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Enormous enhancement of electric field in active gold nanoshells∗
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The electric field enhancement properties of an active gold nanoshell with gain material inside have been investigated
by using Mie theory. As the gain coefficient of the inner core increases to a critical value, a super-resonance appears in the
active gold nanoshell, and enormous enhancements of the electric fields can be found near the surface of the particle. With
increasing shell thickness, the critical value of the gain coefficient for the super-resonance of the active gold nanoshell first
decreases and then increases, and the corresponding surface enhanced Raman scattering (SERS) enhancement factor (G
factor) also first increases and then decreases. The optimized active gold nanoshell can be obtained with an extremely high
SERS G factor of the order of 1019–1020. Such an optimized active gold nanoshell possesses a high-efficiency SERS effect
and may be useful for single-molecule detection.
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1. Introduction
Surface-enhanced Raman scattering (SERS) is one of the

most powerful probing methods — non-destructive, real time,
and enabling highly sensitive characterization — and it has
been widely used in chemical sensing, medical diagnostics,
bioanalysis, and environmental science.[1–6] SERS relies on
the large localized electric fields that appear near nanoscale
metal surfaces in response to optical excitation of their sur-
face plasmons (SPs).[1] Many devices have been explored to
enhance this effect.[7–14] For example, “hot spots” in metal
nanoparticle aggregates can lead to an SERS enhancement fac-
tor (G factor) of about 1014–1015, which is enough for single-
molecule detection.[7] In metal nanoparticle dimers, the G fac-
tor can reach about 1011–1012 when the molecules are trapped
at the hotspots between two particles.[8] However, the hotspot
region in the whole nanosystem is very small, and hence the
SERS effect is low in efficiency. In addition, some attempts are
focused on metal nanoparticles with sharp corners,[9,10] which
can cause strong electric field enhancements at the sharp cor-
ners or tips. Such a strong electric field can greatly enhance the
SERS signal. However, it is not enough for single-molecule
detection.

Bergman and Stockman[15] first proposed the phe-
nomenon called surface plasmon amplification by stimulated
emission of radiation (spaser) in a plasmonic nanostructure in-
corporating gain media. The metal nanoparticle incorporating
gain media can be called the “active nanoparticle”. The gain

materials doped in the dielectric near the metal surface can
couple with the plasmonic structure. Then the gain materials
transfer energy to compensate the loss of SP and finally am-
plify the desired SP response. Spaser has been demonstrated
experimentally with several active plasmonic designs and at-
tracted extensive interest due to spaser particles’ potential ap-
plications in optical metamaterials and ultrasmall lasers.[16–19]

Noginov et al.[17] experimentally demonstrated a spaser-based
nanolaser with a gold core and a dye-doped silica shell. Xiao
et al.[18] reported that the incorporation of gain material in
the high-local-field areas of a metamaterial makes it possi-
ble to fabricate an extremely low-loss and active optical NIM.
Meng et al.[19] proposed a semi-shell-capped spaser with well-
defined and unidirectional stimulated emission and highly ef-
fective laser output. On the other hand, Li et al.[20] introduced
gain media into the core of cubic gold nanoboxes and obtained
an extremely high SERS G factor of the order of 1016–1017.
Such a large G factor relies on the combined contributions of
the spaser and the sharp corners of the gold nanoboxes.

In this paper, we investigate the electric field enhance-
ments of the gold nanoshell with gain-doped dielectric core
by using Mie theory. A gold nanoshell is a simple and clas-
sic nanoparticle with advantages including tunable optical re-
sponse, long-term stability, easy fabrication, and biocompati-
bility. When the gain coefficient of the inner core increases to
a critical value, a super-resonance is found in the active gold
nanoshell and an enormous enhancement of the electric fields
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is also observed. Such an enormous near field is sufficient
for the single-molecule detection, which has not been given
enough attention in the previous report.[16] Further design op-
timization for active gold nanoshells has been carried out, pre-
dicting that an extremely high SERS G factor of the order of
1019–1020 can be realized.

2. Gold nanoshell with gain media
The geometry of the active gold nanoshell is shown in

Fig. 1. The active gold nanoshell consists of a SiO2 core with
gain media surrounded by a thin gold shell. The radii of the
inner core and outer shell are r1 and r2, respectively.

r1

r2

n↩ik

ε2

ε3

Fig. 1. (color online) Geometry of the active gold nanoshell.

The permittivity of the gold shell ε2 has real and imagi-
nary frequency-dependent components and should be affected
by the scattering of the conduction electrons in particle sur-
faces. Therefore, ε2 is usually described by replacing the ideal
Drude part in the dielectric function with a size-dependent one,
and can be expressed as[21]

ε2(ω) = 1−
ω2

p

ω2 + iωγ
+χ∞, (1)

where the background susceptibility χ∞ arises from the elec-
tron polarizability and interband transition, and ωp is the bulk
plasma frequency. Since the gold shell is thinner than the
bulk electron mean free path of gold, the contribution of size-
dependent electron scattering to the dielectric function be-
comes important. Thus the bulk collision frequency for gold
can be modified as[21]

γ = γf +A
Vf

a
, (2)

where γf is the bulk collision frequency and Vf is the Fermi
velocity. We use (r2− r1) as the reduced electron mean free
path a. For simple Drude theory and isotropic scattering,
A = 1. The gain materials such as dye molecules,[17] quan-
tum dots,[22] rare-earth ions,[16] and semiconductors[23,24] can
be chosen to amplify the SP via stimulated emission under
optical pumping. For simplicity, a complex refractive index

for the inner core is set as n− ik. n is fixed at 1.43 for the
host medium of SiO2 and the gain coefficient k is related to
the amount of optical gain induced by external pumping.[20]

The surrounding medium is assumed to be air with ε3 = 1.
The scattering spectra, absorption spectra, and electric field
enhancements of the active gold nanoshells can be calculated
by using Mie scattering theory. The electromagnetic waves
are expanded to spherical partial waves using vector spheri-
cal harmonics, and then Maxwell’s boundary conditions are
applied to resolve the unknown expansion coefficients of the
scattered and interior waves. The scattering and absorption
spectra of the nanoshells are expressed by the scattering effi-
ciency Qsca and absorption efficiency Qabs, which can be ob-
tained in Ref. [25]. To a good approximation, the SERS G
factor can be expressed by the fourth power of the ratio of the
total electric field 𝐸loc at the molecule location to the incident
excitation field 𝐸in

[26,27]

G = |𝐸loc/𝐸in|4 , (3)

where 𝐸loc =𝐸sca +𝐸in, and 𝐸sca means the scattered field.

3. Results and discussion
Figure 2(a) shows the scattering and absorption spectra of

the passive gold nanoshell (k = 0). Here, the radii of the inner
core and outer shell r1 and r2 are fixed at 40 nm and 50 nm,
respectively. A strong peak appears at about 639.5 nm, which
is due to the dipole resonances in the gold nanoshell. We also
note that a weak peak appears at about 457 nm, which arises
from the interband transitions in the Au state. Qabs > Qsca

indicates that the absorption in this gold nanoshell is domi-
nant. When the k-value increases a little, the profiles of the
scattering and absorption spectra of the active gold nanoshell
are similar to those of the passive gold nanoshell. Meanwhile,
there are small increases in Qsca and Qabs, and the line widths
of the scattering and absorption peaks are reduced. As the k-
value increases to 0.2889, the absorption at a resonance wave-
length of 639.5 nm becomes zero and the corresponding Qsca

increases to about 25.8, as shown in Fig. 2(b). In this case,
the optical losses at the resonance wavelength are compen-
sated by the gain media. In addition, a distinct peak appears at
about 554 nm, which is due to the quadrupole resonance in the
nanoshell. The quadrupole plasmon peak in the active gold
nanoshell is also compensated by the gain media and hence
the increased peak intensity. When the k-value increases to a
critical value at 0.4188, a super SP resonance appears in the
active gold nanoshell at about 629.5 nm, as shown in Fig. 2(c).
The peak intensity of Qsca reaches about 1.91×107, which is
about 8.16× 106 times that for k = 0. We also find that the
Qabs shows a great negative enhancement. The negative Qabs-
value means that the scattered radiation is amplified by the
energy transferred from the gain media.[16] Compared to the
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passive gold nanoshell, the wavelength of the super-resonance
of active gold nanoshells shows a blue shift from ∼639.5 nm
to ∼ 629.5 nm. The blue shift indicates that the gain media
may influence the plasmon resonance energy of the active gold
nanoshell. The energy transition from the gain media increases

the oscillation strength of the free electrons and hence the in-
creased resonance energy. When the k-value continues to in-
crease, the super-resonance breaks down, leading to decreased
values of Qsca and Qabs and increased line-widths, as shown in
Fig. 2(d).
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Fig. 2. (color online) Scattering and absorption spectra of the active gold nanoshells with (a) k = 0, (b) k = 0.2889, (c) k = 0.4118,
and (d) k = 0.5. Here r1 and r2 are 40 nm and 50 nm, respectively.

Figure 3(a) shows the contour plot of the |𝐸loc/𝐸in|4 in
the passive gold nanoshell at dipole resonance wavelength of
639.5 nm. Here, r1 and r2 are fixed at 40 nm and 50 nm, re-
spectively. The larger enhancements of the electrical fields oc-
cur along the incident polarization and are located only within
a few nanometers of the outer shell surface, which can be
well interpreted by the dipole plasmon resonance.[9] The max-
imal G-value is about 5500. The larger field enhancements in
the shell occur perpendicular to the incident polarization (not
along the incident polarization). According to plasmon hy-
bridization theory,[28] the lower-energy resonance corresponds
to a symmetric coupling between a gold sphere and a gold cav-
ity, which results in the same sign of charges on both the inner
and outer surfaces of the nanoshell along the incident polar-
ization. Thus, the field lines inside the shell repel each other
in the poles along the incident polarization and bunch up at the
poles perpendicular to the polarization direction. Figure 3(b)
shows the enhancement distribution of the electric fields in the
active gold nanoshell at super-resonance. The wavelength is

629.5 nm and the k-value is 0.4118. In this case, the distribu-
tion of the electric fields in the active gold nanoshell is similar
to that observed in the passive gold nanoshell. However, an
enormous enhancement of the electric fields is found in the
active gold nanoshell, which was not realized in the previous
report.[16] The maximal G-value can reach about 3.25×1017,
which is about 5.92× 1013 times that of the passive gold
nanoshell.

Figure 4(a) shows the variation of the G factor in the pas-
sive gold nanoshell along the y axis at the resonance wave-
length. The enhanced electric fields outside the shell decrease
very quickly, and the larger electric fields are located only
within 2 nm–3 nm of the outer shell. In Fig. 4(b), at the
super-resonance of the active gold nanoshell, the G-value de-
creases from about 3.25× 1017 on the shell surface to about
3.95× 1015 at a location of 15 nm away from the shell sur-
face. Thus, the hotspot scale in the active gold nanoshell is
also greatly enhanced. Meanwhile, the electric fields in the in-
ner core are also enhanced and the G factor can reach ∼ 1016.
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Fig. 3. (color online) Contour plots of |𝐸loc/𝐸in|4 in (a) the passive gold nanoshell at dipole resonance wavelength of 639.5 nm and
(b) the active gold nanoshell at super-resonance of 629.5 nm (k = 0.4118). Here, r1 and r2 are fixed at 40 nm and 50 nm, respectively.
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Fig. 4. Variations of the G factor along the y axis in (a) the passive
gold nanoshell at the dipole resonance and (b) the active gold nanoshell
at the super-resonance. Here r1 and r2 are fixed at 40 nm and 50 nm,
respectively.

We further investigate the influence of the shell thick-
ness on the electric field enhancements in the active gold
nanoshells. In Fig. 5(a), the dash–circle line for the left-hand
scale represents the variation of the super-resonance wave-
length of the active gold nanoshell as a function of shell
thickness, while the dash–square line for the right-hand scale
shows the variation of the corresponding gain coefficient for
the super-resonance. Here, the radius of the inner core is fixed
at 40 nm. With increasing thickness of the gold shell, the
wavelength of the super-resonance in the active gold nanoshell
shows a blue shift. At the same time, the gain coefficient for
super-resonance first decreases from 0.745 at r2− r1 = 2 nm
to 0.3893 at r2 − r1 = 8 nm, and then increases to 0.548 at
r2− r1 = 15 nm. Note especially that with increasing shell
thickness, the maximal G-value obtained in the active gold
nanoshells first increases from 7.15×1017 at r2−r1 = 2 nm to
7.62×1019 at r2−r1 = 8 nm and then decreases to 7.67×1015

at r2− r1 = 15 nm, as shown in Fig. 5(b). The plasmon reso-
nances in the gold nanoshell can be explained as the coupling
between a sphere mode on the outer surface and a cavity mode
on the inner surface of the shell.[28] When the shell thickness is

very thin, the coupling between the two modes is very strong
and leads to high metallic losses. Under this condition, the
larger gain threshold is due to the higher metallic losses. The
increased thickness of the gold shell leads to a decrease of the
critical value of the gain coefficient. On the other hand, the
increased thickness of the gold shell also increases the gold
component, hence, the increased metallic losses. The compe-
tition between the two mechanisms causes the minimum of the
gain coefficient at r2− r1 = 8 nm.
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Fig. 5. (color online) (a) Dependencies of the super-resonance wave-
length (dash–circle line for the left-hand scale) and the critical value of k
(dash–square line for the right-hand scale) for the active gold nanoshell
on the thickness of the gold shell. (b) Variation of the corresponding G
factor. Here r1 is fixed at 40 nm.

The solid line in Fig. 6(a) shows the log plot (base 10) of
the maximal G factor in the active gold nanoshell as a func-
tion of the k-value. Here, r1 and r2 are fixed at 40 nm and
48 nm, respectively. The calculated wavelength of 660.3 nm is
the wavelength of the super-resonance. The dashed line repre-
sents the maximal G factor in the passive gold nanoshell. With
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the k-value increasing, the SERS G factor first increases and
then decreases. The maximum of the G factor (7.62×1019) is
found at the critical value of k = 0.3893. When k < 0.87, the
G factors in the active nanoshell are larger than that obtained
in the passive gold nanoshell. When k > 0.87, the effect of the
gain media on the near-field enhancements in the active gold
nanoshell is regressive. Figure 6(b) shows the dependence of
the G factor at the super-resonance of the active gold nanoshell
on the d-value. Here, d indicates the distance away from the
outer surface of the nanoshell. With the d-value increasing, the
G factor decreases from 7.62×1019 at d = 0 nm to 3.48×1016

at d = 50 nm. The large hotspot region means that this opti-
mized active gold nanoshell possesses high SERS efficiency.

lo
g

1
0
(G

)/
a
rb

. 
u
n
it
s

lo
g

1
0
(G

)/
a
rb

. 
u
n
it
s

0 0.2 0.4 0.6 0.8 1.0

5

10

15

20

0 10 20 30 40 50

17

18

19

20

(a)

d/nm

(b)

k/arb. units

Fig. 6. (color online) (a) The log plot (base 10) of the maximal G factor
in the active gold nanoshell as a function of the k-value. (b) Dependence
of the G factor at the super-resonance on the d-value. Here, r1 and r2
are fixed at 40 nm and 48 nm, respectively; d is the distance away from
the outer surface of the nanoshell.

4. Conclusions
The electric field enhancement properties of the active

gold nanoshell have been investigated by using Mie theory.
As the gain coefficient increases to a critical value, a super-
resonance has been found in the active gold nanoshell, and
this super-resonance induces the enormous enhancement of
the electric fields. With the thickness of the outer gold shell in-
creasing, the critical value of the gain coefficient for the super-
resonance first decreases and then increases while the corre-
sponding SERS G factor first increases and then decreases. An
extremely high SERS G factor on 1019–1020 can be obtained

in the optimized active gold nanoshell. It is further found that a
high SERS G factor of about 1016 can be obtained at a location
of 50 nm away from the surface of the nanoshell. Thus, the
optimized active gold nanoshell has a high-efficiency SERS
effect and would serve well for single-molecule detection.
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