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The effective complex conductivity tensor of a highly anisotropic, vertically aligned silicon

nanowire film was measured by terahertz time-domain spectroscopy. The silicon nanowires were

fabricated on a p-type silicon substrate by metal-assisted chemical etching, which resulted in a film

with uniaxially anisotropic optical properties. The measured terahertz transverse and longitudinal

conductivity values were in excellent agreement with the results of calculations based on

the Drude-Smith and Lorentz models, respectively. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4721490]

Semiconductor nanowires have been studied extensively

for various applications in electronics and photonics. Silicon

nanowires (SiNWs), in particular, have attracted consider-

able attention for use in many applications, including func-

tional nanoscale building blocks, thermoelectric power

conversion devices, and biochemical sensors.1–4 Recently,

SiNWs have also been applied to the generation of broad-

band terahertz (THz) pulses.5 For the THz device applica-

tions of SiNWs, a comprehensive understanding of the

anisotropic dielectric and transport properties of SiNWs at

THz frequencies is important. For various materials, ranging

from semiconductor nanowires6–9 to biomolecules,10,11 these

properties can be effectively determined, in principle,

through THz time-domain spectroscopy (TDS). However,

conventional THz-TDS has mostly been used to characterize

polarization-independent isotropic materials. Although the

conventional THz-TDS technique has also been used suc-

cessfully for the polarization-sensitive measurement of bire-

fringent THz photonic crystal fibers,12 only a few

experimental studies have dealt with the THz spectroscopy

of semiconductor nanowires.6–9

As semiconductor nanowires are usually fabricated on

thick substrates, quantitative analysis of these semiconductor

nanowires requires the development of high-precision spec-

troscopic ellipsometry techniques, which are suitable for the

characterization of thin films on thick and opaque substrates

with anisotropic optical properties.17 However, the THz

ellipsometry is still in its infancy and has limited accuracy

when compared with conventional infrared ellipsometry,

mainly because of the lack of high-power THz sources, high-

performance THz polarizers, and precise alignment techni-

ques. THz time-domain spectroscopic ellipsometry has pre-

viously been used to characterize doped silicon substrates

and GaAs thin films,13–16 and metal nanowires have also

been analyzed by THz frequency-domain ellipsometry.18

However, complete characterization of the complex dielec-

tric tensors of SiNW films has not yet been demonstrated. In

this work, we report high-precision THz-TDS characteriza-

tion of a SiNW film fabricated on a p-type silicon wafer. We

successfully demonstrate THz-TDS analysis of the effective

complex conductivity tensor of the SiNW film. The THz-

TDS measurements of the transverse and longitudinal

conductivity values of the SiNW film are found to be in

excellent agreement with the results of calculations based on

the Drude-Smith (DS) and Lorentz models, respectively.

Vertically aligned SiNWs were fabricated on top of

p-type (100) silicon wafers by metal-assisted chemical etch-

ing;19 the wafers were �525 lm thick, with a resistivity of

1–10 X�cm, corresponding to a carrier density of

�1016 cm�3. Prior to the etching process, a thin discontinu-

ous Au layer (thickness of �7 nm) was deposited on the sub-

strate by thermal evaporation. The sample was then etched

in a solution of hydrofluoric acid and hydrogen peroxide (HF

(2):H2O2 (1):H2O (7)) under dark conditions at room temper-

ature and was subsequently rinsed in deionized water;

finally, the residual Au layer was etched. Figure 1(a) shows

the scanning electron microscopy (SEM) images of the

SiNW layer; the average diameter and length of the SiNWs

are �90 nm and �3 lm, respectively. To quantitatively eval-

uate the effective permittivity tensor of the SiNWs, we used

a THz-TDS system in transmission mode. The THz pulse

was generated using an InAs wafer pumped by a Ti:sapphire

laser with a center wavelength of 800 nm, a pulse width of

100 fs, and a repetition rate of 80 MHz. The THz pulse was

focused on the sample using an off-axis parabolic mirror,

and the transmitted THz pulse was then detected using a pho-

toconductive antenna fabricated on low-temperature-grown

GaAs. The entire THz-TDS system was enclosed in a cham-

ber which was continuously purged with dry air to eliminate

THz absorption by the water vapor in the air. The THz-TDS

system has a measurable frequency band, ranging from 0.2

THz to 1.5 THz. The incident THz pulse was p-polarized

with an electric field parallel to the plane of incidence.

For the THz transmission analysis, the SiNW film was

modeled as a homogeneous anisotropic thin film, as shown

a)Author to whom correspondence should be addressed: Electronic mail:
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in Fig. 1(b). In effective medium theory, the macroscopic

effective complex permittivity of a mixture is usually deter-

mined by the microscopic polarizability or the transport pa-

rameters of the inclusions (the SiNWs in this work) along

with the mixing parameters, such as the volume fraction and

the depolarization factors of the inclusions.20,21 However,

we can also use the macroscopic dispersion models of the

effective permittivity,20 which are directly defined by the

macroscopic transport parameters, such as the effective

plasma frequency and the relaxation time. The measured

transmission coefficients were compared with the calcula-

tions to obtain the macroscopic transport parameters using a

least-squares method. As will be shown later in the paper,

this phenomenological approach results in excellent agree-

ment between the THz measurements and the calculations,

without the need for any specific model of the effective me-

dium theory.

The SiNW thin film has highly anisotropic dielectric

properties, and the effective complex permittivity tensor is

given by e¼ etItþ ezuzuz, where et and ez are the transverse

and longitudinal complex permittivities, respectively; It is

the transverse identity tensor; and uz is the surface normal

unit vector. The transmission coefficient for an anisotropic

film on an isotropic substrate can be found from the Fresnel

equation.21 The measurements and calculations of the THz

pulses and spectra transmitted through the SiNW film on a Si

substrate at incidence angles (h) of 0� and 40� are shown in

Fig. 2, where we used the single-pass transmission coeffi-

cient for the thick Si substrate because the secondary pulses

due to multiple reflections are well separated from the pri-

mary pulse. The THz pulse for h¼ 40�, which is less than

the Brewster angle at the air-film interface, has a larger peak

amplitude than that for the pulse at normal incidence. Also, a

time delay of �0.3 ps between the peak positions of the THz

pulses for incidence angles of 0� and 40� was observed as

expected. As shown in Fig. 2, the measurements were in

excellent agreement with the results of the calculations in

both the time and frequency domains. The effective complex

relative permittivity tensor is defined as:

eðxÞ ¼ e1 þ j
rðxÞ
xe0

; (1)

where e1 is the relative permittivity tensor at high fre-

quencies, e0 is the permittivity of free space, and r(x) is the

complex conductivity tensor. Using this relationship, we

obtained the effective complex conductivity of the bare Si

substrate, as shown in Fig. 3(a). The real part of the conduc-

tivity, r1(x), decreases monotonically with increasing

frequency. On the other hand, the imaginary part of the

FIG. 2. (a) Measured (symbols) and calculated (lines) THz pulses transmit-

ted through the SiNW sample at incidence angles h of 0� (circles) and 40�

(triangles). (b) Amplitude spectra of the same transmitted THz pulses. The

inset shows the phase difference between the transmitted THz pulses for

h¼ 0� and 40�.

FIG. 1. (a) SEM images of vertically aligned SiNWs (average diameter:

�90 nm; average length: �3 lm) on a silicon substrate and (b) equivalent

dielectric layers, where e is the effective complex permittivity tensor of the

SiNW film, which is regarded as a homogeneous anisotropic medium, and e0

and eSi are the relative permittivities of air and the silicon substrate,

respectively.

FIG. 3. Real (blue) and imaginary (red) conductivities of (a) bare Si sub-

strate and (b) SiNW film. The transverse and longitudinal conductivities are

represented by circles and triangles, respectively. The symbols and the lines

stand for the experimental data and the calculation results, respectively.
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conductivity, r2(x), has a broad peak between 0.6 and

1.2 THz. This frequency dependence is usually observed in a

Drude-like material. However, we used the Cole-Davidson

(CD) model, which is a modified version of the simple Drude

model, and is obtained by inserting a fractional exponent b
because the Si substrate used in this work has a carrier den-

sity which is lower than 1016 cm�3.22 The complex conduc-

tivity in the CD model is expressed as

rCDðxÞ ¼
x2

pe0s

ð1� ixsÞb
; (2)

where xp is the plasma frequency and s is the relaxation

time. As shown in Fig. 3(a), the conductivity of the bare Si

substrate is described well by the CD model with b¼ 0.75,

which agrees with a previous report that p-type silicon has

b¼ 0.7 at the low carrier density limit.22

Figure 3(b) shows the transverse and longitudinal com-

plex conductivities of the SiNW film. In particular, the real

part of the transverse conductivity of the SiNW film was

much larger than that of the Si substrate. This was attributed

to the presence of the residual Au film, which can signifi-

cantly increase the conductivity of the SiNW film. The real

parts of both the transverse and longitudinal conductivities

of the SiNW film, denoted by rT
1 (x) and rL

1 (x), respec-

tively, gradually increase with the frequency up to 1 THz;

however, this is not observed for the case of the bare Si sub-

strate when modeled using the Drude model. Also, the fre-

quency dependence of rT(x) is completely different to that

of rL(x). To explain these different frequency dependencies,

we used two dispersion models, the DS and Lorentz models,

for rT(x) and rL(x), respectively; the calculation results

obtained from these models are in excellent agreement with

the measurements, as shown in Fig. 3(b).

The DS model is a generalized form of the Drude model,

obtained by using the impulse response approach combined

with Poisson statistics.23 The complex conductivity in the

DS model is given by

rDSðxÞ ¼
x2

pe0s

1� ixs
1þ c

ð1� ixsÞp
� �

; (3)

where c represents the fraction of the electron’s original ve-

locity that is retained after the collision. In Eq. (3), we used a

single-scattering approximation, in which the velocity per-

sistence is retained for only a single collision, with an addi-

tional fitting parameter p. In the DS model, unlike in the

simple Drude model, the maximum real part of the conduc-

tivity is not at the zero frequency. Thus, the measured trans-

verse conductivity of the SiNW film can be described using

the DS model. From the least-squares fitting, we obtained

the DS parameters given by c¼�0.70 and p¼ 0.97 with

xp/2p¼ 5.98 THz and s¼ 113.9 fs. This indicates that the

backscattering is significant for the transverse conductivity,

and, more interestingly, that the single-scattering approxima-

tion (p¼ 1) is actually appropriate for the SiNW film.

The measured longitudinal conductivity of the SiNW

film can also be described using the DS model. In the DS

model with c¼�1, the DC conductivity is suppressed and

the maximum real part of the conductivity occurs at xs0¼ 1,

which leads to a Lorentz-like model.8,23 The measured longi-

tudinal conductivity of the SiNW film agrees well with the

results of the DS model with c��1 and p¼ 0.5. In this

case, p is a fractional number and is treated as a disposable

parameter without any obvious physical origin. We therefore

used the Lorentz model for the longitudinal conductivity of

the SiNW film. The longitudinal conductivity based on the

Lorentz model is given by

rLRðxÞ ¼
ie0x2

px

x2 � x2
0 þ ix=s

; (4)

where x0 is the resonant frequency. From the best-fit curves,

we obtained x0/2p¼ 2.42 THz, xp/2p¼ 5.42 THz, and

s¼ 23.6 fs.

The plasma frequency is defined by xp
2¼Nq2/(m*e0),

where N is the hole density, q is the electron charge, and m*

is the effective mass. The measured transverse and longitudi-

nal plasma frequencies of the SiNW film were xp/2p¼ 5.98

THz and 5.42 THz, respectively, which are much larger val-

ues than that of the Si substrate, i.e., 0.47 THz. Because xp
2

is proportional to N/m*, SiNWs can be considered to have a

larger N/m* value than the bare Si, at least in a phenomeno-

logical sense. Although thin nanowires generally exhibit

some quantum confinement effects in terms of carrier density

and effective mass,24 it is unlikely that this quantum confine-

ment enhances the conductivity of the SiNW film; this is

because the diameter of the SiNWs in this work is �90 nm,

which is too large to result in any significant quantum con-

finement effects. It is more likely that the large discrepancy

between the plasma frequencies of the SiNWs and the bulk

Si is because of the residual Au film, which has a high

plasma frequency of �2000 THz. The relaxation time for the

longitudinal conductivity of the SiNWs was nine times

smaller than that of the bulk Si, probably because of surface

defects that were introduced in the SiNWs during the etching

process.

In summary, we measured the THz complex conductiv-

ity tensor of a highly anisotropic SiNW film using a high-

precision THz-TDS system. We then used the Drude-Smith

and Lorentz models to analyze the transverse and longitudi-

nal conductivities of the SiNW film, respectively. The THz

measurements were found to be in excellent agreement with

the results of the calculations based on these models. The

highly anisotropic properties of these SiNW films are

expected to find many applications in polarization-sensitive

devices and components, such as polarizers, detectors, and

metamaterials, at THz frequencies.
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