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Gain-assisted optical switching in plasmonic nanocavities
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A plasmonic cavity filled with active material is proposed to explain optical switching. Optical properties,
including transmission, response time, and field distribution of on/off state, are numerically investigated.
We demonstrate that such a gain-assisted plasmonic structure can achieve optical switching in the nan-
odomain and shorten the switching time to the subpicosecond level. Our results indicate the potential
application of the proposed structure in optical communication and photonic integrated circuits.
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Gain-assisted propagation of surface plasmon polari-
tons (SPPs) has recently attracted increased atten-
tion, particularly in perspectives including absorption
compensation[1−3], group velocity manipulation[4,5], and
lasing spacers[6−10]. Plasmonic cavities filled with active
materials were studied by Shen et al.[5], who showed that
controllable group velocity could be achieved through the
dispersion of active materials by tuning gain strength,
thus offering a feasible way of obtaining synchronization,
time-division multiplexing, and equalization, among oth-
ers. An important property of gain-assisted plasmonic
cavities was discussed: tuned gain strength could lead
to varied loss of active material and bring about plas-
monic cavities with different transmissions[5]. Tunable
transmission has potential applications in constructing
optical switching, which is very important for optical
communications and has been demonstrated in vari-
ous structures[11−13]. Intensive studies on gain-assisted
plasmonic cavities for optical switching are currently un-
der development. An active material described by the
Lorentz model and filled into a metal gap waveguide
(MGW) has been proposed, and important optical prop-
erties, including transmission and field distributions of
the on/off switching state, have been investigated[12,13].
In particular, the response times of optical switching
have been comprehensively studied. Finite-domain time-
difference (FDTD) and the transfer matrix method have
demonstrated that such a gain-assisted plasmonic struc-
ture can achieve optical switching in the nanodomain
and shorten switching times to the subpicosecond level.
Specifically, the switching time determined by the ge-
ometry of the structure was shortened to 0.6 ps. These
results imply the significant potential applications of
gain-assisted plasmonic structures in optical communi-
cation and integrated photonics[14,15].

The proposed structure is schematically shown in Fig.
1. A layer of the active material with thickness w and
length L is filled into a Ag film-constructed MGW. Here,
hm is the thickness of the metal film, and ε0 and εm

denote the dielectric constants of air and metal, respec-
tively. ε1 is the dielectric constant of the active material
and can be demonstrated by the Lorentz model[5,16],

which shows that ε1 = ε1
∞ + A · ω2

1/(ω2
1 − ω2 − jγ1ω),

where ε1
∞, ω1, and γ1 are the base-level electric per-

mittivity, resonant frequency, and damping constant,
respectively; A is the macroscopic analog of the Lorentz
oscillator strength, which can be continuously varied by
electrically or optically pumping the active materials.
A >0 corresponds to a regime with less than 50% of the
population in excited state, manifesting optical loss, and
A <0 represents an inverted system, manifesting optical
gain. The effective refractive index neffi(εi)(i=0, 1) of
the MGW can be read as neffi(εi) = βsppi(ω)/k0

[17,18],
where k0 is the wave number of light in air, and βsppi

is the propagation constant of SPPs in the MGW re-
lated to ε0 and ε1. While the interfaces between the
air and the active material layer in the MGW form two
mirrors, the waveguide region, consisting of Ag and ε1,
can function as a plasmonic Fabry-Perot (F-P) cavity.
The transmission of the F-P cavity can be calculated by
transfer matrix method.

Besides the calculation in Ref. [5], the active ma-
terial layer in our calculation is set as quantum dots
embedded in semiconductors with ultrafast (<200 fs)
gain recoveries and ε1

∞ ≈11.30, ω1=0.80 eV(1 550 nm),
and γ1=0.02ω1 in the Lorentz model[5,19−21]. The cal-
culated real and imaginary parts of ε1 for A=–0.011
and 0.005 are separately illustrated in Figs. 2(a) and
(b). In Fig. 2(b), the negative and positive values
of the imaginary part of ε1, corresponding to A <0
and A >0, manifest optical gain and loss, respectively.
Figures 2(c) and (d) respectively show the real and
imaginary parts of neff1 of the MGW composed of
Ag and ε1 with w=22 nm, in which Ag is described

Fig. 1. Scheme of the proposed structure constructed by an
active material layer filled into a Ag film-constructed MGW.
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by the Drude model εm = εm
∞ − ω2

p/(ω2 + jγmω) with
(εm
∞, ωp, γm) = (1, 7.75 eV, 0.08267 eV) in the near-

infrared range[22]. In Figs. 2(c) and (d), solid curves and
dotted curves correspond to A=–0.011 and 0.005, respec-
tively. Figure 2(d) shows that significant differences in
SPP loss exist between A=–0.011 and 0.005 at around
1 550 nm. The optical gain (solid curves) can obviously
compensate losses of the SPP waveguide. Therefore, the
tunable loss, dominated by A, leads to probability of
on/off state of intensity. Note that the imaginary parts
of neff remain positive for A=–0.011, which means that
the optical gain is insufficient to completely compensate
for SPP losses.

To allow the plasmonic cavity to work around an op-
tical communication wavelength of 1 550 nm, the trans-
mission properties for different values of L with a 1 550-
nm incident light and A=–0.011/0.005 are first studied.
The results obtained by the transfer matrix method are
shown in Fig. 3(a). In the calculation, TM-polarized
(the magnetic field is parallel to the z axis) light is con-
sidered, and magnetic field intensity |Hz|2 at the center
of a plane outside the F-P cavity 1 nm (12 nm) away
from the front (back) mirror represents the input (out-
put). Figure 3(a) shows that the transmission varies with
L and peaks, which correspond to the resonance occur-
ring in the plasmonic cavity, appear at intervals. In Fig.
3(a), the transmission of A=–0.011 is obviously higher
than that of A=0.005 because the former corresponds
to smaller SPP losses than the latter at 1 550 nm (see
Fig. 2(d)). An important phenomenon in Fig. 3(a) is
that a significant difference in the transmission between
A=–0.011 and 0.005 occurs at around the resonance of
the plasmonic cavity. This can be understood by the fol-
lowing analysis. For a given input incidence and trans-
mission coefficient for the back mirror of the plasmonic
cavity, the output and transmission are determined by
the intensity in the cavity. When it is off-resonant, the
intensities in the cavity for A=–0.011 and 0.005 are both
small, and their difference is insignificant. As resonances
occur, the intensities in the cavity for different A are
magnified, i.e., the difference is enlarged. For instance,
when L=352 nm with resonance of cavity, the transmis-
sion of the incident signal light (1 550 nm) switches from
0.2805 to 0.9365 as A changes from 0.005 to –0.011, show-
ing significant switching.

Fig. 2. (a) and (b) Real and imaginary parts of ε1; (c) and
(d) real and imaginary parts of neff1. Solid curves and dotted
curves correspond to A = −0.011 and 0.005, respectively.

Fig. 3. (a) Dependence of transmission on L for 1 550 nm
incidence; (b) dependence of transmission on incident wave-
length for L=352 nm. The imaginary parts of ε1 (Fig. 2(b))
are ignored, and the transmission spectra are shown in the in-
set. Solid curves and dotted curves correspond to A =–0.011
and 0.005, respectively.

To obtain a clear understanding of the switching effect,
the transmission in different incident wavelengths is il-
lustrated in Fig. 3(b) for A=–0.011 and 0.005 with
L=352 nm given. The inset of Fig. 3(b) shows the
transmission as the imaginary parts of ε1 (Fig. 2(b))
are set to zero. Comparing Fig. 3(b) with the inset,
a significant difference in the transmission at 1 550 nm
is caused mainly by differences in the imaginary part
of ε1, i.e., the gain/loss of the active material leads to
high/low transmission. Although the values of the real
parts of ε1 (Fig. 2(a)) and neff1 (Fig. 2(c)) are different
for A=–0.011 and 0.005 near 1 550 nm, the transmission
(Fig. 3(b) inset) is minimally affected by the difference.
In other words, it is the cross-gain, not the cross-phase
modulation, of the active material that results in the
switching behavior.

The response time is another important quantity for
optical switching. Figure 4 shows the response time of a
structure with L=532 nm at λ=1550 nm, which is cal-
culated using FDTD. In the calculation, a square pulse
of A switching between A=0.005 and –0.011 (Fig. 4,
dotted curve) is launched into the system with a dura-
tion of 2 ps by external pumping of the active material.
As a result, the transmission switches between 0.9554
and 0.2965 (Fig. 4, solid curve). We can see that the
switching time for up and down are 0.6 and 0.4 ps, re-
spectively, which are ultrafast values. Evidently, the
switching up time is longer than the switching down
time. This is because light in the cavity with smaller
losses requires a longer round trip to become stable.
Note that the gain recovery time of the active material

021301-2



COL 10(2), 021301(2012) CHINESE OPTICS LETTERS February 10, 2012

Fig. 4. Gain strength A of the active material (dashed curve)
and transmission of incident signal light (solid curve) as func-
tions of time.

Fig. 5. Magnetic-field |Hz|2 distributions for A=0.005 and
–0.011 corresponding to (a) off and (b) on states. The signal
light is launched from the left side.

is not considered in our calculation; hence the switching
time of 0.6 ps is only determined by the feedback of the
structure, which represents the shortest switching time
of the structure. The final switching time, which is de-
termined by the response time of the geometry of the
structure together with the response time of the active
material, can be shortened to the subpicosecond level as
an ultrafast (<200 fs) gain recovery of the active material
used in our structure.

To illustrate its switching property, magnetic-field
|Hz|2 distributions in the gain-assisted structure for
A=0.005 and –0.011 corresponding to off and on states
are shown in Figs. 5(a) and (b), respectively. For the
off state, the light in the plasmonic cavity is weak, and
the light behind the cavity is near zero, indicating that
the signal light is cut off by the plasmonic cavity. In
contrast, the magnetic field for the on state shows large
intensity both in and behind the cavity, indicating high
transmission.

In conclusion, optical switching of a subwavelength
plasmonic cavity containing an active material described
by the Lorentz model is numerically investigated. Impor-

tant optical properties of the switching structure, includ-
ing transmission, response time, and field distribution
of the on/off state are studied. The results demonstrate
that gain-assisted plasmonic switches can scale the struc-
ture size down to the nanodomain and shorten switching
up/down times to 0.6/0.4 ps, as determined by the geom-
etry of the structure. These results indicate the potential
applications of the structure in optical communication
and photonic integrated circuits.
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