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High intensity optical excitation to transform a crystalline semiconductor into a plasmonic metal at near-infrared
wavelengths is theoretically investigated. A calculated intensity of 51.46 GW∕cm2 is sufficient to transform GaAs
into metal at 1.55 μm to support plasmonic modes. A practical nanoscale plasmonic gap waveguide is designed
based on the GaAs/GaN materials system, demonstrating the capability of obtaining plasmonic waveguiding by
high intensity optical excitation. The propagation characteristics of the plasmonic gapmode in the designedwave-
guide can be dynamically tuned over a broad range of values by varying the intensity of the pump excitation using
modest average powers between 15 and 75 mW. © 2013 Optical Society of America
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1. INTRODUCTION
Over the past decade, there has been renewed interest in the
subject of surface plasmons with a marked increase in
the research activities in the field. This has been driven by
the advancement of nanofabrication technologies, the avail-
ability of highly sensitive nanoscale optical characterization
techniques, and the increase in computational capacity that
allows one to numerically investigate complex plasmonic
structures. These capabilities have enabled the development
of various exciting applications in areas, such as subwave-
length waveguiding, enhancement of emission processes,
optical nonlinearities, spectroscopy, sensing, metamaterials,
and imaging [1].

A serious limitation of plasmonics is that the propagation of
modes in the vicinity of metal surfaces suffers from high
ohmic loss as a result of the damping of collective electron
oscillations, leading to propagation lengths on the order of
only tens to hundreds of microns. In addition to this intrinsic
ohmic loss due to free carriers in the metal, conventional tech-
niques such as evaporation or sputtering that are used to cre-
ate polycrystalline metal films tend to create films with high
surface roughness and grain boundaries [2], which cause scat-
tering loss for surface plasmon polaritons (SPPs). One prom-
ising technique to significantly reduce the surface roughness
would be the epitaxial growth of semiconductor-metal heter-
ostructures, such as in [3] where molecular beam epitaxy
(MBE) is used to fabricate AlAs–NiAl–AlAs heterostructures.
Intermetallics such as NiAl can be utilized as an alternative
material for plasmonics, but many materials in this class
exhibit poor plasmonic performance due to the low frequency
of their interband transitions [4]. The growth of monocrystal-
line gold thin films with 0.2 nm root-mean-square roughness,
which is an order of magnitude lower than with traditional
sputtering techniques, has also been demonstrated based
on epitaxial deposition [5]. However, these approaches re-
quire a substrate with crystalline lattice that is matched with

the lattice constant of the deposited metal; for gold deposi-
tion, the ionic crystal lithium fluoride is used, and these sub-
strate materials are in general not compatible with traditional
semiconductor fabrication processes. Another method to
compensate for metal loss is by replacing the passive dielec-
tric with an active gain medium. For example, gain assisted
SPP propagation in dielectric-loaded SPP waveguides has
been demonstrated recently [6]. Reducing losses using a hy-
brid plasmonic waveguide is also predicted [7], where propa-
gation lengths higher than that of conventional plasmonic
modes are achievable while maintaining subwavelength con-
finement in the spacer region. However, the fundamental limi-
tation in these alternative plasmonic structures is still the
surface roughness of the metal layers.

The use of an all-semiconductor structure for plasmonic
waveguides can alleviate losses caused by the high surface
roughness of metallic layers and the material defects in dielec-
tric layers grown on top of the metal surface. This is because
single crystal semiconductors are readily available and they
have atomically smooth interfaces. Semiconductors can also
be very precisely structured down to the nanometer length
scale in both vertical and horizontal directions, using a com-
bination of techniques such as MBE for material growth and
electron beam lithography for patterning. Using semiconduc-
tors that are compatible with traditional fabrication processes
can thus pave the way for the integration of plasmonic devices
with well-established electronic devices, and also with more
conventional photonic devices, which have already been suc-
cessfully implemented in semiconductor material systems
such as silicon [8].

One important characteristic of semiconductors is that
their carrier concentrations can be tuned over a wide range
by different methods, such as doping, electrical injection,
and optical excitation. This is not possible in metals as all
the valence electrons that contribute to the permittivity are
delocalized as described by the Drude model. As such there
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are no additional bound electrons that can be promoted to the
conduction band and contribute to increasing the free carrier
concentration. The Drude model that describes the permittiv-
ity of a material containing free carriers is given in Eqs. (1) and
(2) below.

ε�ω� � ε∞

�
1 −

ω2
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ω2 � iγω

�
; (1)
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p � ne2

εome

: (2)

The Drude model gives the dielectric permittivity as a function
of the angular frequency ω of the electromagnetic (EM) wave
excitation, where ε∞ is the high frequency dielectric constant, γ
is the phonon damping constant, and ωp is the plasma fre-
quency given by Eq. (2). The plasma frequency is a function
of the free carrier concentration n and the carrier effective
massme, which is specific to the material. At a fixed frequency,
increasing the free carrier concentration would decrease the
real part of the permittivity and increase the imaginary part.
Therefore, it is possible to turn a semiconductor into a metal
by increasing the free carrier concentration past the point when
the real part of the permittivity becomes negative, which is a
requirement for a material to be optically metallic and hence
plasmonic [1]. The tunability of the carrier concentration and
thus plasmonic properties in a semiconductor that has been
rendered metallic is another notable advantage over metals.

This work presents a feasible design approach to demon-
strate all-semiconductor structures as a viable plasmonic
material platform in the near-infrared (NIR) and visible
frequencies using optical excitation. Section 2 discusses dem-
onstrations of plasmonic waveguides in all-semiconductor
structures for operating frequencies ranging from the tera-
hertz (THz) to visible regions. Section 3 presents an analysis
of optical excitation to induce plasmonic behavior in mainstay
semiconductors such as GaAs and clearly shows that it is
feasible with existing technologies. Section 4 discusses the
possibility of using optical excitation to define a practical plas-
monic gap waveguide and dynamically tune its properties [9].
Finally, the wider implications for functional plasmonic
devices will be discussed.

2. PLASMONICS IN SEMICONDUCTORS
Plasmonic modes have been observed at THz frequencies in
semiconductors for applications in sensing [10], waveguiding
[11], and transmission through subwavelength apertures [12].
At THz frequencies, metals have very large complex permit-
tivities, which enable the realization of plasmonic waveguides.
Semiconductors, on the other hand, have much lower free car-
rier concentrations, and thus the magnitude of the real part of
the permittivity is much lower. As a result, SPPs are more
tightly bound at semiconductor–dielectric interfaces at THz
frequencies [11], which is advantageous for many applica-
tions. For small bandgap semiconductors such as InSb, the
smaller values of the real part of the permittivity and the
plasma frequency means that plasmonic modes are confined
to a distance from the semiconductor surface of roughly
2 orders of magnitude smaller, at ∼2.4 × 10−4 m compared
to the confinement distance for gold that is ∼2.5 × 10−2 m.

However, the stronger plasmonic mode confinement for InSb
leads to a shorter propagation length at ∼1.5 μm, which is
more than 3 orders of magnitude less than in gold.

The challenge in sustaining SPPs at higher frequencies is
that it is difficult to induce very high carrier concentrations
in semiconductors; in the NIR and visible frequencies, the re-
quired carrier density is on the order of 1021 cm−3; for conven-
tional semiconductors such as Si, Ge, and AlGaAs, the lower
solubility limit of dopants means that it is difficult to dope
beyond 1020 cm−3. One promising class of materials for plas-
monics at NIR frequencies is doped oxide semiconductors
such as zinc oxide and indium oxide, as heavy doping to
the 1021 cm−3 level is possible due to their high solid solubil-
ities of dopants. Negative refraction in the NIR has been
reported previously using a superlattice made out of alternat-
ing subwavelength layers of AZO/ZnO [13]. Another material
that exhibits even higher carrier concentrations than doped
oxide semiconductors would be titanium nitride, which
means that it is suitable to serve as a material for plasmonic
waveguides even in the visible region [14]. One drawback of
oxide semiconductors is that their properties are strongly
dependent on the fabrication procedures [15], such as the
requirement of precise control of temperature and oxygen
partial pressure, as well as doping during pulsed-laser depo-
sition of thin films. Moreover, there are still outstanding issues
regarding the compatibility of this class of materials with
more traditional semiconductors such as Si and AlGaAs. In
another study, it was theoretically shown that InAs hetero-
structures can be utilized for plasmonics in the mid-infrared
frequencies range [16]. Electrical injection was used to in-
crease the free carrier density and thus induce metallic
behavior.

A pressing question that begs answering is whether main-
stay semiconductors such as Si and AlGaAs can be induced to
become metallic and thus be used as plasmonic materials
at NIR and visible frequencies. Achieving this task through
doping is not likely given the solubility limit of dopants in
conventional semiconductors.

3. OPTICAL EXCITATION TO ACHIEVE
PLASMONIC WAVEGUIDES AT NIR AND
VISIBLE FREQUENCIES
Optical excitation is another route to increase the free carrier
concentration in a semiconductor, and thus it is a promising
alternative for transforming a conventional semiconductor
into a material fit for plasmonic waveguides. One advantage
of using optical excitation is that it would enable plasmonic
waveguides to be defined dynamically at arbitrary locations
on a sample. By launching pump light through a patterned
photomask from the top, only the illuminated tracks on the
sample would become the plasmonic waveguide circuitry.
It is also possible to tune the properties of the plasmonic mode
during device operation, as will be shown subsequently in
this paper.

Plasmonic behavior of dielectric thin films at optical
frequencies has been theoretically shown in previous work,
by the use of high electric fields that can be achieved with
femtosecond (fs) pulses [17]. The effect has also been shown
experimentally, such that silica becomes a conductor using
ultrahigh intensity few-cycle optical pulses [18,19]. The
metallization effect is caused by strong, adiabatically varying
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electric fields on the order of 0.1 V∕Å, which corresponds to
wave intensities of I ∼ 0.1 − 1 TW∕cm2. In a thin dielectric
film of a few to tens of nanometers thick, the electron energy
states are quantized, with the valence band states occupied,
and the conduction band states empty. As the electric field
is increased, two fundamental phenomena occur. First, the
conduction and valence band edges become tilted across
the thin film thickness, such that conduction band (electron)
states will be pushed toward one film surface and valence
band (hole) states are moved toward the opposite surface
[20]. Simultaneously, the conduction-valence bandgap de-
creases due to the linear Stark effect [17] and completely
closes at the field needed for metallization on the order of
0.1 V∕Å. Prior to reaching the field required for metallization,
the bandgap already becomes quite small, but the spatial sep-
aration of the conduction and valence band states due to the
high electric field means that transitions between these two
bands are highly suppressed. However, as the electric field
is increased adiabatically past the metallization field, an anti-
crossing between the bottom conduction band and top va-
lence band edges occurs [21], resulting in conduction band
states originally at one surface of the thin film to exist at
the opposite surface, where they spatially overlap with the va-
lence band states. This allows for electron transitions at low
frequencies, corresponding to the material resonance shifting
to the NIR and visible regions of the spectrum, which means
that the real part of the permittivity is negative at NIR and
visible frequencies, a characteristic of optically metallic
materials.

In the previously described method of metallization, plas-
monic behavior is exhibited only in a narrow spectral range
near the shifted material resonance of the dielectric thin film,
which is in the NIR or visible region due to the high electric
field of an ultrashort optical pulse. This is fundamentally
different from a Drude metal, in which plasmonic behavior
would be present for all wave frequencies lower than the
plasma frequency of the free carriers in the metal. As will
be shown next, the optical intensities to achieve sufficient
carrier densities in semiconductors for plasmonic behavior
is on the same order of magnitude as that required by the
method of high electric fields in dielectric thin films, which
would be around hundreds of GW∕cm2. However, the tech-
nique based on high electric fields requires a thin film of nano-
meters thickness to be used, and the ultrashort pulse must
have a temporal duration determined by the film thickness
[17]. On the other hand, the technique described in this work
is based on high optical intensity excitation to generate free
carriers in semiconductors, thus it is not limited by these fac-
tors even though ultrashort pulses are still necessary to
achieve the required intensities.

It is essential initially to determine the necessary conditions
for optical excitation to induce a sufficiently high carrier con-
centration in a semiconductor to give rise to the plasmonic
effect, namely, the optical intensity required for a given semi-
conductor material. High-intensity picosecond pulsed lasers
can produce electron-hole plasmas that is essentially free
carriers with concentrations on the order of 1020 cm−3 in un-
doped semiconductors such as GaAs [22]. There has also
been work on laser excited electron-hole plasmas up to the
1021 cm−3 concentration range in semiconductors such as
silicon, both theoretically [23] and experimentally [24]. It is

also possible to reach carrier densities in semiconductors
of above 1022 cm−3 with fs laser pulses [25].

To calculate the required excitation intensity to reach a
certain carrier concentration, we begin with the rate equation
for the carrier concentration, as shown in Eq. (3). For the case
of a single pump beam, the two forces driving the change in
carrier concentration are the pump rate P and the recombina-
tion rate R.

dn

dt
� P − R � α0I � α2I

2

hν
− �An� Bn2 � Cn3�: (3)

Considering the case of steady state, there is no net gener-
ation of carriers so dn∕dt � 0, and the pump rate can be
equated with the recombination rate. The pump rate is depen-
dent on the excitation intensity I, and it is dominated by linear
absorption α0 at low intensities and two-photon absorption
(TPA) α2 at high intensities. It is also dependent on the fre-
quency ν of the excitation radiation. The recombination rate
is dependent on the carrier density and the coefficients A, B,
and C, which denote nonradiative recombination, radiative re-
combination, and Auger recombination, respectively. These
parameters are specific to the material under investigation.

As the excitation intensity is increased, the carrier concen-
tration in the conduction band increases while the concentra-
tion of carriers in the ground state where they can absorb light
is depleted. This leads to the saturation of linear absorption of
the excitation pump. Similarly, there are a finite number of
excited states in which carriers can be promoted by the
TPA process, so TPA also saturates at sufficiently high exci-
tation intensities. Mathematically, absorption saturation is
represented by the intensity dependence of α0 and α2,
such that they decrease as the intensity is increased. The in-
tensity dependence of the linear absorption coefficient can
be expressed as

α0�I� �
α00

1� I∕Is0
; (4)

where α00 is the linear absorption coefficient at low intensities
(∼1.33 × 106 m−1 for GaAs at λ � 800 nm) when saturation
effects are negligible and Is0 is the linear absorption saturation
intensity, which for a temporal Gaussian beam profile is
given by

Is0 �
ℏω
τσ00

����������������
12 ln 2

π

r
: (5)

In Eq. (5), τ is the lifetime of the upper state (∼10−8 s for
GaAs), or the duration of the excitation pulse if it is shorter
than the upper state lifetime, ω is the excitation angular fre-
quency, and σ00 � α00∕N0 is the unsaturated linear absorption
cross section where N0 is the number density of excitable
species (∼4.42 × 1022 cm−3 for GaAs) [26]. The saturation of
TPA in a bulk semiconductor can be modeled by the
hyperbolic approximation [26]

α2�I� �
α02

1� I2∕I2s2
; (6)
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such that α02 is the TPA coefficient at low intensities
(∼2 × 10−9 m∕W for GaAs at λ � 800 nm), and Is2 is the
TPA saturation intensity given by

Is2 �
������������������������������
2ℏω
τσ02

����������������
12 ln 2

π

rs
; (7)

where σ02 � α02∕N0 is the unsaturated TPA cross section.
Equations (5) and (7) yield the linear absorption and TPA sat-
uration intensities in GaAs of 6.71 TW∕cm2 and 945 GW∕cm2,
respectively, at the pump wavelength of λ � 800 nm. Thus,
the effective absorption coefficient αeff � α0 � α2I of GaAs,
taking into account both linear absorption and TPA, peaks
at an excitation pump intensity close to the TPA saturation
intensity Is2, which is approximately αeff � 1.06 × 105 cm−1.

The compound semiconductor GaAs is used as an example
for the subsequent calculations. By solving the wave equation
at the boundary between a metal and a dielectric, the
dispersion relation for a single interface SPP can be derived
[1], and it is given by

β � ω

c

������������������
εMεD

εM � εD

r
; (8)

where εM and εD are the relative electric permittivities of
the metal and dielectric, respectively. To propagate SPPs at
the metal–dielectric interface, the propagation constant β
must be a real value, which sets the condition that
εM � εD < 0, or jεM j > jεDj since εM is a negative value. If
the GaAs/GaN materials system, which is suitable for design-
ing an optically defined plasmonic waveguide as will be
discussed in Section 4, is considered for demonstrating the
plasmonic effect at high intensity optical excitation, then
sustaining SPPs at a GaAs–GaN interface would require that
the absolute value of εM for metallic GaAs is greater than εD
for GaN. Since GaN has a maximum εD of ∼9.7, εM for GaAs
when rendered metallic is set at −12 in subsequent calcula-
tions. From Eqs. (1) and (2), the required carrier concentra-
tion for the relative permittivity of GaAs to reach a value of
−12 at the telecommunications wavelength of 1550 nm is
approximately 7.2 × 1020 cm−3.

Practically, the intensity levels calculated above are achiev-
able only in laser systems with ultrafast pulses, such as com-
mercial Ti-sapphire lasers. As an example, a 150 fs pulsed
laser with 500 mW average power and a repetition rate of
78 MHz produces a peak intensity on the order of several
TW∕cm2, which is sufficient for inducing plasmonic behavior
in GaAs at optical frequencies. It is also noted that high peak
intensity ultrafast lasers in the fs regime can cause irreversible
damage to semiconductor materials via a nonthermal lattice
disordering process, which has a critical free carrier density
of ncr ∼ 1022 cm−3 [25,27]. This phenomenon has been shown
in several experimental reports, where irreversible laser-
induced phase transition in semiconductors is caused by fs
pulses from commercial subpicosecond Ti:sapphire laser sys-
tems [28] or passively mode-locked dye lasers [29,30]. Thus,
the peak intensity of the excitation beam must have an upper
limit such that it induces a free carrier density less than ncr. An
ultrafast fs regime pulsed excitation is on a much shorter time
scale than the recombination time (upper state lifetime) of the
carriers, which is on the order of a few nanoseconds for direct

bandgap semiconductors. On the fs time scale, steady state
would not be reached, and thus the recombination effects
are negligible. The carrier density n generated by an ultrafast
pulse of a certain peak intensity can then be approximated by
multiplying the pump rate P by the pulse duration tp:

n � α0I � α2I
2

hν
× tp: (9)

For a 150 fs duration excitation pulse at λ � 800 nm, the
required intensity to reach the carrier density of 7.2 ×
1020 cm−3 for plasmonic behavior at 1.55 μm is approximately
51.46 GW∕cm2. This translates to an average optical power of
only 3 mW if a 78 MHz repetition rate pulsed laser is used,
considering the excitation spot diameter of 800 nm. As a com-
parison, at the pump intensity corresponding to the maximum
effective absorption coefficient in GaAs, the carrier density
achieved is ∼8 × 1022 cm−3, which is 2 orders of magnitude
higher than that required for inducing plasmonic behavior.
This means excitation intensities of well below the absorption
saturation values in GaAs are sufficient to demonstrate the
plasmonic effect. Under excitation by a high intensity pump
pulse, the illuminated section of GaAs material becomes ame-
nable to SPP excitation by a 1550 nm wavelength signal beam.
The time duration where the SPP excitation lasts is on the or-
der of the free carrier lifetime or, equivalently, the upper state
lifetime. As shown above, it is quite feasible for conventional
semiconductors to be used as materials supporting plasmonic
modes from NIR to visible frequencies based on optical exci-
tation, as the required optical intensities are readily achiev-
able with commercially available ultrafast laser systems.

4. PUMP EXCITATION INTENSITY-
DEPENDENT PLASMONIC MODE
PROPERTIES
A. Semiconductor Plasmonic Waveguide Design
From the preceding analysis, high intensity optical excitation
as a route to achieve plasmonic behavior in semiconductors at
optical frequencies is found to be quite feasible. To demon-
strate the proposed technique, a practical waveguide struc-
ture is designed such that a pump excitation mode causes
certain regions of the cross section to become metallic,
and a probe plasmonic mode can exist in the structure as a
result. The main criteria for the waveguide design are that
it should be amenable to actual fabrication with currently
existing technologies and that the probe signal should only
be detected at the output when the pump excitation is
present in order to clearly identify the existence of a plas-
monic mode. Ideally, the waveguide cross section would
have submicron dimensions with the potential for further
downscaling, because one of the main attractions of plas-
monics technology is that optical devices can be reduced
to subdiffraction-limited sizes.

A major challenge in the semiconductor plasmonic wave-
guide design is to find a materials system in which only the
regions of the waveguide cross section intended to be ren-
dered metallic become metallic as a result of pump excitation.
For example, if the GaAs/AlGaAs material system is used to
implement the waveguide, at the ultrahigh intensities required
for plasmonic behavior in GaAs, the surrounding AlxGa1−xAs
regions would exhibit such a high carrier concentration that

H. M. K. Wong and A. S. Helmy Vol. 30, No. 4 / April 2013 / J. Opt. Soc. Am. B 1003



it too would become metallic, regardless of the fraction of
aluminum content. While the fraction of aluminum of the
surrounding AlxGa1−xAs can be chosen to avoid single-photon
absorption at the pump wavelength, TPA would always exist
because AlGaAs over the entire range of possible aluminum
content has a bandgap energy that is less than twice that
of GaAs. To avoid TPA in the surrounding regions, a material
with a bandgap energy that is more than two times that of
GaAs must be used. A promising candidate material would
be gallium nitride (GaN), which has a direct bandgap energy
of 3.4 eV, well over twice the bandgap energy of GaAs of
1.424 eV. Over the past few years, high quality and thickness
GaN growth on a GaAs substrate using plasma-assisted MBE
has been demonstrated with continual improvements in wafer
size, crystalline quality, and growth rate [31], showing that the
GaAs/GaN materials system is quite feasible for implementing
the semiconductor plasmonic waveguide design in this work.

The semiconductor plasmonic waveguide design for dem-
onstrating plasmonics in an all-semiconductor platform is
shown in Fig. 1(a). The pump wavelength is set to 800 nm,
which corresponds to the photon energy above the bandgap
of GaAs, and the pump mode is a dielectric slot mode (TE
symmetric supermode of the coupled ridge waveguides) that
is supported by two closely adjacent ridge waveguides, as
shown in Fig. 1(b). Most of the optical power of the pump
mode is contained inside the GaAs regions of the waveguide
structure, and upon sufficiently high intensity pump excita-
tion, the GaAs regions are rendered metallic while the sur-
rounding GaN remains nonmetallic. The probe is at the
telecommunications wavelength of 1550 nm, and the probe
mode is a plasmonic gap mode with optical power concen-
trated in the air region between the two ridge waveguides,
due to the GaAs rendered metallic, as shown in Fig. 1(c). A
plasmonic gap mode [9] represents the solution of Maxwell’s
equations for the structure consisting of a nanoscale gap
within a thin metal film, which is the two-dimensional analog
of the simpler metal–insulator–metal structure [32]. This
mode can be considered the coupling of two single interface
SPP modes at each of the metal–dielectric boundaries within
the structure.

This waveguide structure satisfies the design criteria stated
above. First, the fabrication of this device is quite feasible.

The process would begin with a GaN layer that is several
to tens of microns thick. Next, a 200 nm thick layer of GaAs
is grown on top, followed by the growth of 100 nm of GaN. The
last step would be to pattern the surface and etch to a depth of
400 nm to produce the final waveguide structure. Another cri-
terion that is met would be the ability to clearly distinguish
when a plasmonic mode exists, because the waveguide struc-
ture does not support any modes at the probe wavelength of
1550 nm in the absence of the pump excitation mode, as a
result of the submicron size and two-ridge structure of the
waveguide, which only has overall dimensions of 800 nm
by 400 nm. This is confirmed by a commercial mode solver.
Finally, while the current waveguide structure is already sub-
micron in size, it can be further scaled down, because the size
of the plasmonic gap mode is limited only by the cutoff width
and height; however, for a symmetric plasmonic gap wave-
guide, the subwavelength mode is always supported and there
is no cutoff [32], which the current waveguide design highly
mimics as the GaAs layer is surrounded on both the top and
the bottom by GaN of 100 nm thickness. It is not completely
symmetric only because of the presence of the GaN substrate.
When scaling down the waveguide cross section, the pump
excitation mode would cease to exist below certain dimen-
sions due to cutoff, but this problem can be solved by decreas-
ing the wavelength used for the pump.

Another important characteristic of the current plasmonic
waveguide design, as shown in Fig. 1(a), is that both the pump
and probe modes can be excited directly by a Gaussian beam
at the respective wavelengths of 800 and 1550 nm, with rea-
sonably high end-fire coupling efficiencies. The ability to effi-
ciently end-fire couple to both the pump and probe modes of
the semiconductor plasmonic waveguide with Gaussian
beams simultaneously would help simplify the experimental
setup required to characterize the device. First, consider an
800 nm wavelength pump Gaussian beam with a 800 nm waist
diameter, which is chosen because it matches well with the
cross-sectional size of the waveguide as shown in Fig. 1(a),
and it is also quite feasible with a typical objective lens for
focusing. At the intensity of 225 GW∕cm2, which corresponds
to an average power of 13.2 mW using a 150 fs at 78 MHz rep-
etition rate pulsed laser system, the coupling efficiency to the
pump dielectric slot mode as shown in Fig. 1(b) would be ap-
proximately 17%. This excitation beam intensity would induce
a free carrier concentration of 5.11 × 1021 cm−3 in the GaAs
regions, leading to εM ∼ −137 that is sufficient for plasmonic
behavior. With the GaAs regions rendered metallic by the
pump beam, a probe Gaussian beam at 1550 nm with a waist
diameter of 1 μmwould have a coupling efficiency to the plas-
monic gap mode, as shown in Fig. 1(c), of approximately 21%.
It is also useful to consider the average power requirement of
a larger diameter excitation beam, because it represents the
case when a lower numerical aperture objective lens is used.
For demonstration, the same pulsed laser system is utilized
but with the pump beam focused to a waist diameter of
3 μm. In this case, the coupling efficiency to the pump dielec-
tric slot mode as shown in Fig. 1(b) is around 5.5%. To achieve
the free carrier concentration of 5.11 × 1021 cm−3 in the GaAs
regions, an excitation beam intensity of 49.3 GW∕cm2 is re-
quired, corresponding to an average power of 40.8 mW, which
is several times higher than with the pump beam focused to a
diameter of 800 nm.

Fig. 1. (Color online) Schematics of the (a) cross section of
GaAs/GaN semiconductor plasmonic waveguide with etch depth
D � 400 nm, ridge width W � 300 nm, spacing between ridges
S � 200 nm, and the GaAs layer thickness T � 200 nm, (b) the exci-
tation pump mode electric field intensity profile at λ � 800 nm, and
(c) the probe mode electric field intensity profile at λ � 1550 nm.
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Practically, it must be pointed out that the objective lens
used for focusing the excitation beam would cause some
pulse broadening due to GVDwithin the lens material, and this
would essentially lower the peak intensity of the pulses. How-
ever, this shortcoming can be mitigated by either increasing
the average pump intensity or using optics to manage the
dispersion that the beam experiences. The detailed calcula-
tions of this effect are not included, because the peak inten-
sities achievable by commercial ultrafast laser systems are
much higher than what is required for demonstrating the plas-
monic effect in semiconductors such as GaAs. Finally, it is
noted that the pump-probe experiment described here can
be conducted at room temperature.

B. Plasmonic Mode Propagation Characteristics
The properties of the probe plasmonic mode are directly
affected by the intensity of the pump excitation, which can
be exploited for control of the plasmonic mode and lead to
a myriad of functional plasmonic devices. To control the
propagation characteristics of the probe plasmonic signal us-
ing the pump excitation beam, the pump intensity-dependent
properties of the plasmonic mode must be investigated. The
optical intensity inside the GaAs regions determines the free
carrier density by Eq. (9), and the carrier density sets the di-
electric permittivity, as governed by Eqs. (1) and (2). For the
pump intensity range used in the study, the low intensity limit
corresponds to just above the threshold for the probe plas-
monic gap mode to exist in the optically pumped structure,
and the high intensity limit corresponds to just below the free
carrier concentration of 1022 cm−3, which is the threshold for
laser-induced material damage for fs laser pulses. The result-
ing range of average excitation powers is approximately from
15 to 75 mW. The trend in the dielectric permittivity of GaAs
as a function of pump intensity of a 3 μm waist diameter
Gaussian beam is shown in Fig. 2; the real part of the dielectric
permittivity decreases as intensity increases, and the imagi-
nary part increases as the intensity increases.

With information about the dielectric permittivity of
the GaAs regions over the range of intensities studied, the dif-
ferent propagation properties of the plasmonic gap mode are
obtained using Lumerical MODE Solutions simulation soft-
ware. The plots in Fig. 3 summarize the different plasmonic
mode properties at 1550 nm as a function of the average ex-
citation power of a 3 μmwaist diameter Gaussian beam based
on a 150 fs pulsed laser at 78 MHz repetition rate, including the
effective index (neff ), propagation constant or phase constant
(β), modal loss (L), and fraction of plasmonic mode power
contained within the air gap region (η). Figure 4 contains
the plots of group velocity υg and group velocity dispersion
(GVD) as a function of average pump excitation power.

As the pump intensity is increased, the free carrier concen-
tration in the GaAs metallic layer increases, resulting in
less EM field penetration inside the metal. This effect essen-
tially causes all the trends seen in Figs. 3 and 4. As the field
penetration inside the metallic GaAs decreases, a higher
fraction (η) of the plasmonic mode power resides in the air
gap region, which means the effective index (neff ) would de-
crease to become closer to that of air, and the phase constant
(β) would also decrease. As the EM field is pushed away
from the highly lossy metallic GaAs, the propagation loss (L)
would decrease; and conversely, the plasmonic mode would
propagate over a larger distance. The reduction in plasmonic
mode propagation loss as the semiconductor becomes more
“metallic” due to the increase in carrier concentration does
not contradict the motivation for using semiconductors over
metals for plasmonics at the outset of this paper. This high-
lights another benefit of using optical excitation to transform
a semiconductor to a metal, which is the flexibility of how
metallic the semiconductor material can become. This point
is more subtle in its effects, because inducing a carrier con-
centration just above the threshold to support a plasmonic
mode can provide lower ohmic loss compared to the case
if a natural metal is used. However, increasing the carrier con-
centration beyond what is needed to support a plasmonic
mode increases the ohmic loss of EM fields within the metallic
semiconductor, but at the same time the overall loss of the
propagating plasmonic mode would decrease.

The last two plasmonic mode propagation parameters are
the group velocity (υg), which increases as the pump intensity
is increased, just like the trend for phase velocity, and the
GVD that can be tuned from positive to negative values

Fig. 2. Plots of (a) real part (εr) and (b) imaginary part (εi) of the
dielectric permittivity of GaAs as a function of the pump excitation
peak intensity.

Fig. 3. Plots of 1550 nm wavelength probe plasmonic gap mode
properties as a function of average excitation power, including the
(a) effective index (neff ), (b) phase constant (β), (c) modal loss
(L), and (d) fraction of mode power in the air gap region (η).

Fig. 4. Plots of (a) group velocity (υg) and (b) GVD of 1550 nm wave-
length probe plasmonic gap mode as a function of average excitation
power.
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depending on the pump intensity. This has important implica-
tions for high speed transmission systems, as group velocity is
essentially the speed of optical pulse propagation and GVD is
a measure of the broadening of pulses during propagation.

It is constructive to compare this work with previous work,
where the control of optical properties in plasmonic struc-
tures has been largely limited to the nonmetallic dielectric
layers. Techniques that are similar to what is presented in this
paper have been studied, such as in [33], where ultrafast fs
optical pulses incident on an aluminummetal surface are used
to disturb the equilibrium in the energy-momentum distribu-
tion of electrons and influence SPP propagation along the sur-
face. Also, in [34], ultrafast fs pulses are used to generate free
carriers in ion-implanted silicon that leads to changes in the
dielectric properties. However, the technique is based on in-
creasing the imaginary part of the dielectric permittivity εi,
which increases the absorption as a result of photogenerated
free carriers. To our knowledge, the present paper is the
first theoretical work to investigate the modification of the
real part of the dielectric permittivity εr of a semiconductor
material within an all-semiconductor structure for the
manipulation of optical frequencies SPP propagation.

5. CONCLUSIONS
We investigated the feasibility of sustaining plasmonic modes
in an all-semiconductor platform based on ultrahigh optical
intensity free carrier generation that causes certain regions
to effectively transform into a metal. After a review of the cur-
rent status of semiconductor plasmonics, such as operation in
the THz frequencies and using doping or electrical injection as
techniques for increasing free carrier concentration, the route
of optical excitation with mainstay semiconductors such as
GaAs is discovered to be quite attainable with the use of
readily available ultrafast laser systems. A detailed calculation
of the required intensities to induce the necessary changes in
optical properties of the semiconductor is then carried out,
which took into account critical nonlinear optical effects.
Next, a semiconductor plasmonic waveguide design based
on the GaAs/GaN materials system is presented, which satis-
fies several key design criteria, such as being amenable for
fabrication with currently available technologies, the testabil-
ity with a relatively simple optical characterization setup, and
also the subdiffraction-limited cross section that can be fur-
ther scaled down. Last, the novel concept of changes in the
plasmonic mode propagation characteristics as a function
of excitation pump intensity is investigated and explained
in detail. In conclusion, we have theoretically shown that
all-semiconductor plasmonics at optical frequencies is indeed
quite feasible, and furthermore, that the ideas investigated can
be useful for functional plasmonic devices, which are well
worth studying further.
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