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Abstract: Dispersion plasmonic interaction at an interface between a doped 
semiconductor and a dielectric is employed to use experimental data for 
determining the plasma frequency, the relaxation time, the effective mass, 
and the mobility of free electrons in heavily donor-doped gallium arsenide 
(GaAs) and indium phosphide (InP). A new solution for a plasmonic 
resonance at a semiconductor/dielectric interface found recently is exploited 
advantageously when analyzing the experimental data. Two independent 
measurement methods were used, namely the infrared reflectivity and the 
Raman scattering. Results indicate a good agreement with known data 
while pointing to some inaccuracies reported, and suggest a new alternative 
and accurate means to determine these important semiconductor 
parameters. 
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1. Introduction 

Optical plasmons have been studied for many years [1]. The original gas plasmonic effects 
gave rise to interest in establishing similar electron gas collective oscillations in solid state 
materials. Metals are the first obvious choice as their high free electron concentrations lend 
themselves to such resonances. The metal electron gas can be viewed as a charged liquid of 
sorts and as such it displays, under certain conditions, an electromagnetic-wave-supporting 
characteristic. 

Intense research over the last decades yielded a number of interesting results as well as 
applications [2]. Metals such as silver have shown to support strong plasmonic oscillations at 
optical frequencies along an interface with air or a dielectric. Already successfully developed 
applications include biological or chemical sensors [3], or waveguide-based optical structures 
and devices [4]. A potential exists in exploiting the surface plasmonic resonances for 
developing loss compensating or light amplifying devices [5, 6]. 

Semiconductors have been studied up until now for surface plasmons at millimeter waves 
(terahertz frequencies). Recent interest in finding materials [7] and methods [8] to generate 
optical plasmonic effects in semiconductors has been quite promising. A thorough theoretical 
treatment of a plasmonic interaction at an interface between a doped semiconductor and a 
dielectric was developed in [9]. A new solution to a complete dispersion equation under such 
conditions was found. Since a semiconductor material can possess a higher background 
permittivity than that of the interfacing dielectric, the dispersion equation acquires a third 
solution, in addition to the well-known surface plasmonic and the bulk branches. Such a 
situation cannot occur with a metal/dielectric configuration since the metal permittivity equals 
to the permittivity of vacuum. Therefore the new solution mentioned does not exist in the 
metal-based structures. 

Determining important semiconductor material parameters such as permittivity, effective 
mass, plasma frequency, relaxation time, or mobility is crucial for proper modelling and 
design of semiconductor devices. For example in advanced photodetectors [10, 11] or 
quantum well lasers [12] the application parameters such as quantum efficiency or optical 
gain can be well understood and significantly improved as a result of knowing the basic 
material properties. 

The infrared reflectivity measurement and Raman scattering are well established methods 
[13] and were used in similar experiments [14]. Their use in this work is a novel approach in 
that it combines the experimental data obtained from both independent methods with a new 
theoretical result in a unique way that enables one to determine the above mentioned 
important semiconductor parameters accurately and reliably. 

2. Theory 

The well-known Drude model used for metals when studying surface plasmons can be 
employed to describe behavior of carriers in heavily doped semiconductors [15]. Two 
modifications need to be made to properly address the difference between metals and 
semiconductors. First, the mass of a free-like electron in metal has to be characterized by an 
effective mass, ,m∗  of a carrier (electron or hole) in a semiconductor. Second, the lattice 

#224420 - $15.00 USD Received 9 Oct 2014; revised 12 Dec 2014; accepted 21 Dec 2014; published 13 Jan 2015 
(C) 2015 OSA 1 Feb 2015 | Vol. 5, No. 2 | DOI:10.1364/OME.5.000340 | OPTICAL MATERIALS EXPRESS 341 



permittivity of a semiconductor is high regardless of the concentration of carriers; only when 
the concentration is very high, close to the levels of metals, it can be assumed that it 
effectively screens the polarization of the lattice, as it is discussed in [7]. 

In the cases studied here, however, such a situation does not occur since the electron 
concentration levels of our samples are still at least two to three orders of magnitude lower 
than those in metals. Therefore the semiconductor’s background polarizability must be 
accounted for by considering the semiconductor crystal lattice permittivity, ,Sε corresponding 

to the value when free carriers are not present [16]. The permittivity in the doped 
semiconductor, DSε , is thus described by the Drude model as: 

 
2 2

2 2
.p p
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ω ω
ε ε ε

ω γω ω
= − ≈ −

+

 
 (1) 

In the wavelength region of interest, both materials considered here – GaAs and InP – are 
completely transparent. It is usually assumed [11] that both material systems are lightly 
damped and thus the damping term in the Drude model above – described by the imaginary 
part – is ignored as indicated in Eq. (1). For the cases here, however, the free carrier damping 
effects are considered as explained later. In Eq. (1), ω is the light frequency, and γ is free 

electron damping. It depends indirectly on the free electron concentration, N, via the effective 
mass, ,m∗ and the mobility, :μ  
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where m0 is the mass of a free electron, e is the electron charge, and τ is the relaxation time. 

The parameter pω , called here the Drude frequency, is related to the free electron 

concentration and the effective mass as: 
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where 0ε is the permittivity of vacuum and / 2h π= with h being the Planck’s constant. 

Sε in Eq. (1) is the material’s background dispersive permittivity that is evaluated by 

adding ionic or lattice contributions, such as optical phonons for example, to the undispersed 
lattice permittivity base. In the wavelength region where our reflectivity measurements were 
conducted, it is the transverse optical lattice vibrational mode – optical phonon (TO) – that 
affects its value. Its real part can be described by [17]: 
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where
DC

ε is the material static permittivity, ε∞ is the material high-frequency 

permittivity, / ,
TO

κ ω ω=
TO

ω is the transverse optical phonon frequency, and /
TO TO

ρ γ ω=  is a 

unit-less damping factor with 
TO

γ being phonon damping. 0.01ρ ≤ for both undoped GaAs 

and InP, and thus can be neglected. The effect of free carriers on phonon damping, which we 
evaluated as 0.0089 for GaAs and 0.0066 for InP, is thus also negligible since it yields values 
less than 0.01 for both doped GaAs and InP studied here. For the purposes of the work 
presented here, other effects such as intervalence band absorption (only p-type 
semiconductor) and impurity absorption are not considered or neglected. Details related to 
these issues are found in [16]. 
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Accounting for the semiconductor’s background polarizability by including the crystal 
lattice permittivity, ,Sε modifies the Drude frequency, pω , into a form used in literature and 

called the plasma frequency, ,pω  of a semiconductor material that possesses a high lattice 

permittivity10. For cases when the dopants concentration is high enough, a usual and 
convenient approximation is made whereby Sε  is replaced with ε∞  and the plasma frequency 

is defined as: 

 
0 0
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N
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m m
ω

ε ε∗
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=   (5) 

which is valid when .p TOω ω  If the plasma frequency is far below the optical phonon 

frequency, the permittivity ε∞  in Eq. (5) should be replaced with 
DC

ε . It can be noticed from 

Eqs. (3) and (5) that the relationship between the Drude frequency pω and the plasma 

frequency pω is simply: 
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The value of the plasma frequency can be obtained from the Raman scattering 
measurements. The Raman scattering trace does not yield directly the plasma frequency since 
it is a coupled mode of the plasma oscillations with the longitudinal optical (LO) phonon that 
produces the Raman shift. Its dependence on the carrier concentration is crucial to recognize 
and include in the analysis of experimental data. It is this concentration dependence of the 
plasmon/phonon coupled mode that yields the free electron plasma frequency in the case of 
heavy doping of the samples studied. A theoretical model described in [15] is applicable to 
the cases investigated here. The Raman shift, ,ω±  is given by: 

 ( ) ( )22 2 2 2 2 2 21 1
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where 
LO

ω is the longitudinal optical phonon frequency. It can be noted that the measured ω+  

equals simply to / .p Sω ε  

We now consider a semiconductor/dielectric interface and assume a surface plasmon TM-
polarized electric field propagating along the z-axis and decaying exponentially away (x-axis) 
from both sides of the interface as follows: 
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where ,D Sψ  and β  are the transversal and longitudinal propagation constants, respectively. 

Subscripts S and D refer to the semiconductor and dielectric, respectively. Satisfying the 
relevant boundary conditions for electric and magnetic fields leads to the complete dispersion 
equation in the form [9]: 
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where Dε is the permittivity of the interfacing dielectric medium, and c is the speed of light in 

vacuum. Equation (9) possesses three independent solutions. Two are the known solutions for 
the surface plasmon and the free electron dispersion in bulk. For the case studied here when 

S Dε ε>  Eq. (9) also indicates another real solution (which corresponds actually to the case 

when
D S D

ε ε= ) that does not exist in the metal-based structures. It can be shown that the 

solution is a constant with respect to :β  

 
2

2 .p
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S D

ω
ω

ε ε
=

−


 (10) 

The solution in Eq. (10) exists only when
S D

ε ε> , which explains why it cannot appear in 

the metal since it would mean an imaginary frequency. Figure 1 shows all three solutions. 
The straight line (thin red) is the light line, the curve above it (green) is the bulk dispersion of 

free electrons with the value of /p Sω ε  at 0,β =  the curve below it (blue) is the surface 

plasmon dispersion with the asymptotic value of /p S Dω ε ε+  at ,β = ∞  and the red 

horizontal line is the solution in Eq. (10). As can be realized, its position can be varied by the 
choice of the interfacing dielectric. This is illustrated by the experimental data in the next 
section. InP sample parameters and air were used for this figure. 

 

Fig. 1. Dispersion of semiconductor/dielectric interface. 

It can be inferred from Fig. 1 that the reflectivity of an interface possesses a minimum at 
the frequency .opω  Its value can thus be obtained from infrared reflectivity measurements. 

The plasma frequency in doped semiconductors where concentrations of electrons are much 
smaller than those in metals lies in the infrared spectral range. The infrared reflectivity 
spectrum of doped semiconductors is basically featureless within that range, thus the plasma 
edge shows up as very well defined. The fundamental absorption edge and the phonon 
absorption bands are well away from it, therefore a distinct minimum peak corresponding to 
the plasmon energy is easily observable and distinguishable [18]. As explained in the 
following section, the dispersion of Sε must be considered in order to correctly interpret 

measured data. 
The minimum of the reflectivity reaches a zero value at the frequency opω  when free 

electron damping is negligibly small. On the other hand, the damping factor γ  can, in turn, be 

determined from the minimum reflectivity Rmin measured at the single interface 
(air/semiconductor) with a near-normal light beam incident from the air. Using the Fresnel 
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reflection coefficient one can find a position of the minimum by evaluating the first derivative 
of the reflectivity with respect to the frequency. The exact implicit solution has the form 

( )
*

1 DS
DS DS

d

d

εε ε
ω

 
ℜ − 
 

where ℜ  is the real part and the asterisk represents a complex 

conjugated number. The explicit solution can be found by an approximation that the 
derivative of the imaginary part of the permittivity is negligible compared to the derivative of 
the real part of the permittivity near the reflectivity minimum. Substituting the obtained 
solution back to the Fresnel equation one obtains an approximate solution: 
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Determining γ from Eq. (11) yields directly the relaxation time τ in Eq. (2). It is interesting 

to note that by freely choosing the permittivity of the interfacing medium, ,Dε one can move 

opω  basically arbitrarily to higher frequencies, theoretically even up to the visible range. This 

feature is demonstrated experimentally in the following section. 

3. Experiment 

Two types of samples were studied experimentally; a heavily doped n-type GaAs and a 
heavily doped n-type InP. Two independent measurement methods were employed, namely 
the infrared reflectivity and the Raman scattering measurements were performed to obtain 
desired materials parameters. Table 1 gives basic parameters of the samples studied. 

Table 1. Given parameters 

Parameter/Material GaAs InP 
concentration, 3[ ]N cm−  182.4 10×  191.0 10×  

high frequency permittivity, ε∞  10.9  9.6  

static permittivity,
DC

ε  12.8  12.5  

interface permittivity,
D

ε  1 or 5.66  1 or 5.66  

TO phonon energy, 1[ ]
TO

cmω −  269  304  

LO phonon energy, 1[ ]
LO

cmω −  292  345  

phonon damping factor, ρ  0.01≤ 0.01≤

Infrared reflectivity 

The reflectivity was obtained using Fourier Transform InfraRed (FTIR) spectrometer Vertex 
70v from Bruker, for mid and far infrared spectral ranges, with standard Globar source, room 
temperature DlaTGS detectors, and mid-infrared KBr and far-infrared Mylar beamsplitters. 
Examples of the infrared reflectivity spectrum of GaAs and InP samples are shown in Figs. 2 
and 3, respectively. The spectra are shown as a function of the wavenumber. Two curves are 
shown in each figure. They represent two measurements on the same sample but with a 
different interfacing dielectric. The red curve corresponds to air with the incident light beam 
being near-normal to the surface with an angle of incidence of 11 degree. The spectrum was 
normalized using the reflectivity measurement from a gold reference. 

The blue line corresponds to diamond with an incident light beam being at 45 degrees 
with respect to the surface. The minima observed, called here the plasma edge, correspond to 
the new plasmonic mode predicted theoretically [9] and shown in Eq. (10) above. Both 
minima are clearly seen in both cases. The shift in the minimum with a change in the 
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interfacing dielectric is a direct consequence of Eq. (10). Since the height of the minimum 
indicates the amount of damping as per Eq. (11), the imaginary part of the semiconductor 
permittivity, DSε in Eq. (1), decreases with increasing the frequency, which is clearly shown in 

both figures when one compares minima for air and diamond interfaces. 

 

Fig. 2. Reflectivity spectrum of a heavily doped n-type GaAs: red curve – GaAs/air interface, 
blue curve – GaAs/diamond interface. 

 

Fig. 3. Reflectivity spectrum of a heavily doped n-type InP: red curve – InP/air interface, blue 
curve – InP/diamond interface. 

The GaAs and InP samples were pressed onto a diamond prism in the attenuated total 
reflection (ATR) configuration (GoldenGate ATR from Specac). The spectra are normalized 
using a diamond/vacuum reference measurement. In this configuration an air gap between the 
diamond and semiconductor sample exists. Figures 4 and 5 show the effect of the air gap 
thickness by the modeled ATR reflectivity. Comparing measured spectra presented in Fig. 2 
and 3 with the modeled ATR reflectivity one determines the air gap thickness to be less than 
50 nm and thus having a minute effect on the positions of the reflectivity minima. 
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Fig. 4. Modeled effect of air gap thickness on diamond/GaAs ATR reflectivity. 

 

Fig. 5. Modeled effect of air gap thickness on diamond/InP ATR reflectivity. 

Raman scattering 

Raman scattering measurements used a Nicolet NXR 9650 FT-Raman spectrometer that 
employs a Nd:YVO4 1064 nm laser and two detectors, a InGaAs and a Ge one. It covers a 
spectral range from 4000 cm−1 down to 50 cm−1 with a resolution of up to 1 cm−1. Examples 
of the Raman scattering measurement of GaAs and InP samples are shown in Figs. 6 and 7, 
respectively. The scattering traces are normalized to unity and are shown as functions of the 
Raman shift. Two peaks are clearly seen in both cases. The narrower one at ω − corresponds 

to the resonance frequency of the plasmon-LO phonon coupled mode below the TO phonon 
frequency, ,TOω (i.e. the lower branch in figures below: Fig. 10 for GaAs and Fig. 11 for InP). 

The peak at ω + corresponds to the resonance frequency of the plasmon-LO phonon coupled 

mode above the LO phonon frequency, ,LOω (i.e. the upper branch in figures below: Fig. 10 

for GaAs and Fig. 11 for InP). 
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Fig. 6. Raman scattering trace of a heavily doped n-type GaAs. 

 

Fig. 7. Raman scattering trace of a heavily doped n-type InP. 

Table 2 summarizes the measured values of the relevant parameters. Values of opω and 

Rmin are for =1
D

ε  (air). 

Table 2. Measured parameters 

Parameter/Material GaAs InP 
plasma edge, 1[ ]op cmω −  576  865  

minimum reflectivity, minR  0.043  0.022  

plasmon-phonon energy, 1[ ]cmω −
−  267  304  

plasmon-phonon energy, 1[ ]cmω −
+  547  812  

4. Interpretation and discussion 

Infrared reflectivity 

The experimental air/semiconductor interface reflectivity data yielded the plasma energy edge 
values shown in Table 2. Expressed in wavelength, one obtains 17.36GaAs

op mλ μ=  and 

11.55 .InP
op mλ μ=  The dispersive behavior of Sε  as described by Eq. (4) must be considered 

since the measurement wavelength is relatively close to the optical TO phonon resonance, 
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which lies at 37.2TO mλ μ= for GaAs and at 32.9TO mλ μ= for InP [19,20]. Figures 8 and 9, 

generated from Eq. (4), show the dispersion for GaAs and InP, respectively. The thin red 
vertical lines in both figures indicate the wavelength of the measurements. It is worth noting 
again that even high concentrations of free carriers in the studied samples have only a minute 
effect on the actual dispersion of .Sε  On the other hand, one has to use the dispersed value of 

Sε  when determining important semiconductor material parameters, i.e. the relaxation time, 

the effective mass and the mobility, from the measurements. Literature usually reports the use 
of ε∞  instead of Sε  thus ignoring the dispersion of Sε , which then yields results in error. An 

example in11 referring to a difference between calculated and measured data of about 15% can 
be corrected down to about 5% by simply including the dispersive behavior of the 
permittivity. 

 

Fig. 8. Refractive index dispersion of GaAs: blue curve – material refractive index, thin red 
line – measured plasma edge. 

 

Fig. 9. Refractive index dispersion of InP: blue curve – material refractive index, thin red line 
– measured plasma edge. 

Raman scattering 

The experimental Raman scattering data yielded the Raman shift values shown in Table 2. 
Figures 10 and 11 show the behavior described by Eq. (7) for the GaAs and InP samples, 
respectively. The blue curve is the lower branch and the green curve is the upper branch of 
the plasmon-LO phonon coupled mode resonance frequency, respectively. The straight red 
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line represents the plasma frequency as defined in Eq. (5). The thin vertical line corresponds 
to the concentration of the respective samples measured. 

 

Fig. 10. Raman shift versus concentration for a heavily doped n-type GaAs: green curve – 
upper branch of coupled plasmon–LO phonon, red line – plasma frequency, blue curve – lower 
branch of coupled plasmon–LO phonon, thin vertical line – concentration of the sample 
studied. 

 

Fig. 11. Raman shift versus concentration for a heavily doped n-type InP: green curve – upper 
branch of coupled plasmon–LO phonon, red line – plasma frequency, blue curve – lower 
branch of coupled plasmon–LO phonon, thin vertical line – concentration of the sample 
studied. 

The Figs. clearly indicate why the ω− trace is distinguished in the measurements from the 

ω+ trace. Figures also offer understanding why, in our case of samples with heavy doping, 

ω−  is practically identical with TOω  while ω+  practically yields pω  directly since its trace is 

too close to the plasma frequency to be discerned. 
Having now all the measured data (Table 2) along with the basic parameters (Table 1), 

one can exploit Eqs. (2)-(11) above to determine desired material parameters; namely the 
relaxation time, the effective mass, and the mobility. Table 3 summarizes all these parameters 
determined from the two independent measurements. 

 
 

#224420 - $15.00 USD Received 9 Oct 2014; revised 12 Dec 2014; accepted 21 Dec 2014; published 13 Jan 2015 
(C) 2015 OSA 1 Feb 2015 | Vol. 5, No. 2 | DOI:10.1364/OME.5.000340 | OPTICAL MATERIALS EXPRESS 350 



Table 3. Resulting material parameters 

Parameter/Material GaAs InP 
dispersed permittivity, Sε  10.4  9.2  

Drude frequency, 1[ ]p cmω −  1753 2457

relaxation time, [ ]fsτ  92 79

plasma frequency, 1[ ]p cmω −  535 799

effective mass, 0/m m∗  0.07 0.147

mobility, 2[ / ]cm V sμ ⋅  2338 951

 
Since it is known that heavy n-doping of semiconductors causes their effective mass to 

increase due to the non-parabolic band, and even double over just an order of magnitude 
increase in concentration [21], our results are in a good agreement with published values. As 
it is observed from the values of the effective mass, they are higher than usually used in 
literature [18], but mostly for undoped materials (0.063 and 0.08 for GaAs and InP, 
respectively), i.e. valid for the bottom of the conduction band. The electron scattering in 
degenerate semiconductors occurs mostly at the Fermi level and an appropriate effective mass 

*
Fm  must be used. 

The increase of the effective mass due to the band non-parabolicity and increasing Fermi 
level for GaAs can be described by an empirical formula [22] 

20 40 20.064 1.26 10 4.37 10 .effm N N− −= + × − × An effective mass of 0.092, which is higher than 

the obtained one, is predicted by this approximate formula for the nominal concentration of 
2.4x1018 cm−3. On the other hand, the effective mass of 0.07 measured is estimated by the 
formula to be for a concentration of 4.8x1017 cm−3. 

In the case of InP the effective mass of 0.11 was obtained in [23] for a 1x1019 cm−3 doping 
concentration while the measured value of 0.147 can be expected for fourfold higher sulfur 
doping concentrations [14]. 

It should also be noted that the values in Table 3 obtained from the experimental values of 
both independent measurement methods are within less than 1% of each other. Therefore an 
excellent agreement has been obtained between measured data by two independent methods 
and the calculations from the models for both independent theoretical and experimental 
studies. 

5. Conclusion 

Interaction of light at an interface of a heavily doped n-type GaAs and InP, and a dielectric 
leading to a new plasmonic solution was exploited in an experimental determination of the 
plasma frequency, ,pω  the relaxation time, ,τ  the effective mass, ,m∗  and the mobility, μ . 

Two independent measurements, namely the infrared reflectivity and the Raman scattering, 
yielded three crucial parameters, i.e. the plasma edge frequency, ,opω which corresponds to 

the new optical plasmon discovered previously, the reflectivity minimum, ,minR  and the 

coupled plasmon-LO phonon frequency, ,ω+  that sufficiently and accurately allow 

determining the above mentioned important semiconductor material parameters. The 
permittivity of a semiconductor was corrected from a simple Drude model to include 
background permittivity dispersion due to the vicinity of the transverse optical phonon (TO 
lattice vibrational mode). Free carrier absorption effects were also accounted for by including 
the damping factor in the model. Results are in a very good agreement with known data. 
Obtained accurate determination of the desired parameters from the two independent 
measurements in the demonstrated combined experimental and modelling approach suggests 
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that this method can be advantageously exploited as a new semiconductor material 
characterization technique. 
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