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Characterization of Highly Doped Si Through the
Excitation of THz Surface Plasmons

Maxim M. Nazarov, Alexander P. Shkurinov, Frédéric Garet, and Jean-Louis Coutaz

Abstract—We excite surface plasmons (SPs) at the surface of
highly doped Si using a prism coupler, and we study the propaga-
tion properties of these SPs in order to characterize the terahertz
(THz) response of the doped semiconductor. Thanks to the long in-
teraction length of the propagating SP with the substrate material,
the method is more sensitive than classical THz time-domain spec-
troscopy in reflection or in transmission. Moreover, we propose a
new technique based on measuring the SP signal, for which the
delicate problem of accurately measuring the phase of the signal
is solved. All of these different experiment techniques allow us to
determine reliably the dielectric function of highly doped Si in the
THz range. It appears that the experimentally determined values
differ strongly from the ones calculated with a Drude model.

Index Terms—ATR, dielectric function, doped silicon, Drude
model, semiconductor, surface plasmon.

I. INTRODUCTION

N the far-infrared and terahertz (THz) spectral regions,

metals and doped semiconductors obey fairly well to
the classical Drude model [1], in which free carriers do not
interact with other carriers and with the material lattice (at
least, the interaction with the lattice is simply accounted by
using the effective mass of the carriers). The oscillation of
the carriers with the THz field is only damped by collisions
against structural defects, impurities, or, more likely, phonons
at room temperature. Nevertheless, it appeared during the
last decades that more sophisticated models are necessary to
describe the far-infrared properties of highly conducting mate-
rials that can be measured by THz time-domain spectroscopy
(TDS). Grischkowsky and coworkers reported a comprehen-
sive study of doped silicon, with n and p doping densities N
varying within the range 104 — 10*® cm 3 [2], and later they
show that the Cole—Davison model [3], which combines both
Drude and Debye approaches, provides an even better fit of
the experimental data. More recently, Lloyd-Hughes [4], [5]
solved numerically the Boltzmann equation in the relaxation
time approximation to derive the THz conductivity of polar
semiconductors like GaAs or InAs. Because the free carrier
scattering depends on the energy, the agreement between
experiment and theory is excellent. For n-doped GaAs, the
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Boltzmann theory and the Drude model differ only in terms
of the imaginary part of the conductivity at higher energy, i.e.,
typically over 0.5 THz. Simultaneously, Willis et al. [6], [7]
have used a Monte-Carlo simulation of the carrier transport,
together with a finite-difference time-domain calculation of the
coupling with the Maxwell's equations, to determine the THz
response of doped silicon. The model fits well experimental
data by Jeon and Grischkowsky [8]. Here again, the difference
with the Cole—Davison model is rather tiny.

Characterizing the electromagnetic response, i.e., the com-
plex permittivity or the complex index of refraction, of metals
or highly doped semiconductors in the far infrared is a difficult
task, because of the large value of their permittivity. Thus trans-
mission measurements are not possible unless very thin samples
are used: unfortunately, due to free carrier confinement effects,
the response of thin (tens of nanometers) films differs from the
bulk one [9], [10]. Characterization in reflection configuration
[3], [11], where the material serves as a mirror, is preferable,
but the method is not sufficiently sensitive to deliver an accu-
rate determination of the material permittivity. A better solution
is to perform THz ellipsometry [12], [13]. In addition, high-G}
cavity measurements were used to extract doped Si properties
[14], [15] in the sub-THz range (0.3—1 THz), these deviations
were also numerically calculated in [6] for N = 5x 10™ cm 3
doping concentration.

We present here another technique based on the excitation of
THz plasmons (SP) at the surface of the material. Experimental
study of THz SPs on semiconductors was reported in a few
papers. SPs were excited on Si using a grating coupler [16], on
InAs with an attenuated total reflection scheme (ATR—Otto
prism configuration) [17], on porous Si [18], and InSb [19]
through edge excitation or using a subwavelength slit [20].
Analytical estimations of SP confinement and propagation on
doped Si (N = 10*° cm ?) and on gold are presented in [21]
over a broad frequency range, including the THz domain.

As semiconductors exhibit a plasma frequency that depends
on the electron density, the properties of SPs propagating over
a semiconductor can be tailored within the THz range through
doping or photoexcitation [22]. Semiconductors with low colli-
sion frequency and high mobility, like InSb [19], are good ma-
terials for THz SP devices, but they are difficult to obtain. On
the other hand, Si is a widely spread material that supports THz
SP when doped above N = 107 ¢cm 3.

In this work, we demonstrate broadband THz SP propagation
on a highly doped Si wafer. We investigated the SP properties
using known methods (reflection spectroscopy and ATR angular
measurements) as well as using our new method based on SP
transmission spectroscopy. Only this last method is sufficiently
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sensitive to obtain surface dielectric function spectra. The so-de-
termined dielectric function of doped Si differs strongly from
the one given by the Drude theory.

II. REQUIREMENTS FOR DOPED SI TO SUPPORT THZ SP

The dielectric function of bulk doped semiconductor is fairly
well described by the Drude model [5]

fp(V)?

E(f7]\rvd) = €0 — f2 +1Fdf

Q)

where f is the frequency, ['y is the collision rate, and f, =
(1/27)\/(N e*/eqm?) is the plasma frequency. Subscript d
denotes either n or p doping type. For the case of Si, €5, =
11.7, and the free carrier effective mass is m; = 0.37 me, and
m,, = 0.26 m.. Carrier concentration N is the only variable
that determines the Si optical response. Often, dc mobility 4 is
used to characterize semiconductors, which is related to the pre-
ceding parameters as ['y = (e/pqam};)(1/2x) [8]. For Si, pud is
in the range 300-1000 cm?/(V - s). Note that mobility x and
accordingly collision rate I'y change with carrier concentration
[8], [23] and temperature [12], and they depend on doping type.
For example, for N = 9 x 106 cm~3, I'y = 1.98 THz [8],
[10], while for N = 10® em™3,T,, = 4THz [12]. Ty is a
critical parameter that drives the Si THz response through the
denominator in (1) because f < I'y. To model 'y for arbitrary
doping level and type, we interpolate literature data [8]-[12] of
a number of values pd and N. In the far-infrared range, 'y be-
comes negligible relative to f, and SPs propagating on heavily
doped Si are well confined at the interface and suffer a weak at-
tenuation [24].

Due to the large values of €, and I'y, the necessary condi-
tion of SP existence in the THz range is more complicated than
for metals, for which it simply writes w < wp/ v/2 [25]. For
highly doped semiconductors, from the condition ngp(f) > 1
and from (1), one obtains

2(N
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For frequencies larger than f;(N), it is not possible for a SP to
propagate over the doped semiconductor. The limit frequency
value f;(IV) is plotted in Fig. 1 versus N for d = n and p
doping types, together with the plasma frequency f, (V). Hence
for N = 3 x 10*7 cm~3, SP can exist only at low frequencies
(<0.5 THz), while, for N = 10*® cm—3, SPs are supported up
to 3 THz.
The SP wave vector is

e(f)
e(f)+1

with ko(f) = 27 f/c. We define the SP absorption coefficient
as asp(f) = 2Im{kgp(f)) and the SP refraction index as
ngp(f) = Relksp(f)/ko(f)). Both asp(f) and ngp(f) are
plotted in Fig. 2 for different doping levels.

Absorption forbids SP propagation on doped semiconductors
over more than a few centimeters, and thus SP absorption limits
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Fig. 1. (a) Plasma frequency f,(IN) and limit frequency f; (N, d) versus car-
rier concentration IV for n-type and for p-type doped Si. (b) Drude model di-
electric function for n-doped Si (N = 10'% cm3).
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Fig. 2. (a) SP absorption and (b) refraction frequency dependencies, calculated
from the Drude model for the sample-1 (p = 3 x 107 cm~3,), sample-2
(n = 10® cm~3,) and for an intermediate case (n = 2.5 x 107 cm~3).
The limiting frequency f; for sample-1 is marked by a vertical line.

the observable bandwidth rather than the SP coupling configura-
tion. The other important SP feature is its refraction index ngp.
Refraction index value close to unity means bad localization and
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considerable radiation losses, like in the case of metals [30]. The
more ngp exceeds the unity, the more field penetrates into the
substrate, increasing surface sensitivity and field confinement,
but on the other hand SP absorption increases as well. The value
ngp = 1.001 is areasonable compromise between a sufficiently
large propagation length Lgp (Lgp = 1/agp = 1 ~ 3cm)
and a good field localization (dair = (koy/nép —1) 1= 5 ~
1 mm). In Si, these considerations determine the optimal car-
rier concentration and type of doping to observe and charac-
terize SP, i.e, N = 10'® cm ® and p-doping. Actually, Si
is not the best semiconductor to deal with THz SP because
of its low mobility value. InSb is definitively a better material
(p= 4.4 x 10* cm?/(V-s) [26],i.e.,T = 0.02 THz): hence,
for N = 10" cm 3, ngp = 1.05 and SP absorption is still
low, resulting in propagation length Lgp = 3 cm and in a good
field confinement (d,;; = 0.1 mm at 1 THz) for InSb.

III. SAMPLE CHARACTERIZATION

In our study, we used two highly doped 0.3-mm-thick Si sam-
ples: Sample-1 is a < 100 > Si wafer p-doped with bore,
whose resistivity is B3 = 0.08 ~ 0.1 Qcm; Sample-2 (<
111 > orientation) is n-doped with phosphor, and its resistivity
is By = 0.009 ~ 0.011 icm. We also used metal samples
(aluminium, copper, and gold) as an example of known mate-
rial. The Si sample carrier concentration N was estimated from
the supplied dc resistivity R: Ny = (3 + 1) x 107 em~3,
Ny = (1+0.5) x 10'® cm 3, while for the metal it is known
to be about N3 = 10% ¢cm 3.

We characterized the THz properties of our sample using
a classical THz time-domain spectroscopy system already de-
scribed in [27] and [28]. At the sample location, the THz beam
is almost parallel with a 15-mm diameter and it is p-polarized.

For doping level higher than 10'7 ¢cm =3, THz transmission
amplitude T is very weak. For sample-1, we measured T =

1002 ~ 107* for f = 0.03 ~ 0.3 THz by THz-TDs and,
using a FTIR spectrometer, 72 > 1072 for f > 8 THz. A
reflection spectrum is more informative but not very sensitive
to the dielectric function value; moreover, reflection provides
information only about the surface region and not about the
bulk properties. By fitting the measured reflection spectra in
the 0.1-3-THz frequency range, we estimated, for sample-1,
I'y = 2+ 05THz, and T';, = 3.5 & 0.5 THz for sample-2.
Within these large uncertainties, we obtain a reasonable agree-
ment with data evaluated from dc resistivity or already pub-
lished [7], [8], [10], [12], [15]. These values were used to calcu-
late the Si dielectric function from relation (1) [see Fig. 1(b)]and
the SP properties from (3).

Let us point out here the advantage of dealing with SP in
order to characterize the doped semiconductor material. It orig-
inates in the much longer interaction length L with the mate-
rial as compared to simple reflectometry. For example, for N
= 10" em? and L = 3 cm, an increase of N or T by 10%
will increase the SP amplitude after propagation over the length
L by 20% [cf. (4)], while the corresponding change in reflec-
tivity is only 1%. For higher then N = 10'® cm~3 doping
levels, just longer propagation distance should be used to ob-
tain good sensitivity.

Si
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Fig. 3. Scheme of the SP propagation experiments. The right scheme is related
to our new method of SP parameter study (see text). d; (transmission) and d»
(reflection) are THz detectors.
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Fig. 4. (a) Calculated SP amplitude inside the ATR air gap for A = 1 mm
(dashed line) and » = 0.3 mm (solid line) with sample-2. The angle of inci-
dence is 44°. (b) ATR reflected signal, integrated over the 0.1-1.2 THz exper-
imental frequency range, versus the angle of incidence §—measured (circles)
and calculated (solid line)-for sample-2 and A = 0.5 mm.

IV. EXCITATION AND STUDY OF SP IN ATR SCHEME

First, we excited SP using an ATR scheme [Fig. 3(a)], com-
monly used in the visible range [25] arranged in the Otto con-
figuration [28]. The prism (right angle at the apex) is made in
Teflon (nprism = 1.432 over the whole studied THz range).

The angle of incidence 8 is determined from parallel wave
vector conservation: 7prismko sin(8) = ngpko. In our case,
dispersion of both npism and ngp is negligible, thus SP can
be excited at a single angle value over a broad frequency range
(see Fig. 4). At this angle, because SP excitation occurs over
a limited area and because of losses, the signal reflected by
the prism should Oexhibit a dip. This is clearly observed in the
experimental record: Fig. 4(b) shows the spectrally integrated
THz TDS signal measured versus incident angle using a go-
niometric THz-TDS setup. The agreement with the calculated
curve is fairly good, the differences may originate from the
plane wave hypothesis in the modeling, or from a deviation from
the Drude model. The experimental value of the optimal angle
is # = 444+1°, which is 0.5° smaller than the theoretical predic-
tion, and the measured SP angular width is twice the calculated
one, which means that the SP losses are bigger than expected.
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Fig. 5. Attenuated total reflection spectra for different incident angles (dashed
line = measured; solid line = calculated). The air gap is h = 1 mm. The 44°
and 44.5° curves are offset by 41 and +2 for sake of clarity.

We measured and calculated the ATR reflectivity spectra for
sample-2. Let us notice that a deep in reflection is not always
related to SP excitation, but may result from interferences of
the incoming beam inside the air gap [17]. An example of this
artifact is presented in Fig. 5 for § = 44.5°. SP resonance is
around 0.4 THz, as expected for all of the experimental angles.
While detector d; records spectral dips, detector d; recorded
broadband SP signal from 0.2 till 0.7 THz [31].

Optimal frequency is determined mostly by the air gap (h =

1 mm corresponds to f = 0.4 THz), but also at second order
by the incidence angle. Fig. 4(a) confirms that, for sample 1
and ~ = 1 mm, SP is excited at 0.4 THz (maximum of the
curve). Moreover, Fig. 4(b) shows that this SP is excited all
over the range § ~ 41° ~ 45°. For 44.5° in Fig. 5, the SP
resonance is hidden by interferences due to a Fabry—Pérot effect
in the air gap. Calculated curves in Fig. 5 shows that the SP
optimal frequency should slightly decrease with 8, which is not
experimentally observed. This is maybe related to discrepancy
between the Drude model and the actual THz response of the
metal surface.

V. SP OBSERVATION IN PROPAGATION CONFIGURATION

To measure with a better precision the SP propagation proper-
ties, we employ the ATR prism as a localized coupler which per-
mits to excite a SP propagating at the sample-air interface. This
SP is received by a detector located at the edge of the sample (d;
in Fig. 3). The distance L between the prism and the sample edge
could be varied from 1 to 5 cm, without affecting the coupling
and detection efficiencies. The influence of the freely propa-
gating wave is reduced by a screen above the surface. To be
sure that the SP wave dominates in the detected signal, we also
delayed SP by 10-pm-thick and 10-mm-long polyethylene film
on the sample surface, as such film does not delay freely prop-
agating waves. We have already demonstrated the efficiency of
this scheme in the case of SP propagating on metals [28]. The
signal received by the detector is proportional to the SP field at
distance L

S(f,L) x Esp(f, L)
:ESP(faO) €xXp (7 [kSP<f7NaF) - ko(f)] L) . (4)

Two records are performed, at two different distances L; and
Ly such as AL = Lo — L. The ratio of both records allows us
to get rid of the coupling and detecting coefficients. We obtain

(5, A1) = S L2 G hep (1 N.T) — ko(f)] AL)

This transmission spectrum is rather sensitive to the material
properties thanks to the large interaction length AL. From (5),
we easily derive the SP propagation parameters

{ asp(f) = 2Im(kgp) = 22ITLAL) "

nsp(f) = R = 1 4 g ETULAD),
The handicap of this method is that the distance between the
THz source and detector is changed, so the phase of the signal
is badly determined. To validate our results, we replaced the
sample by a metallic slab, and we compared our data for metal
with already published ones [30]. In addition, we performed
a second experiment inspired from [32]. We employ the ATR
prism to excite a SP on an aluminum substrate, and we detect
the SP at the edge of the substrate, as previously described.
However, now a thin Si sample is placed over the metal in be-
tween the prism and the edge of the substrate (Fig. 3 right).
The SP propagating over the metal impinges the Si sample and
then propagates over this sample. However, the 0.3-mm-thick Si
sample is thinner than the SP decay length in air (d,;; &= 1 mm),
which permits a good coupling between the SP propagating over
the metal and over the Si sample. On the other hand, the Si
sample is much thicker than the SP decay length in doped-Si
(typically 60 um at 1 THz), and thus it could be considered as
a semi-infinite medium for the SP propagating over it. In this
configuration, the THz source and detector are kept steady: the
reference is obtained with the bare metal, while the signal is
recorded with the Si sample over the metal. This allows us to
precisely determine the SP refractive index. On the other hand,
because of losses due to diffraction of the SP wave at both the
front and rear edges of the Si sample, SP absorption is only ap-
proximately obtained.

In fact, both methods provide us with similar spectra, there-
fore we present below an average of the values measured via
both methods, for L = 1, 3 and 5 cm. The absorption agp as
well as the effective index ngp of the SP propagating over sam-
ples 1 and 2, and over aluminum, are plotted in Fig. 6(a) and (b),
respectively.

The method accuracy is tested on the example of Al sur-
face. Resulting value of SP absorption coefficient on Al (for
f= 1THz)isagp = 0.1 £0.05cm !, Lx = 5=+ 2cm,
n = 1.002 4 0.001 That is comparable to published data of sev-
eral independent groups: Geong et al. in [30] and in [33] for Al
published data that corresponds at 1 THz to agp = 0.02 cm ™
and n = 1.01. Nahata et al. in [34] for Al at 1 THz published
Ly = 8cm,L, = 2mm, ¢ = —690 4+ i * 455, n = 1.0004.
Gerasimov et al. in [35] for Au and f = 2.18 THz published
Ly = 3cm.

For the doped Si, the Drude model gives a good estimation
of the measured values only in the case of SP absorption
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Fig. 6. SP absorption and effective index spectra, for samples 1, 2 and metal
(aluminum), extracted from the propagation measurements. The calculated
curve for sample 2 and for Al, based on the Drude model, are also plotted.

[Fig. 6(a)]. Very surprisingly, the Drude model does not fit at all
the experimental results for the refractive index. For doped Si,
not only the values differ in magnitude, but the variation with
frequency of the calculated and measured curves are opposite.
All these experimental results tend to indicate that the region
at the Si surface is less doped than it is actually. Of course, a
natural oxide layer exists at the Si surface, but its interaction
with the THz waves may be neglected because of its nanometric
thickness.

Then we evaluated the dielectric function of doped Si from
the SP complex effective index, which is written as

fisp(f)?
with fisp (f) = nsp(f) + iasp(f)c/(4nf). Small changes of
ngp(f) relative to unity are very critical, because of the de-
nominator in (7). Similarly, small errors in ngp lead to large
errors in the so-achieved dielectric function €. From (7) and the
data shown in Fig. 6, we obtain the doped-Si dielectric function
plotted in Fig. 7.

The imaginary part of the dielectric function of the two
doped-Si samples differ strongly from the Drude model (for
sake of legibility, only the Drude model corresponding to
sample 2 is plotted in Fig. 7). In addition, the variation of the
curves with frequency is opposite. The measured one increases
with frequency, while the calculated one decreases. For the real
parts, the discrepancies in slopes are not so pronounced, but the
absolute value for sample 2 is approximately five times bigger
than the calculated one.
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Fig. 7. (a) Imaginary and (b) real parts of the surface dielectric function of
doped Si, together with error bars. The Drude model value for sample 2 is also
plotted (double line).

This surprising observation, which is confirmed by each
of the methods we employed in this study, has to be related
to the shorter-than-expected SP propagation length on metals
[32]-[35]. Today, no definitive explanation of this phenom-
enon is satisfactory. Contrary to metals that could suffer from
oxidation or water/pollutants adsorption at the surface, Si is
more chemically stable. In addition, because of the smaller free
carrier density of our samples as compared to metal, the SP field
penetrates relatively deeply in the semiconductor and thus is
less sensible to what occurs within a nanometer at the surface.
Thus a possible explanation could be the nonlocal behavior of
the carrier in the surface selvedge, which leads to anomalous
skin effect [36], a well-known phenomenon in the microwave
domain. Further experimental and theoretical developments are
compulsory to validate this explanation or any other one [5].

VI. CONCLUSION

We applied several methods to determine the far infrared
properties of highly doped Si surface. As classical techniques,
either THz-TDS in reflection or ATR, are not enough sensitive
to determine a precise value of the THz dielectric function of
doped-Si, we measured the propagation properties of SP over
long distances. The longer propagation distance, i.e. the longer
interaction of the THz SP wave with the substrate material,
makes the technique very sensitive and accurate. Simultane-
ously, we solved the problem of phase in such measurements
by using a complementary SP propagation technique, in which
the doped-Si sample is put over a metal sample. All of these
different techniques allowed us to obtain the complex dielectric
function of doped-Si over the THz frequency range. This
experimentally determined values differ strongly to the values
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calculated from the Drude model. Not only the measured values
are typically one order of magnitude larger than the calculated
ones, but also they show an opposite behavior with frequency.
It seems that the dielectric function of highly doped Si at the
surface is different from the bulk value in the THz range. This
could be related to similar observations with metal substrates,
for which the SP propagation length is more than one order
of magnitude than the calculated one. A possible explanation,
which should be validated by complementary works, could be
a nonlocal behavior of the free charges in the vicinity of the
sample surface. Let us also notice that classical THz-TDS mea-
surements are more sensitive to the bulk value of the doped-Si
dielectric function, and thus lead to results in good agreement
with the Drude model or models extrapolated from the Drude
theory [2], [3], [5], [6], while SP test mostly the surface region
(between 0 and a few tens of micrometers) of the material.
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