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Optical Semiconductor Surface-Plasmon
Dispersion Including Losses Using the Drude-
Lorentz Model
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Abstract — Theoretical solutions are obtained for the
propagation of electromagnetic waves at optical frequencies
along a semiconductor/dielectric interface when losses are
taken into account in the form of a complex dielectric function.
A combination method for the dielectric function, comprised of
the best features of the Drude and Lorentz models, is herein
proposed. By including the loss term in both models, we were
able to obtain numerical solutions for the plasma dispersion
curve of the semiconductor/dielectric interface. The surface
plasmon waves, when excited, become short wavelength waves
in the optical frequency or THz region. A siliconfair structure
was used as our semiconductor/dielectric material
combination, and comparisons were made to optical plasmons
generated without losses. Our initial numerical calculation
results show enormous potential for use in several applications.

Index Terms—Semiconductor optical plasmons, surface
plasmon polaritons, optical plasmon, Drude-Lorentz model,
plasma dispersion.

[ INTRODUCTION

HE fundamental optical excitation that is confined to

a metal/dielectric interface is the Surface Plasmon
Polaniton (SPP), as described by Ritchie [1]. The term SPP
comes from coupled modes, which can be used to confine
light and increase the electromagnetic fields at an interface
between two media, of which at least one is conducting [2-
5] Plasmonics in a semiconductor are taking an increasingly
prominent role in the design of future silicon-based
optoelectronic chips [6].

Optical plasmons have been shown to have many
applications [2, 3] and are generally excited using
metal/dielectric interfaces due to the high concentration of
charge carriers in metals. SPPs in semiconductor/dielectric
interfaces have recently received considerable interest, and
the use of a semiconductor/dielectric interface to support
optical plasmons has been numerically shown in [7], albeit
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without the inclusion of losses. We therefore wish to take
this a step further by including the loss contribution in the
SPP dispersion relation. The loss 1s introduced through the
complex dielectric function of the semiconductor. Little
attention has thus far been paid to this phenomenon because
it is generally very difficult to deal with. The SPPs
dispersion and the resonance frequency depend on the
interface configuration [2, 7].

Unlike metals, the semiconductor permittivity theory can
be extremely complex, since it depends on the doping
concentration of the semiconductor, which also determines
the number of bound and free charge carriers in the material.
In a semiconductor, plasma frequency can be determined by
the effective carrier mass as well as the doping
concentration. Two of the more difficult tasks are to confine
light and increase the electromagnetic fields near the
interfaces. The losses are related to the plasma dispersion;
however, they affect the shape of the plasmon dispersion
curve near the plasma frequency.

Our goal is to develop a theoretical treatment to find a
suitable model for the dielectric function of semiconductors.
Starting with the Drude model, which is commonly used to
describe the dielectric function of metals, we seek to modify
and adapt it for semiconductors by adding the Lorentz
model.

We proceed by solving Maxwell’s equation for the
interface between the dielectric and the semiconductor, and
using the dielectric function described by the Drude-Lorentz
model to obtain the dispersion relation.

This paper 1s organized as follows: A brief theory and
background of models describing dielectric permittivity is
addressed in Section II. In Section III, numerical results are
presented and discussed, and Section IV summarizes the
results and conclusions.

II. THEORETICAL ANALYSIS

In this section, we discuss different models, one of which
1s selected for our approach. The Drude model, Lorentz
model, and a combination of both models (ie., Drude-
Lorentz model) are presented and discussed. Starting with a
semiconductor/dielectric interface, we seek to obtain a
surface plasmon wave traveling along that interface (z-axis)
in the form [7]:
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where w is the angular frequency, and yg ¢ and 5 are the
transverse and longitudinal propagation constants,
respectively.

This assumed form of an evanescent wave 1s substituted
in the Maxwell's equations:
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To complete the development of optical plasmon in
semiconductors theoretically, the notation of damping has to
be described. From a basic perspective, the result of the
surface plasmon dispersion equation becomes complex
when losses are accounted for. This is directly related to the
complex dielectric constant; in order to characterize the
dispersion, damping, and excitation of the plasmon, its
imaginary part needs to be included. Then the dielectric
permittivity equation becomes complex. The dielectric
constant is one of the most important factors to assess for
future technology applications [6].

Applying the appropriate boundary conditions on both
sides of the interface yields the dispersion equation below
as:

2 _ 2 RZSS&‘D—IBZSS—,BZED _
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& is the dielectric permittivity of the semiconductor, g, is
the dielectric permittivity of the dielectric, ¢ is the speed of
light, and & is the wavenumber.

To be able to account for losses, we used a complex
dielectric constant in the form:

g =&+ je", (11

where, &, is the relative permittivity, £’ is a real part, and
£'" is the imaginary part. &. can be represented by different
models, so before presenting our proposed Drude-Lorentz
model, we present the Drude model, which is commonly
used for metals and highly doped semiconductors.

A.  Drude Model

This model was proposed by Paul Drude in 1900 to
explain the transport properties of electrons in metals [8, 17]
and has also been adapted for semiconductors [9, 10]. The
Drude dielectric function is given by

2
Wp
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(12)
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where &4, 1s the high frequency permittivity and w, is the
plasma angular frequency given by [11]
nez

W, = (13)

P gom*

m, e, and n are the electron effective mass, the electron
charge, and the carrier density, respectively. ¥ is the
damping term, and &, is the permittivity of free space.

The Drude model is the simplest classical treatment of
optical properties of metals. It considers the valence
electrons of the atoms to be free. In addition, it is used for
semiconductors when free carrier density introduced
through doping 1s sufficiently high to cause the
semiconductor behave similarly to a simple metal. However,
in reality, this model has limitations. For example, it does
not account for spatial dispersion, which exists when the
dielectric constant depends on the wave-vector. Moreover, it
does not account for the bound electrons and holes in
semiconductors.

B. Lorentz Model

The Lorentz model can be used to describe the frequency
response of many materials and typically shows strong
dispersions around the resonant frequency [12, 15,18]. It is
mostly suited for materials that have bound electrons, with
the possibility of having many oscillators in a given system
[B, 11, 13, 14]. The expression of the dielectric function for
a single Lorentz oscillator is given by:

7
Artwp

(14)
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where @, is the resonance frequency and is considered to be
equal to an energy band gap of a semiconductor. A, 15 a
weighting factor given by A= &5 — £, , With £, being
the static permittivity.

As mentioned, the Lorentz model usually shows strong
dispersions around the resonant frequency [12, 14] and is
valid only when the photon energy is well below the band
gap of the semiconductor. Thus, it cannot be used alone to
describe the permittivity of semiconductors.

To overcome this limitation, we propose the use of the
Drude-Lorentz model to describe the dielectric function of
semiconductors in the optical frequency range. The

proposed dielectric function is given by:
w} A}

& = & — alat i) + TaP % frotos (15

This model is chosen to enable us to take advantage of
semiconductors at optical frequencies and search for a
possibility of an optical plasmon existence in that range.

IIT.  DISCUSSION & RESULT

A Matlab symbolic tool has been used to implement the
above models. From Equation (9), we insert the desired
model of the dielectric function and proceed to calculate the
dispersion relation. Before we examine the possible
development of the models that work for both materials (i.e.,
semiconductors and metals), we need to address the question

WCECS 2012



Proceedings of the World Congress on Engineering and Computer Science 2012 Vol 11

WCECS 2012, October 24-26, 2012, San Francisco, USA

of why it should even be done. The basic answer is to gauge
the effect of the loss of coupling plasmons, especially in
semiconductors. The slight change of a dielectric
permittivity and the damping values are taken into account.

We commence by discussing the details of all of the
above models. To solve this dilemma, it is necessary to
assume that the system 1is lightly damped. Based on this
assumption, we can then ignore the damping term at first,
and later add the loss term for comparison. Next, we recall
Equations (3) to (8) and substitute them in the model
equation. Doing so, and satisfying the boundary conditions
for fields in both media, one can find the dispersion equation
for the Drude model without loss as:

—wb(ese5 — £2¢y)
+ w?(B2c?e — BAcef + efw?
— 2£,8403)
+ w?(2ep% P 0} + gqwl
— Pl
=0 (16)

where, £, 1s a semiconductor dielectric permittivity, €4 1s a
dielectric permittivity, and ¢, 1s the plasma frequency.

Neglecting the losses in this equation and setting a
classical metal/air interface as & = g5 = 1 [7] yields the
well-known plasma dispersion equation with well-known
solution:

—win* — 0? (22wl + wp) + fAPwi =0 (17)

Figure 1 shows the dispersion relation of surface plasmons
propagating along a silicon/air boundary.

According to the generalized Drude theory, the complex
dispersion equation is obtained. Equation (18) below is the
resulting plasma dispersion equation obtained when losses
are included in the Drude model, through the damping
frequency, y.

—(mz(Scza)gﬁz —2c*wify? + wy
— w4(262w§62 + 2wy — wﬁyz)
+ w§w5 — Cza).gﬁz + Czw,ﬁﬁzyz)
=0 (18)
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Figure 1: Plasmon dispersion without losses Drude model
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As can be concluded from the dispersion relationship
plotted in Figure 2, the blue straight line shows the light line
w = kc. When damping is taken into account, we observe a
visible drop of the surface plasmon frequency from 590 THz
to about 432 THz, which gives us a surface plasmon wave in
the optical frequency range.

x 10"

" |—SPP with damping
0 light line

Frequency Hz
o
1

0 05 1 15 2 25 3 35 4
wave-vector({1/m) et

Figure 2: Plasmon dispersion with damping

Following the same steps as previously and by inserting
the Drude-Lorentz model function in Equation (9) and
rearranging the terms, one obtains:

—(w?(fwd + f2?A0f + e M2wp — 26.A w0
+ egf) + w(ese3 — e2ey)

+ w*(e2w? + fictelwl — fPcPel — 2 g0
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— BAc*Aiwy

=0 (19)

When losses are included in the Drude-Lorentz model,

the following dispersion relation is obtained:
—w*(2c2wif?y? + 20iy? — wly?)
- w2(3czw§ﬁ2y2 + 28%y wyc? + wgyz)
Fyfwint —ctu By + Culfty*
=0 (20)

This dispersion relation of surface plasmon waves along
silicon/air boundary including losses is shown in Figure 3.
n-doped silicon is used in the calculations, and all physical
parameters are experimental values taken from [16]. To
obtain a plasma frequency in the optical range, we had to
use high carrier concentrations of the order of 10*/cm’,
which 1s feasible for silicon. By varying the plasmon
frequency parameter w,, of the semiconductor, we obtained
a different curve, which has a different surface plasmon
frequency, as graphed in Figure 3.

Figure 3 shows a different SPP curve than Figure 2,
depicting only the real part of the Drude-Lorentz model.
When @, > y the surface plasmon frequency increases to
approximately 723 THz. It should be noted that the values of
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IV. CONCLUSION

Theoretical and numerical studies were conducted on
plasmonic interactions at a semiconductor/dielectric
interface. A brief review of the basic model theory was
presented. We have shown that the inclusion of losses
reduces the surface plasmon frequency. We have also
proposed the Drude-Lorentz model as a model for the
dielectric function of semiconductors, due to its ability to
describe both free electron and bound systems
simultaneously. The numerical results of the plasmon
dispersion for a silicon/air interface were presented using
the proposed model and were compared to the Drude model.
The main contribution of this work is the derivation of a
generalized dispersion relation for semiconductors, with
help of the Drude-Lorentz model.
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