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Spatial charge distribution for biased semiconductors fundamentally differs from metals since they can
allow inhomogeneous charge distributions due to penetration of the electric field, as observed in the
classical Schottky junctions. Similarly, the electrostatics of the dielectric/semiconductor interface can
lead to a carrier depletion or accumulation in the semiconductor side when under applied bias. In this
study, we demonstrate that the inhomogeneous carrier accumulation in a moderately p-doped GaAs-
dielectric interface can be tailored for tunable plasmonics by an external voltage. Solving Maxwell’s
equations in the doped GaAs-dielectric stack, we investigate the tunability of the surface plasmon and
phonon polaritons’ interaction via an external bias. The plasmonic mode analysis of such an interface
reveals interesting dispersion curves for surface plasmon and phonon polariton interactions that are not
possible in metals. We show that the plasmon dispersion curve can be engineered through an external
bias using the inherent properties of the p-doped GaAs- dielectric interface.

The conversion of light to propagating oscillations of free electrons at a metal-dielectric interface, namely plas-
monics, has become an important field of study for applications ranging from the new generation of electronics
to solar energy harnessing and sensing. It is well known that at the interface of a noble metal and a dielectric
(DE) medium, surface plasmon polaritons (SPPs) can be excited under special conditions'?, which are due to
the resonant coupling of the incident electromagnetic field and free electrons of the metal medium in the opti-

. cal regime®=. Nevertheless, this optical behavior depends on plasma frequency, which is a strong function of

: the density of free carriers of the metallic medium. For lower frequencies, such as the terahertz regime, this
phenomenon is more difficult to achieve with metals. Owing to their intrinsic properties, metals act as perfect
electrical conductors in terahertz and lower frequencies®?, thus a metal-dielectric interface configuration can
have challenges for tunable far-infrared (IR) plasmonic applications. Various techniques other than the classical
metal-dielectric interfaces have been used to excite SPPs at lower frequency bands such as IR and lower. For
example, Babuty et al. showed that by periodically patterning the metallic contact of a mid-IR quantum cascade
laser, the surface plasmons (SPs) can propagate at the metal-semiconductor (SC) boundary’. Li et al. demon-
strated theoretically and experimentally a semiconductor plasmonic terahertz waveguide which can be obtained
using a doped silicon medium as a conductive substrate'®. Further building on these investigations'®!!, Ghosh
et al. showed that Ge/Si combination can be used as a SP sensor with the application of photo detections'?. The
main focus of these works is the use of a semiconducting medium to excite surface plasmons, which is attractive
for longer wavelengths than typical metal-dielectric interfaces. For instance, Law et al. recently presented a plas-
monic nanoantenna for mid-IR sensing using a heavily-doped InAs'®. That work also demonstrated that in doped
SCs, the resonances due to free carriers can be modeled by Drude formalism plus a Lorentz oscillator approach
for phonon resonances'-'¢ which may excite surface phonon polaritons (SPhPs). These studies explored the opti-
cal regime of far-IR frequencies for plasmonic device design and shed light on the physics of the problem!”!%. In
essence, SPhPs are due to the interaction of polar optical phonons with long-wavelength incident electromagnetic
fields which can occur in SiC'#%, hexagonal BN?'-%%, GaAs?>%, InP¥, and CaF,.
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In this work, our aim is to demonstrate that the charge distribution at a moderately doped DE-SC interface
can be tailored by an external voltage, which leads to position dependency of a carrier density function that
can exhibit a highly unconventional plasmonic response to incoming excitation. This study is a theoretical and
numerical one based on the analyses of plasmon and phonon-polariton modes at the DE-SC interface. We note
that the control of the carrier density and distribution in the semiconductor theoretically allows control of the
above mentioned resonances. We demonstrate that the resonances can be tuned by controlling the carrier density
at the DE-SC interface via an external bias. We hope that our results will lead to a better understanding and inter-
pretation of the outcomes of previous works on similar systems as well identify new areas of study on resonance
frequency control at DE-SC thin film stacks. Under such inhomogeneous carrier distributions near a DE-SC
interface (that can be controlled via an externally applied voltage), we derived the dispersion relations for plas-
mons and phonon interactions, providing the relevant plots for GaAs with p-type doping (pGaAs). In this man-
uscript, we obtained the results for a p-type GaAs as the SC material, however, the same concept can be extended
to other SC material systems as well. We chose pGaAs as a model system since there is abundant experimental
data on pGaAs and its semiconducting parameters (such as carrier mobility, dielectric relaxation time, and car-
rier relaxation time for various doping levels) are well defined'*?**. Solving the Maxwell’s equations for a pGaAs
interfacing a dielectric, we demonstrate the voltage controlled tunability of plasmon and phonon polaritons. We
show that appropriately doped SC slabs interfacing a dielectric medium can be tailored to control SPP/SPhP via
an external bias and that this is strongly coupled to carrier density at the interface.

Charge Distribution at a Moderately pGaAs-Dielectric Interface

Spatial charge distribution in a doped SC medium with a bandgap close to that of Si fundamentally differs from
metals due to larger skin depths and, as the electric field can penetrate into the SC, inhomogeneous spatial charge
distribution can exist under an applied potential. A good example of inhomogeneous charge distribution is the
classical Schottky junction. In a Schottky junction, the carriers are redistributed due to the difference between the
Fermi levels of the SC and the metal contact. This can generate a depletion zone in the SC side which decays either
gradually or abruptly into the bulk and corresponds to a thermodynamic equilibrium state. The distance encom-
passing the decay of the ionized dopants is known as the Debye screening length. While such descriptions are well
established"?, the tailoring of carrier distribution in an SC in contact with a metal or a dielectric forms the basis of
today’s modern electronics and is important for plasmonic device considerations. Among SC materials, GaAs has
been getting attention for plasmonic applications® and is the SC for which we obtain the carrier distribution and
analyze its SPP and SPhP characteristics in this work. We expect that the carrier densities in a moderately p-doped
(107-18cm™%) GaAs would be 4-5 orders of magnitude less than in a good metal. Furthermore, due to strong
dependency of the plasma frequency on the carrier density; it is expected that the SPP propagations at the doped
GaAs interfaces may occur at lower frequencies such as the IR frequency band>!. It has been shown that doped
SCs such as SiC particles are capable of supporting surface waves in the 10-12.5 um range!’. In addition, wide
bandgap materials systems such as III-Nitrides have been shown to support plasmons in the 11-18 pim range?"?,
and ZnO can do so in the near-IR regime®. Moreover, VO,, a material getting attention for the insulator-to-metal
transition in the vicinity of room temperature, has been demonstrated to allow induction of near-IR plasmons in
submicron film form (Kretschmann configuration) via external thermal control®. Therefore, enabling plasmon
oscillations even in wide bandgap SCs with impurities is a possibility as the above works reveal, but it is another
question whether these plasmons can be frequency tuned. Due to the finite penetration of the electric field in
these materials, the latter should be possible as we show for pGaAs in the coming sections. In another interesting
case, Misirlioglu et al. showed that the carrier density at the SC-ferroelectric interface can be varied orders of
magnitude through polarization of the ferroelectric layer, which is a polar dielectric capable of generating very
strong fields near the interface™.

Thus, in analogy with the optical regime SPPs, one has to consider the carrier distribution at a DE-pGaAs
interface for plasmonic applications. With this in mind, we consider a bias on the DE-SC interface that can be
controlled externally. We used lateral boundary conditions to ensure that we have a homogeneous voltage distri-
bution across the stack. Moreover, from a practical point of view, to avoid edge effects that might interfere with
the resonances reported here, the lateral dimensions of a device should be, in theory, orders of magnitude greater
than the wavelength of the excitation. Although in the theoretical calculations the interface of semi-infinite SC
and DE mediums is considered, the thickness of these regions should be reasonable to allow the carrier density
control within a realistic range of the bias voltages (a few volts or more). For studying the plasmonic effects at
such interfaces one needs to find the carrier accumulation inside the SC region and also near the interface which
can be position-dependent due to the applied bias. The localized spatial carrier density in the pGaAs region can
be obtained using Poisson’s equation:

d2¢pGaAS _ p(z)

2
dz €DC,pGaAs€0 (1)

where €p¢Gaa; 18 the relative static dielectric constant of the doped GaAs medium, €, is the permittivity of vac-
uum, and p(z) represents the density of free carriers, respectively. It should be noted that in the DE medium p=0
which leads to the solution of the Laplace’s equation in this region:

PP
= 0.
dz? (2)

The spatial distribution of the carriers in each region can be obtained by applying the continuity condition of
P g Y applying y
@PGaAs = pPE at the interface (i.e. z=0). As we control the bias on the semiconductor side, a negative bias depletes
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the holes (the type of carriers in this work) at the dielectric/semiconductor interface where the plasmon
resonances are expected to occur. Therefore, a negative bias was not pursued at any stage of the study. In
order to achieve the carrier distribution at the junction, in equation (1), it is considered that
p=q(—n +pt — Ny)with:

_ _ 1 pGaAs
Ny = NA[exp[q(EA Er o7y
~1
_ _ 4 pGaAs
n = Nc[exp[q(Ec Er— ¢ ) +1
~1
_ _ 1 pGaAs
p+_NV1—[exp 9By — Br — ¢ ) +1
kT
®)

where N, (N ,) is the ionized (total) acceptor density for the pGaAs, n~ is the electron density, p* is the hole den-
sity, N is the effective density of states at the bottom of the conduction band, Ny is the effective density of states
at the top of the valence band, E is the energy of an electron at the bottom of the conduction band, Ey is the
energy of an electron at the top of the valence band, Ej is the Fermi level, P4 is the local electrostatic potential
and E,, is the ionization energy of the acceptor atom which is taken according to the top of the valence band. In
order to perform the calculations including the band bending in the SC medium, it is essential to know E of the
pGaAs as a function of dopant concentration which can be calculated from the charge neutrality condition:

dep(r) =0 6)

Coming into contact with a metal electrode that is expected to have a much higher population density near
the Fermi level, the pGaAs will equilibrate with the Fermi level of the metal via carrier transfer at the interface.
Due to the discontinuity of the dielectric constants at the DE-pGaAs junction, a local electric field and therefore
a charge accumulation whose magnitude will depend on voltage and the Fermi level of the system can be antic-
ipated. For the p-doped GaAs, depending on the bias on the top metal electrode, there would be either exposed
ionized acceptors or free carriers (holes in the SC region) near the interface that forms the basis of the analysis
carried out in this work.

Relatively low carrier density in the SC region allows the penetration of the bias field into the pGaAs medium,
which causes inhomogeneous charge distributions on the SC side, especially near the interface. As we demon-
strate later, this inhomogeneous carrier distribution near the interface leads to rather interesting optical reso-
nances in the far-IR frequencies. Away from the interface the homogeneous charge distribution, i.e.,
p=q(—n +p* — N,) = 0condition would be restored in the bulk for a sufficiently thick SC medium. In this
work, due to the finiteness of the GaAs thickness, we do not get a region where p=0 unless very high dopant
concentrations are considered (small screening lengths similar to metallic behavior), which are both outside the
scope of the work in addition to converging to a DE-metal case that works at optical frequencies. We provide
carrier density distribution results for moderate doping level obtained by solving equations (1), (2) and equa-
tions (3), (4).

Figure 1a depicts the schematic representation of the considered DE-pGaAs interface with individual &,44,(w,
z, V) and €, dielectric permittivities, respectively. The maximum carrier density distribution [i.e.,p_ (cm™)]

achieved from numerical calculations of equation (1) and equations (3-5) for Fig. 1b, V=+1V (solid-line), and
+2V (dashed-line); Fig. 1c, V=+3V (solid-line), and +4V (dashed-line). A curve fit approximation to the
numercial datausingp (V) - exp[—a(V) - z]isalso shown in the plots and c is a decay coefficient that is used
to approximate the numerical solution [Fig. 1b +1V (circles), and +2V (cubes)]; [Fig. 1¢ +3 V (circles), and +
4V (cubes)]. Figure 1d represents the average density of free carriers (cubes); [i.e. p,,.(V)], and spatial decay rate
(circles); [i.e. (V)] versus changing the bias voltage. The inset shows the voltage variations of the maximum value
of free carrier density [i.e. p __ (V)]. In addition, since the presented study consists of static solution of the carrier

distribution at the interface which strongly affects the solution of the wave equation in the doped GaAs region as
an inhomogeneous medium, we supposed both the relative static dielectric constant (i.e. €p¢ ygass)> and also the
dielectric constant of the GaAs medium at high frequencies; (i.e. €, ygas;) in corresponding solutions, respec-
tively. The data parameters used to solve equations (1-5) and also to calculate the dielectric permittivity function
of the pGaAs medium can be found in Tables 1 and 2 14336,

The main effect of the doping is to increase the volumetric density of carriers relative to an intrinsic GaAs
medium and render plasmonic effects possible. We assume that the amount of doping here does not alter the
symmetry or structure of the GaAs medium and only affects its dielectric function. One would expect that, under
bias, there will be a jump in dielectric displacement at the DE-pGaAs interface, causing carrier accumulation
(holes for pGaAs) at or near the interface. This is indeed the case as shown in Fig. 1 and the carrier accumulation
is a function of bias on the SC side. The electrostatic potential inside the doped GaAs medium is rather inhomo-
geneous due to the presence of space charges (carriers and ionized acceptors) and this results in an almost expo-
nentially decaying carrier density away from the DE-pGaAs interface. Increasing the positive bias voltage on the
GaAs side leads to a decrease in hole densities which is also energetically more favorable for the system. The band
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Figure 1. (a) Description of the considered pGaAs, €pGa As(w; z, V), interfacing a dielectric medium with ¢,
Maximum carrier density plots obtained from the numerical solution of equation (1) and equations (3)-(5) for
(b) V=+1V (solid-line), and +2V (dashed-line) bias, (¢) V=43V (solid-line), and +4 V (dashed-line) bias.
Approximate fit using a form Py (V) - exp[—a(V) - z]is also given in all plots; [(b) +1V (circles), and +2V
(cubes)], [(c) +3V (circles), and +4V (cubes)]; where P (V) is the voltage dependent maximum carrier
density at the interface. (d) The average carrier density [i.e.p,,.(V)]; (dashed-line) as a function of bias and the
plot of spatial decay coefficient [i.e. a(V)] along z-axis (solid-line) obtained from the approximation of the
numerical data for the applied bias voltages of interest in this work. The inset curve shows the density of
maximum free carrier density occurring at the interface versus the bias voltage.
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Table 1. Parameters used for calculate the carrier density at the DE-pGaAs interface using equations (1)-(5).

10.89

5 8

8.4 0.055 0.01

Table 2. Data parameters used to calculate the permittivey function of the pGaAs medium.

edges also move with respect to the Fermi level under bias. The results demonstrated in Fig. 1b,c suggest that the
average and maximum density of the carriers can be tuned significantly by changing the applied DC voltage on
the doped GaAs side. Under such conditions, the dielectric function of the pGaAs medium may be modeled with
a classical Drude-Lorentz model'*!°, where the Drude and Lorentz parts are correspondingly used to incorporate
the contribution of free carriers (voltage dependent) and lattice phonon resonances (approximately voltage inde-
pendent)?**. In contrast to the well-known noble metals in which the free electrons are homogeneously distrib-
uted in the metallic medium, the average density of carriers, as shown in Fig. 1d, takes an almost exponentially
variation in a moderately p-doped GaAs region. Thus, the dielectric function of the pGaAs side which can behave
analogus to a spatial inhomogeneous medium may be presented as:

€ pgans (W 2 V) =

[EDmde(w’ V) + ELorentz(w)]' P(Z’ V)
wy (V)

S. wTZO

= &, pGaAs

x {p

max

Cww+ (V)
(V) - exp[—a(V) - [2]] +1 < V < +6V

2 2 _
wip — w” — iwl

)
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Figure 2. The frequency and bias voltage behavior of (a) real and (b) imaginary parts of the dielectric function
of €,G44:(w, 2, V) using equation (7). The inset shows the behavior of ENZ frequencies at w, versus bias voltage.

where w,(V) and 7(V) are the voltage tunable plasma frequency and collision rate of free carriers, €, ;G4 is the
dielectric constant of the doped GaAs at high-frequencies, wy, and I are the transverse optical (TO) phonon
resonance frequency and damping rate, respectively. In equation (7), (V) is defined as the Voltage tunable spatial
decay rate that depends on the doping value and the applied bias Voltage Moreover, $= &, — €, yGass i the oscil-
lator strength using Lyddane-Sachs-Teller relation (i.e.e, = ¢ g, ASwLO/o.)TO) where w;, denotes the longitudi-
nal optical (LO) phonon resonance frequency'*! . Since the average carrier density is tunable with the applied
voltage, the plasma frequency at each voltage can directly be achieved usingw (V) = \[p_ (V)e ?/(pe so,pGaas™?)
where e is the electron charge amount, m* is the effective mass and can be computed using heavy-hole m,,;, and
light-hole my, masses®~1%%, In the current work, the doping density is taken as p=9.5 X 10'®cm ™, a somewhat
moderate density, and the corresponding values for computing ¢,¢,4,(w, 2z, V) used as given in Table 2. According
to Fig. 1d and its relevant inset the maximum density of carriers at the interface and also the spatial decay which
are bias voltage dependent functions can be approximated by p (V) = (—-2.62V + 1.81) x 10", and
a(V)=(V+2) x 107, respectively. It should be noted that in equation (7) we considered the values ofp N
being normalized to the maximum density of carriersat V=-+1V.

Figure 2 shows the frequency and bias voltage dependency of the real (Fig. 2a) and imaginary (Fig. 2b) parts of
€pGaas(ws 2, V), obtained from equation (7), at z=0 (i.e. the interface). As can be seen from Fig. 2a,b the frequency
dependency of the dielectric permittivity function for the moderately p-doped GaAs medium can be separated
into two regions: (1) The Drude model part which is due to the effect of free carriers, and (2) The Lorentz model
part due to the vibration of phonons in the semiconductor medium which causes asymptotic points occurring
around wr,

Figure 2a,b indicate that by increasing the bias voltage, the amplitude of the real and imaginary parts of
€pGaasws 2, V) are decreasing gradually due to less contribution of free carriers at higher bias voltages. By increas-
ing the voltage, both maximum and average density of carriers (See cubes in Fig. 1d) decrease near the interface
in an exponential fashion [i.e., a(V)], (See the circles in Fig. 1d). The latter property is a result of the band bending
that does not favor hole accumulation near the interface.

As seen in Fig. 2(a), the real part of the €,,4,(w, z, V) may take negative, zero, and positive values and thus
each photonic device fabricated based on moderately pGaAs may operate with negative, zero, and positive per-
mittivity. Furthermore it has been shown that one of the main emerging areas in designing integrated photonic
and terahertz devices is the epsilon-near-zero (ENZ) materials in which, as the frequency tends to zero, the
wave-front exhibits negligible spatial variations®”*. Thus, when investigating the optical properties of materials,
one of the interesting areas is theoretically and/or experimentally studying the situations in which the ENZ con-
dition may occur. Unlike noble metals, and due to the interaction effects between free carriers and lattice phonon
resonances in the pGaAs medium, the ENZ behavior occurs at frequencies different from w,(V). Considering
s(V) =1+ Sley) - wﬁo —+ w; (V), it can be shown that the zero values of the permittivity function may occur

1/2
atw, (V) = 1/ﬁlg(v) + ,\/gz(V) - 4w;(V) . wTZOL . The inset of Fig. 2b shows the frequency and voltage

variations of w, (dashed curve), and w_ (solid curve), respectively. The results suggest that increasing the bias
voltage leads to a red-shift of both resonant frequencies, whereas, the plasma frequency is much lower than the
transverse phonon resonance. For frequency region of wrg, to w; o, the real part of permittivity is negative so that
for small frequency variations (A — 0) around wr(, Re[e pGads (wro F A, z, V)] — £ 00. Due to the TO phonon
damping constant, the asymptotic values of the dielectric function are finite and the negative values of permittiv-
ity for the pGaAs medium can be achieved at frequencies lower than w, and frequencies slightly higher than wr,.
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It is well-known that plasmons are collective oscillation of free electrons in a conducting (or a semiconduct-
ing) medium. This inhomogeneous nature of carrier distribution formally introduces a position dependent
conductivity to the system. This position wise varying conductivity introduces additional terms into the other-
wise well-known plasmonic mode analysis, leading to the possibility of the interface supporting the resonances
reported here. In the following section, we will theoretically derive the dispersion relation of the DE-pGaAs inter-
face considering the inhomogeneously distributed carriers and discuss the surface modes excited at the interface.

Solution of Surface Plasmon and Phonon Polaritons At the Biased DE-pGaAs
Interface

To investigate the plasmon excitation at the DE-pGaAs interface, we obtain the plasmon dispersion relation
using the solution of wave equation with inhomogeneous material properties, as the charge density in the SC
medium changes due to the significant penetration of the electric field inside the SC medium. Due to the spatial
inhomogenity of the carrier distribiution in the biased pGaAs medium, the wave equation should be solved for
the interface of DE-pGaAs as an inhomogenous media. Considering the dielectric function of the moderately
p-doped GaAs as €,6,4,(w, z, V) [See equation (7)] and illuminating an incident transverse magnetic (TM) field at
the interface, the following relation for the wave equation is obtained™:

€ pGans(W» 2, V)V x spGaAs_l(w, z, V)V x H — wzuspGaAs(w, z, VVH=10 (8)

In equation (8), 5(V) is the wave vector component parallel to the interface (i.e., along x-axis). For z >0
region, equation (8) yields:
Hyl(z) = Aleiﬁxefklz
iAk, g —
Exl(z) _ 1A Ky etﬂxe kz
WeYED &)

and for z < 0:

H,(z V) = A" expl{—a(V) + Jo2 (V) + 4k2 (V)}z/2]
E V) = —idy(—a(V) + {2’ (V) + 45 (V) 50,

2WEE pgans (W 2, V)

x exp[{—a (V) + {a?(V) + 4k; (V)}z/2] (10)

Using the continuity of tangential magnetic and normal electric fields at the boundary of z=0 and considering
X(V) =€pGaas(w; 2, V)/ep we obtain:

k2(V) = —a(V) - x(V) -k + [x(V) - k] 11

The perpendicular component of the wave vector (i.e. k, and k,(V)) is given as:

k3 (V) = B2HV) = ki€ pgans(@s 2 V) (12)

ki =3 —kjep (13)

By substituting equations (12) and (13) into equation (11), the dispersion relation at the interface can be
obtained as follows:

1 (V) - x(W)P + 2kEepx (V) - X (V) — 1] - [X2(V) — 1]

BV) = ——F—
V21 = XD +a(vV) - x(VTaV) - x(NP = 2kieplx (V) = 11- (V) = 11 (g

Equation (14) provides the dispersion relation at the interface of the DE and the moderately p-doped GaAs
mediums. As discussed earlier, due to the significant penetration of the electric field inside the semiconductor and
the solution of Poisson’s equation, the carrier distribution near the interface is not uniform, but follows an expo-
nential decay starting from the interface (under bias). Since there are at least two orders of magnitude between the
dielectric relaxation time of the semiconductor (at the order of nanoseconds) and the optical frequency timescale,
the carrier distribution may not be altered by the incoming radiation. Moreover the phonon decay rate, which is
much slower than the period of the optical radiation, is not expected to influence the carrier distribution at the
semiconductor-dielectric interface. As it is shown in the following discussions and results, the optical properties
and asympthotic resonances of the dispersion curve of the surface waves obtained from equation (14) can be
tuned through the applied voltage.

A major difference between the dispersion relation of a homogeneous medium (typically encountered in
metal plasmonics) and inhomogeneous medium, is about the spatial decay rate (i.e., «(V)) which leads to a volt-
age dependent term in H (z, V)and E, (z, V)fields. As the a(V) term equals to zero for homogeneous materi-
als, we verified the results of the calcula‘uons given in equation (14) for the limiting case of DE-metal interfaces.
We used silver and gold as the metals, where the spatial variations of their dielectric function at the interface
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Figure 3. (a,c) The spectrum of dispersion curve of free carriers (Drude model), and lattice phonon resonances
(Lorentz model), respectively, using equation (14) for V=41V (solid-line), V=43V (dashed-dotted-line),

and V=46V (dashed-line), compared to light line (thick-solid-line) under o(V) =0 condition. (b,d) The two
dimensional variations of the free carriers and also lattice phonon resonances dispersion curve versus changing
voltage and frequency, correspondingly. The insets demonstrate the dispersion curve of zero, and small none-zero
bias voltage applied to the structure [i.e., (V) =0, and a(V) = 10?] using the Drude model in equation (14).

reduces to a simple step function. Under such considerations, our results in equation (14) simplifies to the
well-known dispersion relations of the DE-metal interfaces.

As mentioned previously, for the p-doped GaAs medium it is expected that for w < w, (V) and also
wro <w <w_(V) the negative real permittivity can be achieved. To get a better understanding of the free carriers
and lattice phonon resonance effects on excitation of surface waves at the DE-pGaAs interface, the asymptotic
behavior of the excited surface waves due to each part is investigated. For the lower doping values, the nega-
tive permittivity occurs at lower frequencies due to lower plasma frequency. Thus, weaker interaction can occur
between free carrier’s motion (at lower frequencies) and lattice phonon resonances (at much higher frequencies).
Therefore, the frequency and voltage variations of the dielectric function are dominated by the Drude part of
equation (7) at lower frequencies. In order to understand the effect of SPPs and SPhPs in the asymptotic behavior
of the dispersion relation, we separately considered the impact of the Drude and Lorentz parts on the spectral
results of equation (14) using doping data values and the voltage dependent decay rate shown in Fig. 1d and the
inset.

It can be shown that considering €,G44(w, 2, V) = €pyyae(w, V). P(z, V), the dispersion diagram consists two
surface plasmon resonant asymptotic frequencies at:

€o0,pGads ﬁmax (V)

€o0,pGads Prax (V) £ (15)

wepr1 2 (V) = WP(V) \/

These asymptotic frequency values are voltage tunable through changing the carrier density at the boundary of
the inhomogeneous medium. It should be noted that although variations of ¢}, leads to the change of the electri-
cal potential between the DE and the doped GaAs medium which in turn results in variations of the maximum
and average density of free carriers, the investigation of different values of the DE medium permittivity is not
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Figure 4. (a) The dispersion curve of the DE-pGaAs interface using equation (14) under bias voltage of
V=41V (solid-line), +3V (dashed-dotted-line), and +6 V (dashed-line) compared to the light line (thick-

solid-line) with wgpp eppp1 = \/(be — b5 — 4a,¢,)12a55 Wpp spupr = \/(be — bl — dac)/2a,,
WpR\SPHP3 = \/(_bz + ,/bzz — 4dayc,)/2a,,and Wepr\SPHP4 = \/(—b1 + ,[blz — 4ayc;)/2a,. (b) The variations of

the dispersion curve versus changing voltage and frequency. The upper horizontal axis indicates the
corresponding average carrier density.

the main focus of this article and the permittivity data presented in Table 2 are used for these calculations (i.e.
ep=>5). Figure 3a,c demonstrate the dispersion curve due to the free carriers and the lattice phonon vibrations,
based on equation (14) for V=+1V (solid-line), +-3 V (dashed-dotted-line), and +6 V (dashed-line), compared
to light line (thick-solid-line), respectively. Figure 3b,d depict the variations of the free carriers and also lattice
phonon resonances dispersion relation versus changing voltage and frequency, respectively. It should be noted
that the asymptotic resonance frequencies for V=46V occur out of the considered frequency band, thus, the
curve related to this voltage is not depicted in Fig. 3a. Physically, as the average density of carriers is decreased,
the strength of the collisions between free electrons is reduced so that this mechanism leads to weaker interaction
between the free carriers. Hence, according to Fig. 3a,b, by increasing the bias voltage wgpg,(V), and wgpp,(V)
are red-shifted and blue-shifted, respectively. The latter phenomenon is due to decreasing the average density
of carriers [directly affects the wp(V) frequency] and maximum carrier density at the interface by increasing the
bias voltage. As mentioned earlier, in order to confirm the results obtained from equation (14), we set a(V) =0
which is identical to homogenously distributed carriers. The dispersion curve for zero bias voltage is depicted in
the inset of Fig. 3b which demonstrates similar plasmonic properties of noble metals but in a lower frequency
band. Slightly increasing the bias voltage [i.e., a small none-zero bias]; leads to small values of spatial decay rate,
i.e. (V). Considering, for instance, a(V) = 10? results in two asymptotic resonant frequencies in the dispersion
curve which are double frequency poles of equation (14). The inset of Fig. 3d shows the dispersion curve at the
interface for small none-zero applied voltage with a(V) =102

We also investigated the optical behavior at the interface when the dielectric function of the doped region is
dominated by the Lorentz part of equation (7), which yields the optical phonon vibrations of the SC lattice. Two
resonant asymptotic frequency peaks may occur around wyp, which can be obtained theoretically through
weppp(V) = WTo«/l = P (V) - Slep and wgpp, (V) = wTO/l + Do (V) - Slepy, respectively. According to
Fig. 3¢, the asymptotic resonant frequency values due to the lattice vibrations can be tuned via the bias voltage. As
the bias voltage is increased, wgp,p, blue-shifts and wgp,p, experiences a red-shift. The closed form formulations of
wWspypr and wepyp, shows that the important parameter in changing the resonant frequencies is the maximum car-
rier density at the interface which can be reduced by increasing the applied voltage.

The pGaAs medium naturally includes both the free carriers accumulation and also optical phonon resonances
via the spatially varying Drude-Lorentz dielectric function of pGaAs in the terahertz regime. To investigate the
optical properties of the DE-pGaAs it is necessary to consider the pGaAs medium taking into account both with
Eprudelw, V) and also € yy,,,.(w) in the dispersion relation and the discussions that will follow. Considering both
parts in Fig. 4, we study the overall impact of inhomogeneously distributed free carriers and phonon vibration
interactions on the excited surface waves at the junction of DE and pGaAs mediums. Figure 4a demonstrates
the dispersion curve for V=41V (solid-line), +3 V (dashed-dotted-line), +6 V (dashed-line), and light line
(solid-line), correspondingly. Furthermore, Fig. 4b elucidates the variations of the dispersion curve versus differ-
ent values of frequency and bias voltages. By setting the denominator of equation (14) equal to zero, four asymp-
totic resonant frequencies can be obtained for each relevant voltage in Fig. 4 as:
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Figure 5. (a) Frequency band gaps between asymptotic resonant frequencies versus bias voltage for Aw,
(circles), Aws; (cubes), Aw,, (diamonds), Aw, (pluses), Aw,, (crosses), and Aw, ; (stars), respectively.
(b) The spectrum variation of the propagation length in logarithmic scale at the DE-pSC interface versus
changing bias voltage. (c) Figure of merit for propagating polaritons (See ref. 17).

- \/(—bZ(V) + Jb2(V) — 4a,(V) - y(V))/2a,(V)

[wSPR\SPhP1,3(V)

wsprrsphp2,4(V)

J (V) £ 02 (V) — 4a,(V) - (V) 12a,(V) (16)

where a,,(V) = 1% 1/e(V), b ,(V) = — {w;(V) + wiy F wigle(V) ]y ¢,(V) = wj(V) - wip» and
e(V) =P, (V) + €5 pGans/€p- According to equation (16), both the average and maximum density of free carri-
ers at the boundary strongly affect the asymptotic resonant peak frequencies and also the resonant strength of the
dispersion spectrum.

Based on the results shown in Fig. 4a,b, however, for applied voltages less than +3 V wgppspnp1(V), Wsprispnpa(V)
and wgppsppp3( V) are red-shifted and wgppsprpa( V) is blue-shifted by increasing the bias voltage; while, for voltage
values higher than +4V, wgppsppp2(V) is dramatically blue shifted. In fact, for the supposed junction of the DE
and moderately doped GaAs mediums; since the carrier’s density is decreased by increasing the bias voltage in
the inhomogeneous layer; the interaction of free carriers with the lattice surface phonon vibrations is weakened.
The latter issue can be considered to play the main role in the interaction mechanism of the SPPs and SPhPs at
the interface and also the spectral shifts of the asymptotic resonant peaks of the dispersion curve. The effect of
varying bias voltage on the spectral shifts and also frequency band gaps between the asymptotic resonant values
can be further investigated. This was achieved by increasing the voltage on each pair of Aw; (V) = weppispnp(V)
— weppisprpi( V) frequencies with j=i and j=2-4, and i = 1-3, respectively.

Figure 5a shows the variations of frequency band gaps between Aw,, (circles), Aws; (cubes), Aw,, (dia-
monds), Aw;, (pluses), Aw,, (crosses), and Aw, 5 (stars) versus tuning the applied voltage. Figure 5a suggests
that except for Aws,, the asymptotic frequency gaps are decreased by increasing the voltage which is due to
reduction of carriers density at the interface.
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Another finding related to the system in this work is the propagation length of the surface waves. Since the
wavenumber of the surface waves can be tuned through the applied bias voltage, the corresponding propaga-
tion length of these waves along x-axis can be tuned using L,,,,(V) = 1/(2Im[3(V)]). Figure 5b illustrates the
spectrum of the propagation length in terms of decibels (dB) at z=0 boundary versus changing bias voltage in
far-IR regime. Since the propagation length has strong dependency on the applied voltage, different propagation
lengths between several nanometers up to near millimeters frequencies can be supported by the structures inves-
tigated here. Therefore by selecting the bias value and the associated frequency, longer propagation lengths can
be achieved, which is desired in most plasmonic and phononic applications. Based on our results in Fig. 5b, for
frequencies between 1 THz < Freq < 2 THz and +1 V < voltage < 42V, a maximum propagation length of around
1.2 mm can be achieved. In addition, for 10 THz < Freq < 12 THz and 45V < voltage < +6V; a propagation length
of 0.8 mm, and also for 2 THz < Freq < 4 THz regime keeping the bias on the system as +-5V < voltage < +6V
the propagation length can varied from around 0.5 mm to around 0.8 mm, respectively. We determined, based
on our calculations, that the aforementioned propagation lengths are achieved due to the strong coupling of the
plasmonic and phononic polaritons as shown in Fig. 5b. In Fig. 5¢, we plot the figure of merit (FOM) [17] that is
a measure of the propagation length and confinement of the surface modes at the interface. According to Fig. 5c,
it can be seen that the maximum FOM occurs at frequencies greater than w_(V) as well as frequencies between
w, (V) to wye and those lower than wgpggpyp1 (V) which is about 2.5 dB (where maximum propagation length can
be obtained). Note that, for these frequency regions, the FOM is about an order of magnitude more enhanced
than values reported for intrinsic GaAs [17] due to the doping levels considered in our study. In Fig. 5¢, high FOM
regions corresponds negative values of the real part of the dielectric function. It is obvious that for the average car-
rier distribution higher than 4.5 x 10"” cm ™ maximum FOM occurs for wgpp spp1 (V), and for carrier distributions
lower than 3 x 107 cm ™2 it occurs for frequencies between w_ (V) to wr,.

Conclusions

In this study, we showed that the plasmon dispersion curve can be engineered through an external bias using the
inherent properties of the DE-SC interface. The main finding of this work is that the carrier distributions on a
moderately p-doped GaAs layer interfacing a dielectric can be tailored using an external bias, allowing the tuning
of SPPs and SPhPs interaction in the far IR regime. Increasing the bias voltage leads to a reduced density of carriers
at the interface, which results in lower plasma frequencies at the DE-SC interface while a lower bias (around 1V)
generates an opposite trend. Our findings indicate a strong coupling of free carriers and optical phonon vibra-
tions. We computed four asymptotic resonant frequencies, some of which indicate the possibility of exciting
surface waves at far IR frequencies. The strong coupling of surface plasmons and surface phonons increased the
propagation length of the surface waves spanning a spectrum starting from the far-IR regime all the way to almost
millimeter wavelengths. The FOM for the system considered here is about an order of magnitude more enhanced
than values reported for intrinsic GaAs due to the doping levels considered in this work. Our findings are sig-
nificant for the design of waveguides and optics based on exploiting the inherent properties of semiconductors.

References
1. Hutter, E. & Fendler, J. Exploitation of localized surface plasmon resonance. Adv. Mater. 16, 1685-1706 (2004).
2. Jain, P. K, Huang, X., El-Sayed, 1. & El-Sayed, M. Noble metals on the nanoscale: Optical and photothermal properties and some
applications in imaging, sensing, biology, and medicine. Acc. Chem. Res. 41, 1578-1586 (2008).
3. Ritchie, R. H. Plasma losses by fast electrons in thin films. J. Phys. Rev. 106, 874-881 (1957).
4. Burke, J. J., Stegeman, G. I. & Tamir, T. Surface-polariton-like waves guided by thin, lossy metal films. J. Phys. Rev. B 33, 5186-5201
(1986).
5. Maier, S. A. Plasmonics: Fundamentals and Applications (Springer, Berlin, 2007).
6. Aigouy, L. et al. Near-Field Analysis of Surface Waves Launched at Nanoslit Apertures. Phys. Rev. Lett. 98, 153902 (2007).
7. Luther, J. M, Jain, P. K, Ewers, T. & Alivisatos, A. P. Localized Surface Plasmon Resonances Arising from Free Carriers in Doped
Quantum Dots. Nat. Mater. 10, 361-366 (2011).
8. Pozar, D. M. Microwave Engineering (Wiley, 2011).
9. Babuty, A. et al. Semiconductor Surface Plasmon Sources Phys. Rev. Lett. 104, 226806 (2010).
10. Li, S., Jadidi, M. M., Murphy, T. E. & Kumar, G. Terahertz surface plasmon polaritons on a semiconductor surface structured with
periodic V-grooves. Opt. Express 21, 7041-7049 (2013).
11. Atwater, H. A. & Polman, A. Plasmonics for improved photovoltaic devices. Nat. Mater. 9, 205-213 (2010).
12. Ghosh, S. & Ray, M. Performance analysis of semiconductor based surface plasmon resonance structures. Sens. Act. B. Chem. 205,
298-304 (2014).
13. Law, S., Yu, L., Rosenberg, A. & Wasserman, D. All-semiconductor plasmonic nanoantennas for infrared sensing. Nano Lett. 13,
4569-4574 (2013).
14. Lao, Y. -F. & Perera, A. G. U. Dielectric function model for p-type semiconductor inter-valence band transitions. J. Appl. Phys. 109,
103528 (2011).
15. Yu, P. Y. & Cardona, M. Fundamentals of Semiconductors Physics and Materials Properties (Springer, Berlin, 2005).
16. Korotkov, A. L. et al. Free-carrier absorption in Be- and C-doped GaAs epilayers and far infrared detector applications. J. Appl. Phys.
89, 3295-3300 (2001).
17. Caldwell, J. D. et al. Low-loss, infrared and terahertz nanophotonics using surface phonon polaritons. Nanophotonics 4, 44-68
(2015).
18. Hillenbrand, R., Taubner, T. & Keilmann, F. Phonon-enhanced light-matter interaction at the nanometre scale. Nature 418, 159-162
(2002).
19. Boltasseva, A. & Atwater, H. A. Low-loss plasmonic metamaterials. Science 331, 290-291 (2011).
20. Caldwell, J. D. et al. Low-loss, extreme sub-diffraction photon confinement via silicon carbide surface phonon polariton nanopillar
resonators. Nano Lett. 13, 3690-3697 (2013).
21. Geick, R,, Perry, C. H. & Rupprecht, G. Normal modes in hexagonal boron nitride. Phys. Rev. B 146, 543-547 (1966).
22. Caldwell, J. D. et al. Sub-diffractional, volume-confined polaritons in the natural hyperbolic material hexagonal boron nitride. Nat.
Commun. 5,1-9 (2014).
23. Dai, S. et al. Tunable phonon polaritons in atomically thin van der Waals crystals of boron nitride. Science 343, 1125-1129 (2014).
24. Li, P. et al. Hyperbolic phonon-polaritons in boron nitride for near-field optical imaging and focusing. Nat. Commun. 6, 1-9 (2015).

SCIENTIFICREPORTS | 6:34071 | DOI: 10.1038/srep34071 10



www.nature.com/scientificreports/

25. Haraguchi, M., Fukui, M. & Muto, S. Experimental observation of attenuated-total-reflection spectra of a GaAs/AlAs superlattice.
Phys. Rev. B41, 1254-1257 (1990).

26. Moore, W. J. & Holm, R. T. Infrared dielectric constant of GaAs. J. Appl. Phys. 80, 6939-6942 (1996).

27. Adachi, S. Model dielectric constants of GaP, GaAs, GaSb, InP, InAs, and InSb. Phys. Rev. B 35, 7454-7463 (1987).

28. de Silans, T. P. et al. Temperature dependence of the dielectric permittivity of CaF,, BaF, and Al,O,: application to the prediction of
a temperature-dependence van der Waals surface interaction exerted onto a neighbouring Cs(8P;,) atom. J. Phys.: Cond. Matt. 21,
1-11 (2009).

29. Hu, Z. G. et al. Optical characterizations of heavily doped p-type Al,Ga, ,As and GaAs epitaxial films at terahertz frequencies. J.
Appl. Phys. 97, 093529 (2005).

30. Yuasa, T. & Makoto, I. Raman scattering study of coupled hole-plasmon-LO-phonon modes in p-type GaAs and p-type AL,Ga, _,As.
Phys. Rev. B 35, 3962-3970 (1987).

31. Vinnakota, R. K. & Genov, D. A. Terahertz Optoelectronics with Surface Plasmon Polariton Diode. Sci. Rep. 5, 1-6 (2014).

32. KINSEY, N. et al. Epsilon-near-zero Al-doped ZnO for ultrafast switching at telecom wavelengths. Optica 2, 616-622 (2015).

33. Wang, L. et al. Surface plasmon polaritons in VO, thin films for tunable low-loss plasmonic applications. Opt. Lett. 37, 4335-4337
(2012).

34. Misirliogly, I. B., Yildiz, M. & Sendur, K. Domain control of carrier density at a semiconductor-ferroelectric interface. Sci. Rep. 5,
1-13 (2015).

35. IOFFE Institute, Physical Properties of GaAs, http://www.ioffe.ru/SVA/NSM/Semicond/GaAs/, Date of access: 10/04/2016.

36. Tiwari, S. & Wright, S. L. Material properties of p-type GaAs at large dopings. Appl. Phys. Lett. 56, 563-565 (1990).

37. Mahmoud, A. M. & Engheta, N. Wave-matter interactions in epsilon-and-mu-near-zero structures. Nat. Commun. 5, 1-7 (2014).

38. Li, Y. & Engheta, N. Supercoupling of surface waves with -near-zero metastructures. Phys. Rev. B 90, 201107 (2014).

39. Chew, W. C. Waves and fields in inhomogeneous media (IEEE PRESS, 1990).

Acknowledgements
Dr. Mohsen Janipour acknowledges the support of TUBITAK under the 2216- Research Fellowship Program.

Author Contributions
K.S. and I.B.M. developed the general concept, and all authors contributed to the formulation and analysis of the
problem. M.J. prepared all of the figures. All authors contributed to the writing of the text and related discussions.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Janipour, M. et al. Tunable Surface Plasmon and Phonon Polariton Interactions for
Moderately Doped Semiconductor Surfaces. Sci. Rep. 6, 34071; doi: 10.1038/srep34071 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:34071 | DOI: 10.1038/srep34071 11


http://www.ioffe.ru/SVA/NSM/Semicond/GaAs/
http://creativecommons.org/licenses/by/4.0/

	Tunable Surface Plasmon and Phonon Polariton Interactions for Moderately Doped Semiconductor Surfaces
	Introduction
	Charge Distribution at a Moderately pGaAs-Dielectric Interface
	Solution of Surface Plasmon and Phonon Polaritons At the Biased DE-pGaAs Interface
	Conclusions
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Tunable Surface Plasmon and Phonon Polariton Interactions for Moderately Doped Semiconductor Surfaces
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34071
            
         
          
             
                Mohsen Janipour
                Ibrahim Burc Misirlioglu
                Kursat Sendur
            
         
          doi:10.1038/srep34071
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep34071
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep34071
            
         
      
       
          
          
          
             
                doi:10.1038/srep34071
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34071
            
         
          
          
      
       
       
          True
      
   




