
PHYSICAL REVIEW B 96, 195419 (2017)

Using active gain to maximize light absorption
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Using an optical nanoresonator, such as a nanoparticle, to concentrate and absorb light at deep subwavelength
scale is of both fundamental and technological significance. To quantify absorption, one typically introduces the
absorption cross section and the absorption efficiency, i.e., the ratio of the absorption cross section of a local
resonator to its geometric cross section. Exploring a general way to enlarge the absorption cross section of a
deep subwavelength nanoparticle and increase the absorption efficiency certainly is important and highly desired.
In this work, we show that by introducing a gain medium in the structure, the absorption cross section of any
deep subwavelength particle could be boosted and even approach a universal maximum value, of the order λ2.
Our approach for controlling the absorption using gain is general and may be useful both for the design of light
harvesting materials and high-speed active nano-optics devices.
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I. INTRODUCTION

Light absorption by deep subwavelength metallic particles,
due to localized plasmon resonances [1], is of great importance
to many applications such as photothermal material [2–4] and
plasmon-induced photovoltaic device [5,6]. To further improve
the absorption performance, it is important to increase the ratio
of the absorption cross section of the particle to its geometric
cross section. The larger the ratio is, the higher the efficiency
of light absorption could be and the less materials would
be consumed as well. Typically, for a deep subwavelength
gold spherical nanoparticle whose diameter is 40 nm, the
absorption efficiency [7] around the plasmon resonance in
visible range is about 4. For graphene nanodisk [8], whose
plasmon resonance frequency falls in the midinfrared region,
the efficiency is about 5. Larger absorption cross sections
in metallic nanorods [9] and composite core-shell particles
[10,11] are also reported. While, in the face of numerous
reported absorption values of plasmonic materials with dif-
ferent geometries, it is important to find out a physical picture
behind those detailed geometric parameters, as well as a
general way to in situ control and enhance the absorption
performance of any deep subwavelength resonator without
changing their shapes. Interestingly, recalling the field of
atomic physics [12], it is well known that an atom, no matter
which element is, has a well-defined maximum resonant light
absorption cross section, about λ2

0/4π . This certainly implies
that, for any deep subwavelength plasmonic particle, an
optimized, even universal, absorption cross section with higher
absorption efficiency similar to the value of an atom could be
approached [13].
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Gain, which is intuitively opposite to the absorption,
has been widely applied to realize lossless plasmonic or
metamaterials [14] and even plasmonic laser [15]. In those
fields, people are always interested in the case that gain
fully compensates the loss due to intrinsic absorption. In
the present work, the effect of the gain on the absorption
properties of various deep subwavelength plasmonic materials,
including metallic nanoparticle and graphene nanoribbon, is
reinvestigated both theoretically and numerically in detail.
Surprisingly, it is found that gain can be actually used to boost
the absorption performance and even approach a universal
maximum absorption cross section. And importantly, the gain
coefficient required to maximize absorption is less than the
threshold of plasmon amplification and plasmon lasing. In
principle, this work suggests a general method to realize
maximum absorption cross section of any deep subwavelength
absorbing particles combined with active gain medium.

II. PHYSICAL PICTURE OF MAXIMUM ABSORPTION
CROSS SECTION

To understand the physical mechanism of using gain
to maximize the absorption cross section, we first briefly
discuss the key factors in absorption performance of plasmonic
materials. Because here we focus on the deep subwavelength
case, only electric dipole resonance mode excitation is taken
into account. For a plane electromagnetic wave incident on a
particle, part of the incident light couples to a certain resonance
mode and is trapped inside the particle for a certain time.
Such trapped light would have two decay channels. One is
absorption by the particle, namely absorption part, and the
other is reradiation to the free space, namely scattering part.
Both absorption and scattering parts have their own decay
rate, represented as γa and γs , respectively. A low γs means
weak coupling between particle resonance mode and free
space light mode. This weak coupling also corresponds to
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less light trapped inside the particle, because the incident
light mode would also couple the particle resonance mode
weakly. It certainly depresses the absorption performance.
On the other hand, if γs is high, even though the coupling
is strong, the trapping time of the incident light would be
too short to be absorbed by the particle, which also results
in a poor absorption. Intuitionally thinking, there might be
a critical relationship between γa and γs to maximize the
absorption performance. Actually, based on the coupled-mode
theory (CMT), this critical condition can be easily derived
[16–19]. Here, we only go through the main results and leave
the details of CMT to the Supplemental Material [20]. Consider
a nanoresonator in the continuous medium with a refractive
index n; the dynamic equations for amplitude a of resonance
can be written in the following form:

da

dt
= −iω0a − γaa − γsa + DT Sin, (1)

Sout = CSin + a D. (2)

The vectors Sin, Sout, and D, whose dimension N is corre-
sponding to the total number of channels in the free space,
are the amplitude of the flux of incoming and outgoing plane
waves through each channel as well as the coupling rate to
each channel, respectively. The scattering matrix C describes
the direct transmission between the incoming and outgoing
waves. Due to the constraints of energy conservation and
reciprocal theorem [21], D+ D = 2γs and C D∗ = −D. For
a dipolar resonator, the element of D is given by γ d

j =√
3γs

2N3D cos θj
(1 − sin2 θj cos2 φj ), where θj is the polar angle

and φj is the azimuth angle with respect to the channel
j (j = 1,2, . . . ,N3D). For a nanoresonator, the absorption and
scattering cross sections can be derived as (see Supplemental
Material [20])

σa = 3λ2
0

2πn2

γaγs

(ω − ω0)2 + (γa + γs)2
, (3)

σs = 3λ2
0

2πn2

γ 2
s

(ω − ω0)2 + (γa + γs)2
. (4)

It is clear that, when γa = γs , a critical condition is satisfied.
The σa , at the resonant frequency ω0, goes to its maximum

σ max
a = 3λ2

0

8πn2
. (5)

As long as γa �= γs , the absorption cross section must be
smaller than its maximum value. If γa < γs , the scattering
process is dominant (σa < σs), while if γa > γs , the absorption
process is dominant (σa > σs). Note that both two cases do
not reach the maximum absorption because of the mismatch
between these two rates. At the last of this part, it is worth
mentioning that, via Mie theory, the same maximum value
can be also obtained (the details shown in the Supplemental
Material [20]).

III. USING GAIN TO INCREASE ABSORPTION OF A
SINGLE GOLD NANOPARTICLE

Figure 1(a) shows the γa and the γs of several gold
nanospheres with different diameters from 10 nm to 80 nm
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FIG. 1. (a) Solid black, blue, light blue, green, orange, red,
and dark red dots represent a single gold sphere with diameter
10 nm, 20 nm, 30 nm, 40 nm, 50 nm, 60 nm, and 80 nm, respectively.
Hollow black, blue, light blue, green, orange, and red dots represent
a core-shell gold particle with the shell refractive index of 1.6,
1.8, 2.0, 2.4, 2.8, and 3.6, respectively; the core diameter and the
shell thickness of all core-shell particles are 40 nm and 10 nm.
(b) Wavelength of plasmon resonance versus radius of a metallic
particle. (c) Wavelength of plasmon resonance versus refractive index
of the shell of a core-shell gold particle. The diameter of the gold core
and the thickness of the shell are the same as (a).

(solid dots) immersed in water, and Fig. 1(b) shows the
corresponding resonant wavelength of those nanogold spheres
as a function of the sphere radius. Here, γa and γs are calculated
by Mie and CMT (details shown in the Supplemental Material
[20]). Obviously, when the particle diameter is much smaller
than the resonant wavelength (e.g., d < λ/10), γa > γs . For
instance, in the case of 40 nm gold sphere immersed in
water, whose resonant wavelength is about 530 nm, its γa

is 10 times higher than its γs . The results of metallic core
with dielectric shell nanosphere are also shown in Fig. 1(a)
(decay rates shown as hollow dots) and Fig. 1(c) (resonant
wavelength as a function of refractive index of the dielectric
shell). They are similar to the pure metal particles. From the
above analysis, this inequality of γa and γs results in the
absorption cross section of a deep subwavelength metallic
plasmonic structure far away from its maximum value. To
realize γa = γs [dashed line shown in Fig. 1(a)] and approach
the maximum value of absorption cross section, two potential
methods could be addressed. One is to increase γs by adjusting
the particle size and geometry. Unluckily, because of the deep
subwavelength nature, it is difficult to control γs for those
tiny plasmonic structures. The other one is to decrease γa .
As γa is directly related to the intrinsic material properties, it
seems that it is also difficult to change. Nevertheless, it can
be shown below that with a thin layer of active gain medium,
γa of a deep subwavelength plasmonic structure can be easily
adjusted to satisfy the condition (γa = γs) and to optimize
the absorption performance. Figure 2 shows the absorption
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FIG. 2. (a)–(e) Black curves correspond to the absorption and red dash curves correspond to the scattering. From (a) to (e), the gain
coefficients are 0 cm−1, 8.24 × 104 cm−1, 11.75 × 104 cm−1, 13.64 × 104 cm−1, and 14.36 × 104 cm−1, respectively. The diameter of all gold
cores is 40 nm. The shell thickness is 5 nm. Inset in (e): detailed spectra of (e) around resonant peak.

efficiency [σa/(πr2)] and the scattering efficiency [σs/(πr2)]
of a gold core coated with a layer dielectric shell with gain
medium for different gain coefficients. Here, the radius r of
the whole particle is 25 nm and the shell thickness is 5 nm.
The refractive index of the gold is adopted from the reported
experimental data. The environmental medium is assumed as
water with refractive index of 1.33. It is supposed that there
is gain medium inside the dielectric shell. The frequency
dependent dielectric constant ε of the shell material with
gain is described by the Lorentz model (details shown in the
Supplemental Material [20]). To show the feasibility of the gain
level, the gain coefficient, g = (4π/λ)Im(

√
ε), is shown below.

For g = 0 cm−1 [Fig. 2(a)], the result is trivial. The absorption
cross section (black solid line) around the resonance peak
is less than the value of maximum absorption cross section
and only three times larger than the value of the geometric
cross section of the core-shell sphere. Also, due to its deep
subwavelength size, the scattering cross section (red dashed
line) is even negligible. These observations are consistent
to the traditional knowledge about the optical properties
of tiny plasmonic particles, specifically σa � σs . With the
gain coefficient increased to 8.24 × 104 cm−1 [Fig. 2(b)],
both absorption cross section and scattering cross section
are evidently increased. As g = 11.75 × 104 cm−1, absorption
cross section reaches its maximum value, as large as 10 times of
its geometric cross section of the core-shell sphere [Fig. 2(c)].
Further increasing the gain coefficient, the scattering cross
section increases continuously, but the absorption cross section
decreases to negative value [Fig. 2(d)]. It is understandable that
after certain gain level, the absorption is fully compensated by
the gain, meaning amplification [Fig. 2(e)]. Finally, around
g = 14.36 × 104 cm−1, the absolute value of the negative
absorption cross section (or the amplification cross section) is
the same as the huge scattering cross section, and the linewidth
of the curves drastically drops to about 0.02 nm. These features
indicate the initiation of lasing [22,23]. Figure 3(a) summarizes
the results shown in Fig. 2 and shows the peak value of
absorption (black) and scattering (red) efficiency at resonant
wavelength as a function of gain coefficient. A maximum
absorption cross section about 10 times that of the geometric
section appears. And this maximum value agrees quite well
with the maximum absorption cross section predicted the-
oretically by σ max

a = (3λ2
0)/(8πn2). The absorption rate and

the scattering rate of the core-shell spheres for different gain
coefficients calculated based on the results shown in Fig. 2 are
shown in Fig. 3(b). Before gain happened, the scattering rate γs

is low, while γa is high. After introducing gain to the system,
the photons coupled to the resonant mode of the particle
would make more photons generated, resulting in effectively
slowing down the absorption. Truly, with gain, the obtained
γa decreases, yet the γs nearly stays unchanged [shown in
Fig. 3(b)]. At a certain point, the absorption rate γa , only
about 5% of the absorption decay rate without gain, reaches
the value of the scattering rate γs . Therefore, the absorption
cross section has been maximized. Continuously increasing
the gain coefficient, the absorption rate further decreases and
becomes less than the scattering rate. Thus again the absorption
cross section is less than its maximum value. Passing through
the point where γa ∼ 0, the absorption rate goes to negative,
corresponding to the negative absorption cross section γa < 0.
It is just the amplification. Finally, the absolute value of the
negative absorption rate, i.e., the amplification rate, approaches
the scattering rate. It directly meets the condition of the
initiation of lasing, which is the total decay rate γ = γa + γs

of the system nearly zero, namely lossless [22,23]. By Figs. 2
and 3, the effects of the gain on absorption and scattering of a
deep subwavelength particle are fully expressed. Interestingly,
it is worth mentioning that the critical point for maximizing
the absorption cross section, γa = γs , is just the mirror image
of the lasing point, −γa = γs . In other words, the present
method to realize maximum absorption cross section could
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FIG. 3. (a) Peak value of absorption (black) and scattering (red)
efficiency at resonant wavelength versus gain coefficient of shell
material. (b) Absorption rate γa and scattering rate γs of a core-shell
sphere for different gain coefficients. The arrow direction shows the
trend of gain increasing. Parameters of the core-shell gold particle
are the same as Fig. 2.
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FIG. 4. (a) Schematic view of a graphene nanoribbon coated with gain dielectric layers. (b) The amplitude of electric-field distributions
of the graphene nanoribbon without gain (upper) and with gain coefficient of 1.98 × 104 cm−1 (lower) at resonance wavelength. The scale
bar is 40 nm. (c)–(f) Absorption (black) and scattering (red) efficiency (σ/w) versus wavelength for different gain coefficients 0 cm−1,
1.25 × 102 cm−1, 1.98 × 102 cm−1, and 2.0 × 102 cm−1, respectively.

also be used to realize plasmonic coherent perfect absorber or
the so-called time-reversed lasing, i.e., gain would be inversed
to absorption [24], ε(r) → ε∗(r).

IV. USING GAIN TO INCREASE ABSORPTION OF A
GRAPHENE NANORIBBON

After the case of deep-subwavelength metallic plasmonic
materials, using gain medium to boost the absorption of
graphene plasmon materials is discussed. One main feature
of the graphene plasmonic materials [25] is that its plasmon
frequency can expand down to the midinfrared region. A
graphene disk with only tens of nanometer diameter under
mild doping level can support well-defined plasmon reso-
nance around the wavelength of tens of micrometer [26–28].
According to the above discussions, it can be concluded
that compared with its geometrical dimension, the maximum
absorption cross section of a single graphene nanostructure
should be extremely huge, because the maximum absorption
cross section is proportional to λ2

0. And the corresponding
absorption efficiency, more or less in the order of λ2

0/r2 ∼ 104,
is even higher than that of nearly all metallic plasmonic
materials. However, up to now, the reported value of the
absorption cross section of a single graphene plasmonic
material in normal dielectric medium is only 5, several orders
less than the maximum value [8].

Figure 4(a) shows a schematic view of the investigated
graphene nanoribbon with infinite length in vacuum. The
width (w) of the ribbon is 160 nm. Both the upper and lower
surfaces of graphene are coated with a thin dielectric layer
with gain. The thickness of the gain layer is 30 nm. The
frequency dependent dielectric constant of the gain layer is
assumed as the same Lorentz type as mentioned above (details
shown in the Supplemental Material [20]). The graphene
thickness and its optical conductivity are set the same as
Ref. [29]. The Fermi level of the graphene is 0.4 eV and the

relaxation time is 0.4 ps. The absorption cross section and
scattering cross section are calculated by a finite-difference
time-domain method (FDTD). The two-dimensional FDTD
simulation region is 100 μm × 100 μm. Within the area of the
graphene ribbon, the smallest mesh is 0.2 nm. The simulation
time is 2 × 105 fs. The plane wave source was set to have
propagation direction along with the z axis and its linear
electric polarization parallel to the x direction.

Figures 4(c)-4(f) show the obtained absorption (black)
and the scattering (red) efficiency (σ/w) as a function of
wavelength for different gain coefficients. Without gain, the
absorption efficiency is only about 3. The huge difference
between the absorption and scattering efficiency, indicat-
ing the large mismatch of absorption and scattering rates
γa � γs , well explains the reason for the small absorption
cross section compared to its theoretical maximum value.
However, with gain, the absorption cross section increases
rapidly as expected. Even the gain coefficient is only about
1.98 × 102 cm−1; the absorption cross section, around 4 μm,
approaches the maximum value of the two-dimensional dipole
case, λ0/π ≈ 12.83/3.14 μm ≈ 4.1 μm, and the absorption
efficiency is about 25. Interestingly, for the same gain
coefficient, the scattering efficiency is about 100 times larger
than that without gain, which is important for the coupling
between different graphene nanostructures. Moreover, with
gain, the local field enhancement significantly increases by
one order of amplitude [see Fig. 4(b)]. These results would
have great potential applications in surface enhanced infrared
absorption.

V. CONCLUSION

In conclusion, a general method to control and maximize
the absorption cross section of a deep subwavelength
plasmonic material using a gain material is proposed
and verified theoretically. The maximum absorption cross
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section [σ max
a = (3λ2

0)/(8πn2)] is demonstrated in the visible
frequency region with a modest gain coefficient of the order of
104. The related physical mechanism of adjusting absorption
and scattering decay rate by gain is also analyzed in detail.
Moreover, the method has been further applied to boost the
absorption and the local field enhancement of a single graphene
nanoribbon in the midinfrared region. This work shows that
the absorption cross section of a nano-two-dimensional system
such as free-standing graphene nanoplasmonic structure can be
as high as the order of resonance wavelength. Finally, it would
be emphasized that here the required gain coefficient is much
less than that for amplification and lasing. Therefore, mild
light could even be used to control light in nanoscale or realize
a high speed nanoscale electro-optic modulator. Furthermore,
thermal light radiation is proportional to the absorption and
the nanoscale heat transfer can even be controlled actively.
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