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ABSTRACT Single-molecule detection via surface-enhanced Raman scattering (SERS) has raised great interest over the past decade.
The usual approach toward this goal is to harness the strong surface plasmon resonance of light with complex metallic nanostructures,
such as particle aggregates, two-particle gaps, sharp tips, or particles with sharp apexes. Here we propose another route toward the
goal by introducing gain medium into single metal nanoparticles with simple geometry. Our calculations show that cubic gold nanobox
particles that contain a gain material within the core can create an extremely high enhancement factor of local field intensity larger

than 10® and a SERS enhancement factor on the order of 10'°—10'7.
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ingle-molecule detection via surface-enhanced Raman

scattering (SERS) has been a subject of extensive

research in the past decades due to its great impact
in a wide variety of scientific and technological areas.'? A
common approach to achieving this goal is to attach the
molecules to metal nanoparticles and detect their enhanced
Raman signals. When light interacts with metal nanopar-
ticles, it will induce strong oscillation of conduction electrons
known as surface plasmon resonance (SPR), leading to
orders of magnitude enhancement for the local electric field
intensity and Raman scattering signals at the surface of the
metal nanoparticles. Several schemes have been explored
to achieve single-molecule sensitivity. Complex metal nano-
particle aggregates can generate “hot spots” where the SERS
enhancement factor (G factor) can be as high as 10'#—10'5,
a level that is sufficient for single-molecule detection.’*
Another scheme is to utilize dimers of metal nanoparticle
where the two particles almost touch, together with a tiny
gap on the scale of several nanometers to generate a G factor
of 10''—=10'2.°"® A similar scheme is to use a sharp metallic
tip to create strongly enhanced local field at its vicinity.” "'
Active control over SERS can be realized by adjusting the
tip—substrate distance. The above schemes involve compli-
cated morphology of metallic particles, and the volume ratio

*To whom should be
aphy.iphy.ac.cn.
Received for review: 10/12/2009

Published on Web: 12/03/2009

correspondence addressed, lizy@

v © 2010 American Chemical Society

243

of the “hot spot” regions over the whole system is low,
leading to limited efficiency for SERS detection.

To overcome these problems, single metal nanoparticles
with simple geometry are highly desired, provided that they
can offer sufficiently high G factors. It has been well-
established that large local-field enhancement is closely
related to metal nanostructures with sharp corners or small
curvatures because electric charges tend to accumulate in
these regions and result in high electric field intensity. Single
nanoparticles with sharp corners, such as cubes or rectan-
gular bars'? and nanoprisms,'>'* have been shown to
exhibit very strong local field enhancement. Nonetheless,
the local-field amplitude enhancement factor for these struc-
tures with sharp corners is limited to a level that is well below
several hundreds. In generral, it is very hard to use these
nanoparticles to obtain a G factor well beyond 10''—=10'2.

Recently it was proposed that introduction of a gain
material into metal nanoparticles or nanostructures can lead
to surface plasmon amplification of stimulated emission of
radiation (spacer).'® The physical essence is the plasmon-
resonance-mediated light amplification of radiation from the
gain material. Later on, light amplification through plas-
monic structures containing gain materials was demon-
strated theoretically'® and experimentally.'”"'® Theoretical
study on core—shell concentric spherical nanoparticles made
from an inner gained dielectric core coated with an outer
metal thin film shows that amplification of light by the gain
medium can be enhanced by several orders of magnitude
through SPR.'? All these studies clearly illustrate promising
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FIGURE 1. Calculated optical cross section spectra for a cubic Au nanobox containing gain materials with different gain coefficients «c in
the core. The nanobox is immersed in water. Panels a—f correspond to . values of 0, 0.05, 0.13, 0.143, 0.15, and 0.2, respectively. Resonance
coupling between incident light and the local SPP modes takes place at about 779 nm, where significant enhancement of optical cross section
is observed. Note that a negative absorption cross section means amplification of light when it passes through the nanobox. Over 4 orders of
magnitude enhancement of scattering and amplification by the metallic particle are observed when the core gain coefficient reaches a value
of 0.143. At the same time, the line width of the optical spectrum is drastically reduced to about 0.3 nm.

aspects and appealing power of light amplification by com-
bining SPR with an ordinary gain medium in a nanosystem.

In this paper we show that these active metal nanosys-
tems also provide intriguing power to enhance local electric
field intensity to a high level where single-molecule detection
by SERS can be readily achieved. We have made a system-
atic analysis on the local field enhancement characteristic
of cubic gold nanobox that contains gain material within the
core. Our numerical simulations show that the composite
metal nanoparticle can generate an extremely high enhance-
ment factor of local field intensity exceeding 10® and a G
factor on the order of 10'®—10'7.

Results and Discussion. The active nanosystem we
consider here is a cubic Au nanobox with a gain material
encapsulated in the core. The outer and inner edge lengths
of the Au nanobox are 40 and 32 nm, respectively, with the
thickness of all six walls being 4 nm. Such nanostructures
can be easily synthesized using the galvanic replace-
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ment reaction between single-crystal Ag nanocubes and
HAuUCl,.?%?" The SPR peaks of these nanoboxes can be
conveniently tuned from the visible to the near-infrared
region, in particular with strong absorption at a wavelength
around 800 nm for biomedical applications such as early
cancer diagnosis and photothermal treatment.?%2!

Figure 1a shows the calculated optical spectra of extinc-
tion (Cexo), scattering (Csa), and absorption (Cyps) Cross sec-
tions for the Au nanobox by means of the discrete-dipole
approximation (DDA) method.?**> Here the nanobox is
immersed in water with a refractive index of 1.33, and the
core region is also filled with water. The incident light
propagates parallel to the [001] direction of the cubic
particle, and the electric field with an amplitude E, is
polarized parallel to the [100] direction. A sharp SPR peak
is centered at about 779 nm, where the total extinction cross
section is about 0.05 um?, nearly 30 times the geometrical
cross section of the particle. The line width (Agpr) of the peak
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is about 50 nm, and the low quality factor of plasmonic
resonance can be mainly attributed to the strong dissipation
of conduction electrons in Au. In addition, C,s iS about twice
that of Cy,, indicating a strong absorption characteristic for
the particle. The calculated local electric field distribution
pattern (the data will be shown below) indicates that at
resonance, the maximum local field amplitude is slightly
below 100 times the incident field amplitude, not a very
large enhancement factor.

The picture is drastically different when a gain material
is introduced into the core region. A model system is
considered where a gain coefficient k. is introduced into
the core medium to describe phenomenologically the re-
sponse of the incident light to the gain material. In particular,
we simply set a complex refractive index of n — ikcore for
the medium in the core region, where n is fixed at 1.33 and
Kkeore CAN vary depending on the extent of amplification.

Parts b—f of Figure 1 illustrate the calculated optical cross
section spectra for different values of k¢ore. One interesting
feature is that the SPR peak remains at the same wavelength
of about 779 nm. Another interesting feature is that the
quantity and line shape of the optical spectra strongly
depend on the gain coefficient. For kcore as small as 0.05,
the spectrum is similar to the case of a passive Au nanobox,
albeit there is an increase for the quantity of Cey and Csca,
together with a 2-fold reduction for Agpr to about 25 nm.
When kore increases to a value of 0.13, Cscs becomes greatly
enhanced, by almost 50 times. The absorption of light by
metal is also remarkably increased, but is now compensated
by the amplification from the gain material, leading to
negative absorption (i.e., amplification) of light by the
composite, active nanoparticle. Cey also increases, but in a
much smaller magnitude, due to a compromise between the
scattering loss and amplification gain. Agpg of the SPR peak
greatly decreases to about 5 nm. When ke further increases
to a critical value, which is about 0.143 for the current
nanosystem, a significant resonance takes place, as shown
in Figure 1d. Agpg drastically drops to a small value of below
0.3 nm. The scattering cross section is 845 um?, or 16000
times the value of the passive Au nanobox, and the overall
amplification cross section is also greatly enhanced to
854 um?, which is 50000 times the value of the passive
counterpart (Figure 1a). The overall extinction cross section
is a negative value, which means that the nanosystem can
amplify the incident light although scattering along all direc-
tions is so strong. All these features clearly indicate the
initiation of lasing.

When the gain coefficient continues to grow and slightly
exceeds the critical value, i.e., keore = 0.15, the nanosystem
is rapidly off resonance, with Agpg increasing to about 3 nm.
However, the scattering and amplification by the nanosys-
tem are still more than 2 orders of magnitude larger than in
the passive Au nanobox. When k. further increases to a
value of 0.20, the enhancement of the light—nanosystem
interaction is no longer in place. Unlike the situation of a
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FIGURE 2. Resonant optical scattering (a), absorption (b), and
extinction (c) cross sections for a cubic Au nanobox as a function of
the gain coefficient k. of a gain material in the core with an
excitation wavelength of 779.2 nm. Maximum light—particle inter-
action takes place at kcore = 0.143, where the scattering cross section
is over 2 x 10* times the value for a Au nanobox containing no gain
material and the amplified cross section is 4 x 10° times the value
for a cubic nanoparticle of the pure gain material with the same
size. The extinction spectrum shows a sharp crossover from strong
attenuation to strong amplification around the resonance.

small gain coefficient, the amplification of light in the
nanosystem dominates over the scattering of light with
—Caps/Csca = 2, leading to a net gain of light.

Figure 2 illustrates the calculated peak quantity of scat-
tering, absorption, and extinction cross section at the reso-
nance wavelength of 779.2 nm as a function of ke Of the
gain material. The sharp resonance at the critical point of
Keore Can be clearly seen, at which the full width at half-
maximum for the resonance peak is below 0.03. Within this
narrow window both the scattering and absorption quickly
jump to the peak value and then drastically drop, while the
extinction drops from a large positive value at kcore = 0.142
to a large negative value at k.ore = 0.143, a behavior very
similar to the familiar phase transition in condensed matter.
These features, together with the sharp narrowing of the SPR
peak, clearly indicate the induction of lasing at the critical
point.

The derivative line shape of the extinction curve can be
understood from a simple physical picture about the change
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FIGURE 3. Calculated patterns of local electric field intensity for a cubic Au nanobox without (panels a and b) and with (panels c and d) a gain
material. The nanobox is immersed in water. The gain material has a complex refractive index of 1.33—0.143i. Panels a and c are at the XY
plane that crosses the center of the wall and where the maximum local-field intensity spot is located, while panels b and d are at the front

surface of the nanobox. The excitation wavelength is 779.2 nm.

of scattering by the nanoparticle, absorption by the metal
medium, and amplification by the gain medium at different
gain coefficients. At a small gain coefficient, the amplifica-
tion of SPR due to gain medium will further enhance the
absorption by the metal and scattering by the nanoparticle.
As a result, the extinction coefficient remains a negative
number and its absolute value keeps growing when the gain
coefficient increases. When the gain coefficient is sufficiently
large, the amplification of light will overwhelm the dissipa-
tion due to absorption by the metal medium and scattering
by the nanoparticle. As a result, the extinction coefficient
will become a negative number. There must be a transition
between these two situations where the extinction coef-
ficient changes its sign, and this takes place right at the
resonance. The nanoparticle is turned from very dissipative
to strongly amplifying when it transverses across this reso-
nance point. This is exactly what we observe in Figure 2c.

To see the physical mechanism behind the observed
lasing phenomenon, and whether it is induced by surface
plasmon as in the concept of spacer, we take a close look at
the local-field distribution pattern. Parts a and b of Figure 3

v © 2010 American Chemical Society 246

show the electric field intensity pattern in two XY planes
perpendicular to the incident light propagation direction for
a passive Au nanobox at the resonant wavelength of 779.2
nm. Panel a passes the middle of the front wall of the cubic
nanobox. The calculation shows that the maximum local
field spot is located at this plane with an intensity enhance-
ment factor of about 8000. More precisely the two maximum-
field spots are close to the upper and lower side edges of
the cubic nanobox, instead of locating at the corner region.
Figure 3b shows the electric field intensity pattern right at
the front surface of the cubic Au nanobox, which is more
relevant for the purpose of SERS detection. There are four
high-field spots located near the apexes of the particle, with
an intensity enhancement factor of 4500. The field is rather
dispersed around on the entire surface, with an average
intensity about one-half the value at the high-field spots.
The calculated field pattern for an active nanosystem with
Keore = 0.143 is illustrated in Figure 3, panels c and d, for
the two XY planes, the same as in Figure 3, panels a and b,
at the resonant wavelength of 779.2 nm. Two significant
features are worth emphasizing. The first is the close similar-
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FIGURE 4. Maximum local-field intensity enhancement factor within the whole volume (a) and at the surface of the active metal nanobox
particle (b), and enhancement factor for averaged field intensity (c) and SERS signal at the surface of the particle (d) as a function of the gain

coefficient ko at a resonance wavelength of 779.2 nm.

ity of the field patterns between the active nanosystem and
the passive counterpart. The field profile, as well as the
number and location of the high-field spots, are almost
identical to each other. The second and more interesting
feature is the huge enhancement of local field intensity. The
maximum field intensity enhancement factor is at an ex-
tremely high level of 4.2 x 108, with the corresponding G
factor at a level of 10'7. The average field intensity at the
front surface is still at a high level of 1.0 x 108, whereas
the field intensity at the four hot spots can reach 2.4 x
108, This means that the G factor over the entire front
surface area of the active nanosystem can be as high as
1.0 x 10'°, a level that has not been reached by other
types of metal nanoparticles.

A picture about such a huge field enhancement can now
be constructed. The gain material in the core region of a Au
nanobox does not change the basic properties of the surface
plasmon polariton (SPP) mode that is excited by the incident
light as the gain coefficient 0.143 is small compared to the
complex refractive index of gold, 0.175 + 4.90i at 779 nm.
However, the gain material will absorb energy from external
pump source. By interacting with the SPP modes whose
energy is dispersed all within and around the metal nano-
particle, the energy can transfer to SPP mode, causing its
amplitude to grow. At the same time, at a critical value of
gain coefficient, the nanosystem will achieve a balance
between its loss due to absorption and scattering by the
metal and amplification by the gain material. The relatively
large Aspr in a passive nanoparticle due to absorption
dissipation is greatly reduced as the overall dissipation now
disappears. This means that the quality factor of the plas-
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monic nanosystem is significantly enhanced. As a result, the
active nanosystem behaves like a high-quality nanoscale SPP
cavity, where the ordinary accumulation effect can drasti-
cally increase the plasmonic energy density and electromag-
netic field intensity. To some extent, the lasing of SPP or
spacer has been realized in the current active nanosystem.
It should be noticed that the current SPP lasing occurs only
at a critical point of gain coefficient and below and above
this threshold lasing disappears. This is very different from
the traditional laser, where above the threshold lasing
continues to act, albeit there is saturation in power for the
output light. The reason is that the current active nanosys-
tem is a strong coupling system between light, atom states,
and SPP modes, and the output power is extremely sensitive
to the gain coefficient as well as other physical parameters
of the nanosystem.

Panels a and b of Figure 4 illustrate the maximum field
intensity enhancement factor as a function of the gain
coefficient when one looks at everywhere within and around
the nanosystem (i.e., volume maximum) and when one only
looks at the outer surface areas of the nanoparticle (i.e.,
surface maximum), respectively. Panels ¢ and d of Figure 4
show the corresponding average intensity enhancement
factor and G factor on the outer surface areas of the active
nanosystem, respectively. The nanosystem is excited at a
resonant wavelength of 779.2 nm. The calculation shows
that the volume maximum is located near the edge of the
nanobox particle, while the surface maximum is located
near the corner of the particle. The volume maximum is
about twice the surface maximum in quantity. There is a
narrow window of ke around the critical point where the
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surface maximum exceeds 1.0 x 107, which extends from
0.140 to 0.146. At these surface “hot spots”, the SERS
enhancement factor can exceed 1.0 x 10", a level where
single-molecule detection should be possible. The window
has a bandwidth of about Ak, = 0.006 and a normalized
bandwidth of Akcore/kcore = 4% . So there is a promising
tolerance for the active nanosystem to observe single mol-
ecule SERS signal with a single nanoparticle.

In practical single-molecule detection, it is difficult to only
locate a single molecule in the “hot spot” region. It is then
more interesting to see if the overall SERS G factor on the
entire surface area of a metal nanoparticle can reach a
sufficiently high level. Figure 4d shows that in the narrow
window of ke from 0.140 to 0.145 the average surface G
factor exceeds 1.0 x 10", Although the average G factor is
1 order of magnitude lower than in the surface “hot spots”,
the surface area is at least 2 orders of magnitude larger than
the area of these “hot spots”. So the overall possibility to
observe a single molecule Raman signal is much higher
when one utilizes the entire surface rather than only the “hot
spot” region. In this regard, the current active nanosystem
is very promising for realizing single-molecule detection in
a single nanoparticle. At the critical point of k¢re = 0.143,
the average surface field intensity enhancement factor is
about 2.8 x 107 while the average G factor is at a very high
level of 2.5 x 10'>. This means that at this condition the
active nanosystem has a very promising potential for single-
molecule detection by SERS.

Further Discussion. A gain coefficient on the order of kcore
= 0.143 corresponds to an amplification coefficient of light
intensity as g = 4akcore/A, which is 2.31 x 10%cm for a
wavelength of 779 nm. This amplification coefficient is
modest and accessible in practice. The gain material can be
made either from dye molecules,'® semiconductor nano-
particles with sizes of a few nanometers,** or from rare earth
ions such as Er®".?° In general, the gain coefficient is related
to both the emission cross section 0. and the concentration
N in these gain systems, which can be written as g = No,
and the corresponding gain coefficient is given by

A A
=19 E_[NO’e
From this formula one can find that the key toward a
sufficient large gain coefficient is to have a gain system with
a large emission cross section and a high concentration.
In ref*® T50Cx films were cast by spin coating a chloro-
form solution on glass slides, where the concentration of dye
molecules was about 7.0 x 1072 M = 4.22 x 10'?/cm? and
the gain cross section is about 6.0 x 107'® cm? from
pump—probe measurements at 610 nm. From this we can
estimate the gain coefficient in this condition as g = No, =
2.532 x 10%*cm and

KCOI‘E

Keore = iﬂz\zae =0.123

core 4

For Er-fiber lasers in the infrared region, the typical concen-
tration is on the order of 3 x 10?°/cm’. The studies in refs®”
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and®® with Er-doped silicon nanocrystals have achieved a
cross section on the order of 107'° cm?, so that we can
estimate the gain coefficient of Er-doped glass at the wave-
length of 1550 nm as g = No. = 3.0 x 10*/cm and

Keore = %TNOe = 0.37
As to the quantum dot system, Kirstaedter et al. reported a
large material gain of g = 6.8 x 10%*cm. This system can
offer sufficiently strong gain coefficient for the metal nano-
particle with gain that we have discussed in the above for
the sake of a giant field enhancement.

Although in the above discussions we have only consid-
ered Au nanoboxes with surface plasmon resonance occur-
ring at about 780 nm, this resonance wavelength can be
freely tuned by changing the geometric parameters of the
nanobox, such as its edge length and the wall thickness. In
this way, we can design and synthesize appropriate Au
nanoboxes to match the excitation wavelength window for
particular gain molecules, ions, or quantum dots. On the
other hand, it is also possible to design other types of metal
nanoparticles with appropriate geometry so that the required
gain coefficient can be further reduced. In order to achieve
sufficiently strong optical gain, an ordinary optical pumping
by shorter wavelength light can be used. As the wall of the
Au nanoparticle is only several nanometers thick, the pump
light should be able to efficiently penetrate into the core
region and excite the gain medium there.

Conclusions. We have investigated the local field en-
hancement characteristic of gold nanobox particles with a
gain medium embedded within their core region and found
that the composite active nanoparticles can create an ex-
tremely high enhancement factor of local field intensity that
exceeds 10® and a SERS enhancement factor on the order
of 10'°=10'7, which is sufficient for single-molecule detec-
tion. The effect is attributed to the amplification of metal
nanoparticle SPR by the gain medium under pumping of the
incident light. The proposed scheme of a single Au cubic
nanobox containing a gain material in the core region has
several advantages. First, the SPR peak in these nanoboxes
is readily adjustable from the visible to the near-infrared
regions by controlling the edge length and wall thickness of
the nanoboxes. This can be very useful for single-molecule
SERS detection using different laser wavelengths. Second,
the SPR in these nanoparticles is strong, which facilitates
strong coupling among the SPP, active atom states, and light.
The transfer of energy from the gain material will feed the
SPP mode, amplify its amplitude and energy, and attain
lasing of spacer at a critical point of gain coefficient. This in
turn causes significant light scattering, absorption of light by
the metal, and amplification of light by the gain material,
all of which gigantically increase the local electromagnetic
field intensity within and around the active nanosystem to
a level far exceeding the single-molecule SERS detection
limit. Third, the strong field not only concentrates on several
“hot spots” but also spreads over the entire outer surface of
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the nanoparticle, leading to a sufficiently high level of
average field intensity and G factor enhancement. As the
entire surface can be harnessed for single-molecule SERS
detection, the efficiency of signal observation can be greatly
improved. Finally, the Au nanoboxes can be synthesized in
copious quantities by means of a simple chemical approach,
have simple geometry, have sufficient mechanical stability,
and are easy to operate on. The corners of the nanoboxes
can also be truncated off to generate a nanocage to allow
for loading of the gain material into the core region.?' These
features will be beneficial to the demonstration of lasing and
fabrication of practical device for single-molecule SERS
detection.
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