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 1 Introduction The terahertz region of the electro-
magnetic spectrum, lying between microwave frequencies 
(100 GHz) and photonic frequencies (30 THz, λ  = 10 µm), 
is an attracting attention for a diverse range of future appli-
cations including spectroscopic chemical identification, 
wireless communication, concealed weapon detection and 
non-destructive evaluation. Despite recent advances in 
sources and detectors, many of the core components such 
as bandpass filters, resonant cavities, and impedance-
matching layers that are commonplace in optical and  
microwave systems have yet to be translated to the THz 
regime. Two reasons for this are the very different wave-
length scale in the terahertz regime, and the scarcity of 
suitably transparent materials with the required dielectric 
properties. 
 Microwave devices are typically manufactured using 
casting and micromachining technologies, while photonic 
devices are typically constructed using thin-film deposition 
and lithographic techniques borrowed from the semicon-
ductor industry. Neither approach is appropriate for fabri-
cating THz components, which require dimensions that are 

too large for thin-film lithographic fabrication but too 
small for conventional machining. Furthermore many ma-
terials that are transparent at optical or microwave fre-
quencies exhibit high absorption in the terahertz regime  
[1]. 
 Future terahertz devices will require new materials that 
can be (1) engineered to have a wide range of dielectric 
permittivities (2) transparent across a broad range of THz 
frequencies, (3) cheaply fabricated in relatively thick lay-
ers and (4) easily incorporated into complex multilayer 
structures. Although nature does not naturally provide such 
materials, nanoporous silicon is an attractive and versatile 
material that could potentially satisfy all of these criteria. 
 While many have investigated the optical and DC di-
electric properties of porous silicon [2–5], there have been 
few measurements of porous silicon in the terahertz (far in-
frared) regime. Those measurements that have been re-
ported have exclusively examined porous silicon fabricated 
from lightly-doped silicon substrates [6, 7]. Heavily doped 
p+ porous silicon offers several advantages over lightly-
doped porous silicon, including the ability to more easily 

We report an experimental measurement of far infrared di-

electric properties of p+-doped free-standing porous silicon

membranes, characterized using terahertz time-domain spec-

troscopy. Freshly fabricated hydrogen-terminated porous sili-

con samples exhibited significant absorption in the terahertz

regime, and the absorption was observed to slowly drift in

response to the surrounding environment and the duration of

illumination. Samples that are partially oxidized, either by

age or through thermal oxidation in an oven, become almost

transparent in the terahertz spectral regime, and the dielectric

properties stabilize to a constant value.   

 The partially-oxidized porous silicon samples are observed to

have an absorption coefficient of approximately 2 cm–1 over

the range of 0–2 THz, which corresponds to an effective re-

sistivity of  35 ± 9 Ω cm, approximately four orders of mag-

nitude higher than that of the crystalline silicon from which

they were formed. Spectral transmission measurements fur-

ther confirm that p+ porous silicon has no significant absorp-

tion peaks or other spectral variation in the 0–2 THz regime.

These findings suggest that p+ porous silicon could be a use-

ful material for fabricating future THz devices. 
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fabricate complex, thick multilayer structures that incorpo-
rate a wide range of porosities [5, 8]. 
 We report here the first experimental terahertz trans-
mission measurement of nanoporous silicon fabricated 
from p+ porous silicon. While freshly-fabricated p+ porous 
silicon exhibits significant absorption, partially oxidized 
porous silicon is largely transparent in the range from  
0–2 THz, making it a strong candidate for use in future 
terahertz devices. 
 
 2 Fabrication Free-standing porous layers were elec-
trochemically etched from single-crystal, 〈100〉 oriented 
boron doped p+ silicon wafers. The p+ wafers had resistivi-
ties ranging from 1–5 mΩ cm, which corresponds to a 
dopant concentration in the range of 20

10  cm–3. Note that 
wafers with this level of doping would be entirely opaque 
in the terahertz regime, because of absorption by free car-
riers. 
 The electrochemical etching was performed using a 
two-chamber electrochemical cell in which both front and 
rear chambers were filled with an electrolyte comprised of 
hydrofluoric acid, water, and ethanol in a 1:1:2 ratio in 
volume. Although the porosity can be controlled by adjust-
ing the current density, in order to facilitate comparison all 
of the samples reported here were etched using the same 
current density of 80 mA/cm2. The etching was carried out 
in the dark, using a sequence current pulses of 2 minute 
duration each, with a 1 minute pause between pulses to al-
low equilibration of the solution at the bottoms of the pores. 
The total etching time was approximately 20 minutes, 
which resulted in a porous layer approximately 65 µm 
thick. Using gravimetric measurements, the porosity was 
calculated to be 67% under these etching conditions. 
 Following layer formation, a strong current pulse of 
360 mA/cm2 was applied for 7 seconds in order to separate 
the porous layer from the substrate, resulting in a free-
standing porous membrane. The resulting free-standing po-
rous membrane was thoroughly rinsed in ethanol and dried 
in air at room temperature. 
 
 3 Terahertz transmission measurements Fig-
ure 1 depicts the terahertz time-domain system used to 
characterize the porous silicon samples [9–11]. The tera-
hertz signal was generated by illuminating an indium-
arsenide semiconductor surface at oblique incidence with 
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Figure 1 (online colour at: www.pss-a.com) Experimental setup 

used to measure terahertz transmission spectrum of porous silicon 

samples. 

100 femtosecond optical pulses from a modelocked 
Ti:sapphire laser. The optical pulses are absorbed at the 
surface of the InAs, producing electrons and holes that dif-
fuse at different rates into the semiconductor [12]. Because 
the generated electromagnetic pulse has sub-picosecond 
duration, it contains frequency components extending into 
the terahertz regime. 
 The terahertz signal was collimated and then focused at 
normal incidence to a size of approximately 1 mm onto the 
free-standing porous silicon membrane by a pair of off-
axis gold-coated parabolic mirrors. A complementary pair 
of mirrors is then employed to collect the transmitted beam 
and direct it to the receiver. 
 The terahertz receiver uses a conventional electrooptic 
sampling technique, in which the terahertz pulse modulates 
the birefringence of a 1 mm thick, 〈100〉-oriented ZnTe 
crystal [13]. This modulation is sensed by measuring the 
shift in polarization of a probe beam that is derived from 
the same Ti:sapphire laser used to generate the terahertz 
pulse. By scanning the delay τ  between the pump pulse 
and the probe pulse, it is possible to directly measure the 
terahertz electric field temporal waveform. By computing 
the Fourier transform of this temporal waveform, one ob-
tains the spectrum of the terahertz signal. By comparing 
the measured spectra with and without the sample in place, 
one can compute the complete terahertz transmission spec-
trum of the sample. 
 
 4 Results and discussion Figure 2a shows the 
transmitted terahertz waveform measured before the po-
rous silicon sample was introduced (upper trace) and after 
a freshly-fabricated, hydrogen-terminated porous silicon 
sample is inserted into the beam (lower trace). While the 
overall shape of the transmitted terahertz pulse remains 
approximately unchanged, the pulse amplitude decreases 
as a result of attenuation in the membrane and reflection at 
the surface. Also, the pulse position shifts to a later time 
because of the delay associated with propagation through a 
membrane with refractive index larger than that of air. 
 The amplitude of the transmitted terahertz pulse was 
observed to slowly drift over time. To illustrate this effect, 
Fig. 2b plots the peak amplitude of the transmitted tera-
hertz signal, observed over a continuous two hour time  
interval. Point (A) indicates when the porous membrane 
was inserted into the terahertz beam, and point (B) marks 
the time when it was removed. All values plotted are nor-
malized to the peak value of the terahertz field prior to in-
sertion. During the 60 minute period while the sample is 
inserted, the transmitted amplitude falls monotonically 
from 0.30 to 0.19. The amplitude returns to its original 
level upon removal of the sample, indicating that the ob-
served decrease cannot be attributed to systematic meas-
urement drift. 
 The exact mechanism for this instability in absorption 
remains unclear, however we confirmed that the effect is 
localized in the region that is illuminated by the terahertz 
beam. That  is,  if  the porous membrane is  laterally  dis- 



Phys. Status Solidi A 206, No. 6 (2009)  1275 

 

www.pss-a.com © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Original

Paper

1

1

0.8

0.6

0.4

0.2

0

0.30

0.30
0.19

210 fs

t (ps)

time (minutes)

pe
ak

 a
m

pl
itu

de

without sample

sample inserted
(hydrogen-terminated)

0 30

–2 –1 0 1 2 3 4 5

60 90 120

(a)

(b)

sample
inserted

sample
removed

 

Figure 2 Terahertz transmission through freshly-fabricated, hy-

drogen-terminated porous silicon membrane. (a) Transmitted 

terahertz time-domain trace without (upper) and with (lower) the 

porous silicon inserted. (b) Peak amplitude of the transmitted 

THz pulse observed continuously during a 60 minute exposure 

time. 

 

placed so that the terahertz beam samples a different area 
of the membrane, the transmitted amplitude returns to its 
original level and re-traces a similar downward evolution. 
While strong thermal effects have been reported for porous 
silicon in the past [14], the average power in our THz 
beam is at the µW level which we believe is unlikely to 
cause significant heating. The effect may be caused by a 
photo-induced (or THz-induced) change in the reactivity 
between the surface and the ambient environment. 
 This instability is also observed to diminish over time, 
as the highly-reactive hydrogen-terminated silicon surface 
slowly becomes replaced with more stable oxide termina-
tion. Figure 3 plots the normalized peak amplitude of the 
transmitted terahertz signal as a function of age for up to 
13 days after initial fabrication. On each day of observa-
tion, the porous membrane was illuminated for a duration 
of 60 minutes and the peak amplitude of the transmitted 
terahertz pulse was recorded at the beginning (squares) and 
end (circles) of the 60 minute interval. While in each 
measurement, the transmitted amplitude decreases with 
exposure, on a longer timescale the sample slowly be-
comes more transparent and the initial and final amplitudes 
eventually converge to a relative transmission amplitude of  
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Figure 3 Normalized peak amplitude of the transmitted terahertz 

signal as a function of age for up to 13 days after initial fabrica-

tion. The squares indicate the initial amplitude and the circles 

show the amplitude after 1 hour of exposure. 

 
 
0.90. This process can be accelerated by partially oxidizing 
the sample in a furnace, which yields stable, repeatable 
transparent porous silicon layers. 
 The refractive index and absorption coefficient (α) of 
the porous material can be estimated from the delay and at-
tenuation of the terahertz pulse, respectively, as long as the 
thickness of the sample is known. However, a more accu-
rate analysis should also account for the Fresnel reflection 
from the front and rear surfaces, and the multiple internal 
reflections that could occur inside of the membrane. Ac-
counting for these effects, the complex amplitude trans-
mission function is predicted to be [15, 16] 
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where ω  is the angular frequency, n�  is the refractive index 
(which can be complex and frequency-dependent) and d is 
the thickness of the sample. 
 Whereas many spectroscopic measurement systems 
can only determine the power transmission coefficient, 

2| ( )| ,T ω  terahertz time domain spectroscopy permits ( )T ω  
to be directly measured by computing the complex Fourier 
transform of the transmitted waveforms. Figure 4 plots  
the magnitude and phase of the complex transmission 
function ( )T ω  obtained in this way, for both the hydrogen-
terminated sample and the oxidized sample. 
 The optical properties of the porous membrane can 
then be determined by fitting the measured data to Eq. (1), 
after choosing a suitable model for ( )n ω� . We adopted  
the hypothesis that the porous membrane can be mod-
eled as a  conductive material characterized by a permit-
tivity 

R
ε  and an equivalent resistivity .ρ  Under this as-

sumption, the complex permittivity and refractive index 
are given by, 

2

R

0

1
( ) ( ) .n jε ω ω ε

ρε ω
= = -�  (2)  
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Figure 4 Magnitude (upper) and phase (lower) of the complex transmission function for (a) the freshly-made, hydrogen-terminated 

porous silicon membrane and (b) the partially oxidized porous silicon membrane. The solid points indicate the measured values, while 

the lines indicate the optimal linear least-squares fit to Eqs. (1) and (2). 

 
 

We therefore seek to find the two unknown parameters  

R
ε  and ρ  that, when Eq. (2) is substituted into equation 
Eq. (1), yield the best fit to the measured data. These two 
parameters were determined by performing a weighted-
nonlinear least-squares fit to the measured complex trans-
mission function. The uncertainty in the fitting parameters 
was estimated by performing the same least-squares fit on 
five different data sets that were independently collected 
from the same sample. When performing the fit, the sam-
ple thickness d  was treated as a known parameter which 
was measured separately. 
 For the freshly-fabricated, hydrogen-terminated po-
rous silicon membrane,  which had a  measured thick-
ness of 63 µm, we obtain 

R
4 24 0 08 m cmε = . ± . W  and 

500 10ρ = ±  mΩ cm. The solid lines in Fig. 4a show the 
function ( )T ω  calculated using these two parameters, 
which gives a reasonable fit to the experimental measure-
ments. We note that the equivalent resistivity of the sample 
is more than two orders of magnitude higher than that of 
the bulk silicon from which the sample was formed. None-
theless, the sample still exhibits significant loss across the 
THz spectral range. 
 For the oxidized porous silicon membrane, which had a 
thickness of 68 µm, we obtain 

R
3 32 0 07 cmε = . ± . W  and 

35 9ρ = ±  Ω cm. When substituted into Eqs. (1) and (2), 
these parameters give excellent agreement with the meas-
ured complex transmission spectrum, as shown in Fig. 4b. 
The sinusoidal shape of the transmission spectrum is ex-

plained by Fabry–Pérot fringes associated with multiple 
internal reflections inside of the 68 µm thick porous mem-
brane. We note that the oxidized sample exhibits an 
equivalent resistivity that is more than four orders of mag-
nitude larger than the original silicon substrate, yielding  
a low-loss dielectric material throughout the range from  
0–2 THz. 
 The observation of a dramatic increase in resistivity  
in mesoporous silicon, compared to the crystalline silicon 
substrate has been well established in DC measurements 
[17–19], where resistivities in the range of 104–108  
are routinely reported. Our results indicate a more modest, 
but still significant increase in resistivity at THz fre- 
quencies, although it must be pointed out that our results  
were inferred from transmission measurements in  
which all observed loss is ascribed to conductivity in the  
sample. 
 Figure 5 plots the predicted index of refraction (the real 
part of ε ) and the loss coefficient α as a function of fre-
quency for the hydrogen-terminated porous silicon and the 
oxidized porous silicon. These curves were calculated from 
the complex permittivity (Eq. (2)), using the best-fit pa-
rameters. To better reflect the uncertainty, we calculated n 
and α by least-squares fitting to five independently-
collected data sets. The gray region indicates the full range 
of values spanned by these five independent fits. The loss 
α for the oxidized case is especially difficult because the 
sample is too thin to yield measurable absorption. 
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Figure 5 Predicted index of refraction (the real part of ( )n ω� ) and the loss coefficient α for (a) the freshly-fabricated hydrogen termi-

nated porous silicon membrane and (b) the oxidized porous silicon membrane. The gray shaded region indicates the region of uncer-

tainty. 

 
 5 Conclusions We describe the first experimental 
measurement of the dielectric properties of p+ porous sili-
con in the terahertz (far infrared) spectral regime. In all 
cases, the free-standing porous silicon membranes exhib-
ited less loss than the heavily-doped crystalline silicon 
from which they were fabricated. However, we observed 
distinctly different behavior between the freshly-fabricated, 
hydrogen-terminated porous membranes and oxidized  
porous samples. While freshly-fabricated samples have op-
tical properties that are unstable and change with time, par-
tially oxidized porous silicon samples exhibit excellent 
stability and almost negligible loss across a broad range of 
THz frequencies. This result suggests that oxidized porous 
silicon could serve as a useful and versatile material for 
fabricating multilayer terahertz devices. 
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