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1. Introduction

In terahertz (THz) time-domain spectroscopy (TDS), ultrashort
femtosecond laser pulses are used to excite a photoconductive
antenna or nonlinear crystal to produce broadband THz radia-
tion, with frequencies ranging from a few hundred gigahertz
(GHz) to several THz. It is a safe, non-contact interferometric
measurement method, which has been proven to be an effective
way to measure a material’s optical constants. As the optical con-
stants of a material are physical quantities that characterize its
optical properties in bulk, accurate THz-TDS-derived optical
constants can provide adequate physical and chemical informa-
tion about the material and also serve as basic data for studies on
the material’s interaction with THz waves. These optical con-
stants also have important applications in the semiconductor'"),
dielectric™®!, biopolymer!®), and metamaterial® fields.

The Fabry-Pérot (F-P) effect, which arises from the repeated
reflections of THz waves in a sample, is the primary obstacle for
the accurate acquisition of optical constants from optically thin
samples via THz-TDS. Several methods to eliminate the F-P
effect have been proposed to improve the reliability of THz-
TDS-derived optical constants. Although the F-P effect can be
eliminated by temporal windowing or by using a self-calibrating
method!®, the time windows must contain multiple echoes that
can be distinguished. For difficult cases where the internal reflec-
tions of the THz pulse overlap with each other, Duvillaret et al./°!
proposed an iterative frequency-domain algorithm, in which the
F-P coefficient is interpreted as a perturbation of the transmis-
sion coefficient, which allows the complex refractive index of the
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This study proposes a method based on material dispersion models to computationally simulate terahertz (THz) time-
domain spectroscopy signals. The proposed method can accurately extract the refractive indices and extinction coefficients
of optically thin samples and high-absorption materials in the THz band. This method was successfully used to extract the
optical constants of a 470-um-thick monocrystalline silicon sample and eliminate all errors associated with the Fabry-Pérot
oscillation. When used to extract the optical constants of a 16.29-mm-thick polycarbonate sample, our method succeeded in
minimizing errors caused by the low signal-to-noise ratio in the extracted optical constants.

Keywords: terahertz time-domain spectrum; material optical constant; Debye dispersion model.

sample to be iteratively computed via the Newton-Raphson
method. Based on this work, many transmission” ") and opti-
mization!'°'?) models have been proposed to better eliminate
the F-P effect. Nonetheless, all iterative frequency-domain
methods require point-by-point iteration in the frequency
domain, which entails a high level of computational complexity.
Furthermore, it is difficult to completely remove F-P oscillations
from the optical constants using this approach. In the method of
Liu et al.!"*), a mutation factor was used to reconstruct the main
THz pulse, followed by the application of a stochastic optimiza-
tion algorithm to fit the echoes. Although this approach removes
most of the F-P effects from the time-domain signal, some por-
tion of the F-P oscillations remains in the optical constants.

If the material is optically thick, the dynamic range of the THz
spectrum will be small, resulting in a low signal-to-noise ratio
(SNR). In this case, it is difficult to accurately ascertain a mate-
rial’s optical constants from its transmission spectrum using a
frequency-domain method. Kramers-Kronig ~analysis"*),
Fresnel equations!’”), and attenuated total reflection!’® are
the most common methods for the computation of optical con-
stants from reflection-mode spectra. However, the acquisition of
a material’s optical constants via reflection-mode THz-TDS can
only be performed if the measurement sample meets certain
conditions, that is, the material must have a transmission
thickness in the sub-millimeter range and low dispersion.
Furthermore, there may be significant errors in the computed
optical constants at high- and low-frequency extremes.

To address the aforementioned issues, we propose a
material dispersion model-based method for the simulation of
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time-domain THz signals, which can be used to obtain the opti- _Ef 1

cal constants of a material via the optimization of its fit to the T(w) = Ef|pey My (4)

measured THz signal. This method was used to obtain the opti- '

cal constants of a 470-pm-thick monocrystalline silicon sample Therefore, the theoretical time-domain response of the THz

and a 16.35-mm-thick polycarbonate (PC) sample. The pro-  yave E (¢) is the dot product between Ej and the material’s

posed method was successful in removing all of the F-P oscilla-  transfer function in the frequency domain, as shown in Eq. (5):

tions from the computed optical constants and in estimating

optical constants in low-SNR spectral regions. Egm (1) = ifft{Ef () - T(w)]. (5)
The complex refractive index of the material can be estimated

2 Methods using a medium (material) dispersion model. The Debye model

provides an adequate description of the dispersion characteris-
The proposed method uses the transfer matrix method (TMM)  tics of most semiconductor materials. Therefore, our method
to compute the theoretical time-domain response of THz waves ~ uses the first-order Debye model as its material dispersion
that have passed through a material. Here, the forward and back- model, which is shown in Eq. (6):
ward propagations of THz waves in a material are described by a
second-order matrix of Fresnel coefficients and a transfer F=¢, +
matrix. The Fresnel coefficients matrix F,}, and transfer matrix
P are as follows:

oo — &
1+ iwt

(6)

where ¢, is the static dielectric constant, &, is the optical dielec-
tric constant, and 7 is the dielectric relaxation constant. The
1 |: 1 Ta,h] P |:exp(i6) 0 i| N complex refractive index of a material can be obtained from

Fap=1— 0 exp(—id)

tob its complex dielectric constant, that is, 7 = /& Hence, it is pos-

sible to estimate the complex refractive index of a material once
its dispersion model parameters have been obtained.

To accurately estimate the dispersion model parameters, we
define the following error function:

Tab 1

where t,;, =2n,/(n, + ny) is the transmission coefficient, r,,j, =
(n, — ny)/(n, + ny) is the reflection coefficient, § = wnd/c is
the phase shift, @ is the angular frequency, c is the speed of light
in a vacuum, 7 is the complex refractive index of the material, AH = {1 = HEq (t):Eueas (O]} + rm[Egiry (> Epeas (D], (7)
and d is the material thickness, which can be measured using a

micrometer screw gauge. The transfer matrix of a THz wave that where E,p,,(t) is the measured time-domain signal of the THz
is normally incident on a material’s surface and then reflected ~ wave, r is Pearson’s correlation coefficient, and rms is the root-

and transmitted at each interface may be expressed as follows:  mean-square error function.  is used to characterize the corre-
lation between the measured and simulated signals, while rms

Bt Bt describes the difference in amplitude between these signals.

( E% ) = Fir sample Psample F sample,air ( Ell‘ ) (2)  Therefore, the similarity of the measured and simulated signals

is proportional to the closeness of r to unity and rms to zero. To
maximize the similarity of the simulated signal to the measured
In this equation, EJ and Ej are the electric field amplitudes of ~ sample signal, the error function must be minimized. Owing to
the transmitted and reflected components of the THz wave at the complexity of the error function and optical constants, we
the material surface, while E{ and E7 are the electric field ampli-  chose to optimize the error function using particle swarm opti-
tudes of the transmitted and reflected THz-wave components at ~ mization (PSO). As a stochastic optimization algorithm, PSO
the material’s opposite surface. Because the Fresnel coefficient ~ has a high probability of finding the global optimum in a large
and transfer matrices are both second-order matrices, Eq. (2) solution space, which does not require an initial guess.
may be simplified to

(Eg) B (Mu M, ) (ET) 3) 3. Experimental Results and Discussion

Ey ) \My M Er
0 & 2 ! A 1560 nm femtosecond laser with a repetition rate of 100 MHz

was used to excite the photoconductive antenna and produce

As we will only consider the scenario where the THz wave is ~ THz waves in a range of 0.02-2 THz. In the experiment, the time

transmitted through the material, the backward (reflected) com- ~ window is 320 ps, and the spectrum resolution is 3.125 GHz. The

ponent of the electric field is assumed to be zero, thatis, ET =0.  sample is placed in an atmospheric environment at a tempera-

The transfer function of the material is then the ratio of the exit-  ture of 22°C-24°C and a humidity of 32%-40%. To eliminate the

ing electric field Ef and incident electric field E{, as shown in  influence of random noise on the signal, the average value of 100
Eq. (4): signals was taken as the final measurement signal.
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The proposed method was validated by extracting the optical
constants of a 470-pm-thick monocrystalline Si sample, which is
regarded as an optically thin sample. As the monocrystalline Si
sample has a high refractive index and low absorption in the
THz band, THz waves will be internally reflected multiple times
inside this sample. Figure 1(a) shows the reference (sample-less)
signal and Si sample signal that were collected via THz-TDS.
Because of the F-P effect, the main pulse is followed by three
echoes with progressively weakening amplitudes in the Si sam-
ple signal. The frequency-domain signals of the sample were
obtained via a fast Fourier transform, as shown in Fig. 1(b). It
is shown that the SNR of the frequency spectrum decreases with
increasing frequency; it decreases to 1 at 3 THz. Furthermore,
the frequency spectrum of the Si sample shows a significant
amount of oscillation owing to the F-P effect.

The optical constants of the Si sample were computed using
an iterative frequency-domain method and our method, as
shown in Fig. 2. As frequency-domain methods are strongly
reliant on the frequency spectrum of the sample, the optical con-
stants computed by the iterative frequency-domain method are
superimposed with numerous fake oscillations. Alternatively,
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Fig. 1. Time- and frequency-domain THz signals of a 470-um-thick monocrys-
talline Si sample. (a) Time-domain THz signal of the 470-pm-thick monocrys-
talline Si sample and the sample-less reference signal. The magnified inset
shows the three echoes that were generated by the F-P effect. (b) Frequency
spectra of the 470-pum-thick monacrystalline Si sample, reference signal, and
noise in the THz band.
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Fig. 2. Refractive indices and extinction coefficients of the Si sample.
Comparison in terms of (a) refractive indices and (b) extinction coefficients.

our method can eliminate the F-P effect as it does not depend
on the sample’s frequency spectrum. An envelope mean filter
(EMF) was used to filter the optical constants obtained by the
frequency-domain method, and the filtered results were then
compared to those of our method. It is shown that the refractive
indices and extinction coefficients obtained from the results of
our method and the filtered results are very similar, as they only
differ by 0.0028 and 0.0004 in their refractive indices and extinc-
tion coefficients, respectively, at 1.25 THz.

The SNR is inevitably low at the high- and low-frequency
extremes of the THz-TDS spectra. As the frequency-domain
method is susceptible to noise, the optical constants calculated
by this method are nonlinear in these frequency regions. The
optical constants that were computed for the Si material in
the 2-2.5 THz band are shown in Fig. 3. As shown, the constants
computed by the frequency-domain and EMF methods are quite
random, which implies that they are unreliable. Conversely,
the results of our method maintain their trend throughout the
2-2.5 THz region and stay inside the envelope of the curve com-
puted by the iterative method. Hence, our method can be used to
estimate material optical constants even in spectral regions with
low SNRs.

To confirm this conclusion, our method was used to extract
the optical constants of 4.88- and 16.29-mm-thick PC
samples. The transmission spectra of the two PC samples and
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Fig. 3. Refractive indices and extinction coefficients of the Si sample at 2-
25 THz frequencies. Comparison in terms of (a) refractive indices and
(b) extinction coefficients.

the sample-less condition are shown in Fig. 4. The PC has much
higher absorption than monocrystalline Si, and its absorption
increases exponentially with increasing thickness, especially in
the high-frequency region. The SNRs of the transmission spectra
of the 4.88 and 16.29 mm PC samples fall to 1 at 1.5 and 0.7 THz,
respectively, which indicates that the effective frequency range
of the thicker sample is less than half that of the thinner sample.

The refractive indices and extinction coefficients of the two
PC samples were computed using our method and the iterative
frequency-domain method, as shown in Fig. 5. The material
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Fig. 4. THz transmission spectra of the two PC samples and the sample-less
condition.
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Fig. 5. Comparison between refractive indices and extinction coefficients
computed by the proposed and iterative frequency-domain methods for
two PC materials with different thicknesses. Comparison in terms of
(a) refractive indices and (b) extinction coefficients.

thickness has no effect on the optical parameters of the material;
therefore, the optical parameters of the two PC materials should
be consistent. Owing to the reduction of the spectral SNR, the
refractive index of the two different-thickness PC materials cal-
culated by the frequency-domain iterative method is signifi-
cantly different, and the effective spectral range is reduced
from 1.4 to 0.7 THz. Beyond the effective spectrum range, the
uncertainty of material optical parameters increases signifi-
cantly. The extinction coefficient of the 4.88-mm-thick PC
material calculated by this method is consistent with the iterative
frequency-domain method at 0-0.5 THz. In the high-frequency
region, the fitting accuracy of the Debye model decreases with an
increase in frequency, and the maximum deviation at 1.4 THz is
0.005. For the optical parameters of the 16.38-mm-thick PC
material at a frequency greater than 0.7 THz, the results are
consistent with those of the 4.88-mm-thick PC material, which
realizes the accurate estimation of optical parameters in the
low-SNR spectrum region and expands the effective frequency
range of the optical parameters.

4. Conclusion

This work proposes a time-domain fit optimization method to
extract a material’s optical constants. In the proposed method,
the Debye dispersion model is used to describe the material’s
dispersion characteristics, while the TMM is used to construct
a transfer function for the material. This enables the simulation
of a THz pulse that passed through the material in the time
domain. In addition, a new error function was defined, which
uses the rms error and correlation coefficient between the simu-
lated and measured signals to constrain the amplitude and phase
errors of the simulated signal. The PSO algorithm was used to
optimize the error function and reduce the probability of falling
into local optima. The proposed method was successful in elimi-
nating all of the F-P oscillations from the optical constants of a
0.47-mm-thick monocrystalline Si sample and estimating the
optical constants of 4.88- and 16.29-mm-thick PC samples in
their low-SNR regions. Hence, the proposed method can be used
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