-dependent PL spectra of the
nanolaser with the 7 nm thick Al2O3 layer at a fixed pumping
power right above the threshold when the gate voltage is 10 V.
A notable peak was observed in the spectra at 10 V, and the PL
intensity gradually decreased with VG. To quantify this gate-
induced PL attenuation, L−L curves were measured for
different VG, and the threshold power was extracted. For the
nanolaser with the 7 nm thick Al2O3 layer, even a small gate
voltage induced a large variation in the threshold power, as
shown in Figure 3e,f. The threshold power of this laser
increased from 275 to 1780 μW (nearly a 6.5-fold increase) as
VG decreased from 6 to −6 V. This increase in the threshold
power indicates that the aforementioned laser has excellent
modulation performance and is suitable for practical
application. By contrast, the threshold power of the nanolaser
with the 15 nm thick Al2O3 layer increased by only
approximately 3.1-fold as VG decreased from 12 to −12 V.
To compare the gate-modulated threshold power of the two
nanolasers, the transparency threshold gain (gtr) was calculated
by dividing the internal loss by the waveguide confinement
factor (red bars in Figure 3d,f). In the plasmonic cavities of
these nanolasers, the modal loss was dominated by the internal
loss because the cavity was sufficiently long for neglecting the
mirror loss. In our calculation, the gtr of the nanolaser with a 15
nm thick Al2O3 layer increases around 3.6-fold from +12 V to
−12 V, and that with a 7 nm thick Al2O3 layer increases around
6.3-fold from +6 V to −6 V. These results exhibited good fits
with the measurement results, becoming pivotal evidence for
proving the modulation mechanism. These results suggest that
the gate modulation of the ZnO nanowire plasmonic
nanolasers was realized on the GIM platform. The excellent
modulation performance of these lasers indicates the robust-
ness of the modulation mechanism and the potential for
integrating these lasers with optical modulators.
To test the reliability of the gate modulation, repeatability

measurements were performed using the ZnO nanowire
plasmonic nanolaser with the 7 nm thick Al2O3 layer on the
GIM platform. Figure 4a presents the PL spectra modulated by
switching VG between 6 and 0 V. At 6 V, a lasing peak was
noted in the PL spectrum when the pumping power was set to
1.5 times the threshold power when the gate voltage is 6 V. As
soon as VG was turned off, the lasing peak disappeared.
Subsequently, continue to turn on VG at +6 V, and the lasing
peak recovered. The variations in the peak intensity of this
laser after testing for five periods are illustrated in Figure 4b,
where each period contained an on-state and off-state, and the
switching period was 1 s. Notably, the lasing peak was always
recovered in each on-state and nearly disappeared in the off-
state. In the on-state, a positive gate bias caused surface
electrons to accumulate at the metal surface, which increased
the plasma frequency of the metal and decreased the internal

loss of the SPP mode. Consequently, at a fixed pumping
power, the lasing signal could be dynamically modulated by
switching on and switching off VG. Results similar to the
aforementioned ones were obtained for the nanolaser with the
15 nm thick Al2O3 layer (Figure s3). However, after a few
periods, a decay in the peak intensity still occurred because of
the thermal accumulation that was possibly caused by the
leakage current. This phenomenon is not evident in Figure s3
because of the relatively strong insulating capability of the 15
nm thick Al2O3 layer.
The turn-on behavior and small-signal frequency resonance

of the nanolasers on the GIM platform were calculated using
the following rate equations:40
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where nA, nB, ntr, and s are the reservoir exciton density,
ground-state exciton density, transparency carrier density, and
SPP density, respectively. P denotes the pumping power
density; η denotes the injection efficiency; τAB denotes the
lifetime of exciton transition from the exciton reservoir to the
exciton ground state; and Γ, β, F, and vg denote the waveguide
confinement factor, spontaneous emission coupling factor,
Purcell factor, and group velocity of the SPP mode,
respectively. Moreover, γ represents the loss rate of the SPP
mode; a represents the differential gain of the ZnO nanowire; ε
represents the gain saturation coefficient, which indicates that
the optical gain is saturated in the linear region when the
exciton density increases; and A represents the spontaneous
emission rate, which can be estimated from F/τr, where τr is
the spontaneous emission lifetime of the ground state exciton.
Solving the simultaneous differential equations presented in
eqs 2−4 yielded the turn-on behavior of the nanolasers. The
detailed parameters of these nanolasers are presented in Table
s1. When a gate voltage is applied, the modulated internal loss
of the SPP mode engendered a change in its loss rate, affecting
the turn-on dynamics of the laser cavity. Figure 4c illustrates
the turn-on behavior of the nanolaser with the 7 nm thick
Al2O3 layer under different VG. The time t = 0 represents the
time when the pumping laser begins functioning. A lower VG
resulted in a slower increase in the SPP density because of the
higher threshold that must be reached by the exciton density.
Nevertheless, the turn-on delay and rise time of the
aforementioned nanolaser were within 2 and 1 ps, respectively.
Such a short turn-on delay was caused by the compact cavity of
the plasmonic nanolaser. The modulation frequency of the
laser could be also estimated using eqs 2−4. Figure 4d displays
the small-signal frequency responses induced by gate
modulation at different pumping power densities when the
aforementioned laser was modulated by a small sinusoidal gate
voltage. When the pumping power density was increased to 3
times the threshold power density, the modulation frequency
for the largest frequency response was of the order of a few
terahertz, signifying that the nanolaser with the 7 nm thick
Al2O3 layer had a high modulation speed. This fast modulation
capability was ascribed to the strong Purcell effect for this laser
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and the extremely short photon lifetimes in its plasmonic
cavities, causing the SPP mode to be sensitive to variations
from the electrical modulation. Because of its excellent
characteristics, the ZnO nanowire plasmonic nanolaser with
the 7 nm thick Al2O3 layer was determined to be suitable for
developing on-chip plasmonic circuits and realizing high-speed
data processing.

CONCLUSION
This study achieved the dynamic modulation of ZnO nanowire
plasmonic nanolasers on a GIM platform at room temperature.
When a gate voltage was applied to the GIM structure, the
charge concentrations in graphene and Al depended on the
gate bias, which influenced the intrinsic optical properties of Al
and oscillations of the SPP mode. By examining the G and 2D
peaks of graphene in the Raman spectrum, the doping type of
graphene can be determined, and then the change of surface
electrons in Al can be also realized. The varied surface electron
density of Al led to a shift in its plasma frequency and thus
affected the SPP dispersion and internal loss. Consequently,
the lasing thresholds of the nanolasers were modulated by
applying a gate voltage. As the applied gate voltage decreased
from 6 to −6 V, the threshold power of the ZnO nanowire
plasmonic nanolaser with a 7 nm thick Al2O3 layer increased
by 6.5-fold, demonstrating excellent modulation performance.
Moreover, after repeatability measurements, this nanolaser
exhibited robustness for gate modulation, which enabled it to
realize stable room-temperature operation. Calculations of the
turn-on dynamics and small-signal frequency responses of the
aforementioned nanolaser indicated that its modulation speed
was of the order of a few terahertz. Because of its high-speed
modulation capability, the nanolaser with the 7 nm thick Al2O3
layer has high potential for use in on-chip plasmonic circuits
and improving its operating speed.

EXPERIMENTAL SECTION
Optical Measurement Setup. The constructed nanolasers were

pumped using a 355 nm NdYVO4 pulse laser with a repetition rate of
1 kHz and a pulse duration of 0.5 ns at room temperature. A 100×
infinity-corrected objective lens was also used with a working distance
and numerical aperture of 11 mm and 0.55, respectively. The
diameter of the pumping spot was approximately 1 μm. The gate
voltage was provided by a power supply (Keithley 238). The Raman
scattering was measured using the NT-MDT NTEGRA spectra
system that performs confocal Raman imaging. In confocal Raman
spectroscopy, the sample was pumped using a 532 nm continuous-
wave laser, and a 100× objective lens with a numerical aperture of 0.7
was used to collect the scattered light. The detection was performed
using a thermoelectrically cooled charge-coupled device that was
attached to a 520 mm long spectrometer.
Simulations of Laser Characteristics. Different aspects,

including dispersion curves, internal losses, and electric field
distributions, were simulated using the finite element software
COMSOL Multiphysics. In the simulation model, the side length of
the ZnO nanowire was 45 nm, and the thickness of the Al2O3 layer
was 15 and 7 nm (corresponding to the results in Figure 3d and
Figure 3f, respectively).
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