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Using freely propagating terahertz radiation, we have measured the complex dielectric constant of optically
thick layered materials from 0.2 THz (6.6 cm™!) to 6 THz (200 em™l). Transmission measurements of a
CdTe-adhesive - Si structure have been successfully fitted to a theoretical model over the measurement range.
The accuracy of the theoretical fit shows that the technique of time-domain spectroscopy offers advantages over
d below 200 em~!. The signal-to-noise capability of our
terahertz-spectroscopy technique permits accurate measurement of power transmission coefficients less than
0.001 (absorption coefficients >5000 em~!) and index variations larger than A(dn/dA) > 44, as demonstrated
by the accurate fit of our data through the Reststrahlen region of CdTe.

other spectroscopic methods in the extreme far infrare

There has recently been a great deal of research demon-
strating the generation and the application of pulsed
far-infrared (FIR) radiation. Terahertz (THz) radia-
tion results from the transient electric dipole created
when a charge is photogenerated within a strong elec-
tric field in a semiconductor. Although many materials
radiate in the FIR when they are illuminated with ultra-
short laser pulses,! a particularly efficient source of the
broadband radiation relies on the trap-enhanced fields
in semi-insulating GaAs? When illuminated with
femtosecond-duration laser pulses these sources produce
ultrafast synchronous bursts of THz radiation with a con-
tinuous frequency spectrum spanning from ~200 GHz
(6.6 cm™) to in excess of 6 THz (200 cm™). The tempo-
ral characteristics of the FIR pulse simultaneously permit
a time resolution of <150 fs. ese sources, together
with high-speed photoconductors used as THz detectors,
form the basis of a new method of FIR spectroscopy called
time-domain spectroscopy’ (TDS). The availability of ul-
trafast FIR pulses allows both the static and the dynamic
properties of materials to be observed by use of TDS.

In addition to its ability to provide fast pulses for time-
resolved IR research,* the new method of time-domain
THz spectroscopy offers advantages® over other spectro-
scopic methods in the extreme FIR below 200 cm™. In
this paper we show that TDS can accurately measure the
frequency-dependent complex dielectric constant of indi-
vidual layers within an optically thick multilayer struc-
ture. We fitted our TDS experimental data to a detailed
model of the complex dielectric constant and found excel-
lent agreement. We also measured the complex dielec-
tric constant for much thicker, single-layer samples of
CdTe. The TDS results for these thicker samples com-
pare well with the results obtained from the multilayer
samples and the model and expand the spectral range of
accurate data.
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Our experimental arrangement is identical to that de-
scribed earlier® and consists of a source chip that is ex-
cited by 70-fs visible laser pulses (A = 623 nm) from a
100-MHz colliding-pulse mode-locked laser. For the
source chip of semi-insulating GaAs a charged coplanar
transmission line provides the dc bias and functions as
a submillimeter-wave point-source antenna. The THz
radiation is collimated with a dielectric lens attached
directly to the back side of the source chip. The freely
propagating THz beam is further collimated with a
paraboloidal mirror. The receiver is composed of a nearly
identical setup, with the only difference being that the
semiconductor receiver antenna is typically made of a
small photoconducting gap between two lines of a copla-
nar transmission line fabricated on ion-implanted Si on
sapphire.

The receiver antenna photoconductively samples the fo-
cused THz radiation by use of a temporally delayed por-
tion of the laser pulse train. To obtain data, the temporal
delay between the source excitation and the receiver sam-
pling pulse is scanned during monitoring of the receiver
photocurrent, which is proportional to the electric field
of the THz waveform. This delay of the TDS is analo-
gous to the delay of the conventional Fourier transform
spectroscopy, although here we delay the visible laser
pulse train as opposed to the Fourier transform spec-
troscopy delay of the broadband FIR beam. A reference
spectrum that characterizes the THz beam in the experi-
mental setup is first determined by a numerical Fourier
transform of the observed time-domain signal without any
sample in the THz-beam path. The sample to be mea-
sured is then placed in the THz-beam path, and a second
spectrum is determined. Fourier analysis of the refer-
ence and the sample THz waveforms yields the absorption
and the dispersive properties of the sample.

We measured the complex dielectric function of high-
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our TDS technique. The adhesive was glycol phthalate
(GP). Prior to mounting and thinning the CdTe sample
we measured various thicknesses of the same CdTe
sample to confirm the measurements of the thin multi-
layer structure in spectral regions in which the absorption
is low. The data show that our technique is capable of
resolving the precise CdTe layer thickness and the thin
~12-um GP adhesive layer.

Figure 1(a) shows the time-resolved data, including
both the reference signal and the signal observed with
the multilayer sample in the THz-beam path. The inset
1 depicts the system noise by means of the expanded scale.
Our mechanical scan of 4 mm corresponds to an optical
delay of 27 ps, yielding a frequency resolution of 37 GHz

Received THz Signal {arb. units)

o o (1.23 cm™). The sample data clearly exhibit multiple

Delay(ps) reflections from the sample interfaces; the largest reflec-
L_M tion, at a delay of 6 ps with respect to the main signal
o 10 20 peak, originates as a result of the Si—air interface. This

reflection is to be distinguished from the smaller re-
flections that originate from the source-chip—Si-lens
(a) combination observed equally in the reference signal.
The high (>500:1) signal-to-noise ratio of the temporal
data is shown by the expanded portion of the reference
9 “_’0 200 200 data. The temporal shift of the sample data with re-

: spect to the reference results from the added optical-
path length of the sample structure. The TDS technique
yields the electric-field amplitude of the received THz
signal. Therefore the power spectra, shown in Fig. 1(b)
from ~5 to 267 cm-!, are obtained as the magnitude
squared of the Fourier transform of the received signal.
The corresponding power spectra for the reference, the
individual 320-pm-thick CdTe sample (CdTe-1), and the
multilayer structure (CdTe-2) are shown. The reduced
signal strength evident in both the power spectra and
the temporal signal is nearly totally accounted for by
Fresnel losses. The interference effects of the mul-
tiple reflections are evident in the multilayer sample
spectrum. Note that we have plotted power transmis-
sion and show a dynamic range larger than 3 orders of
magnitude at the peak power near 1 THz. This signal-
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o ) — ; . - to-noise capability, achieved with a total scan time of
~.90 min, is an advantage of TDS in this spectral range.
Freq(THz) In Fig. 1(b) we also show the corresponding cumulative

phase data for the multilayer sample data. The phase
data are reconstructed from the results of the Fourier
analysis, which are inherently modulo 27. The cumu-

(b)
Fig. 1. (a) Measured THz pulse for both the reference (no sam-
ple in beam path, solid curve) and the CdTe multilayer sample

(dashed curve). The signal-to-noise capability is exemplified by lative phase observed with the sample in the beam path
the expanded portion of the reference signal. (b) Corresponding shows the dispersive effects of the CdTe Reststrahlen re-
amplitude and phase spectra of both the reference and the sample gion centered at 140 em-!. We mark 200 cm! as the
time-domain data. CdTe-1, single-layer 320- um-thick sample; limit of reliable data because the sample phase data

CdTe-2, multilayer structure. . . . R
y clearly contain an excessive noise component beyond this

energy. The small-amplitude oscillations in the phase
resistivity CdTe by TDS. Although high-resistivity CdTe data further show the effects of interference within the

has a low free-carrier absorption, the reststrahlen re- multilayer sample.

gion is completely encompassed by our available spectral The many features of the transmission data arise from
range. The extremely large absorption (1/a =1 pm) both the strong absorption and the multiple reflections
near the TO phonon energy of 17 meV (141 cm™) re- from the four interfaces of the sample. The observed
quired that the CdTe samples be mechanically thinned transmission therefore depends strongly on the absorp-
to ~20 um. The resulting surface was nearly specular. tion and on the refractive index, both of which are fre-
Prior to thinning, the CdTe sample was attached to a quency dependent. However, we successfully modeled
965-pm-thick high-resistivity Si substrate. We then the transmission of the three-layer structure, using an
measured the complex transmittance of this multilayer appropriate dielectric response function s(w) = (n + ik)?

sample, CdTe-adhesive—Si, at normal incidence, using for the CdTe and the Si. We used the complex refractive
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indices, e(w) = (n + ik)?, to solve numerically the Fresnel
equations at the interfaces, including interference effects,
to obtain the structure’s frequency-dependent transmis-
sion coefficient. Briefly, our numerical model is similar
to that previously developed’ and consists of defining a
characteristic matrix of the multilayer structure. The
wavelength-dependent matrix elements result from the
solution to the wave equation. A least-squares-fitting
routine was used to vary the IR parameters and the in-
dividual layer thicknesses to yield the best fit between
calculation and data.

For high-resistivity semiconductors such as those ex-
amined here, £(w) is determined exclusively by lattice vi-
brations, and, unlike in doped materials,®° the effects of
free carriers can be ignored. When modeled as oscilla-
tors the effects of phonons yield the familiar Lorentzian
line shape given by

Swm2

= k)2 = x ’
e(w) = (n + ik) e(x) + oro? — w? — iTw

where e(x) is the high-frequency dielectric constant, S is
the oscillator strength, wro is the TO photon frequency,
and T is the damping constant. There are a number of
reported sets of values of these parameters for CdTe,!!!
and most agree closely with the largest variance associ-
ated with the damping constant. The TO frequency is
4.23 THz (141 cm™), and the low transmission between
4 and 5 THz results from strong resonant photon ab-
sorption near this frequency. Because Si lacks a TO
phonon mode, &(w) can be simply modeled as a fixed di-
electric constant if the contribution of free carriers can
be neglected. It has previously been shown that high-
resistivity Si (p > 1000 Q cm) meets this criterion!? for
our TDS system and is often the material of choice for non-
absorbtive FIR dielectrics. Separately, we measured the
FIR transmission of a ~1-mm-thick GP sample and deter-
mined that absorption losses were negligible. Therefore
the GP adhesive layer was similarly modeled with a con-
stant refractive index and no absorption.

In Fig. 2 the power transmission is plotted together
with the results of the model’® by use of the best-fit pa-
rameters listed in Table 1. The three-layer model accu-
rately fits the features of the data, including the closely
spaced interference fringes and much of the strong ab-
sorption. The peak absorption is apparently too large
to measure with this sample thickness. We were un-
able to fit the data accurately without including the GP
interface layer. The fitting was also sensitive to layer
thickness variations of <1.0 um. Thus TDS allows us to
determine the individual layer thicknesses accurately.
An independent measurement with a mechanical thick-
ness gauge yields a total sample thickness of 302 um
compared with the total thickness given by the fitting
procedure of 299 um. Now that the individual layer
thicknesses are known, the exact absorption coefficient
and refractive index of CdTe can be determined from the
TDS data.

Figure 3(a) displays the power absorption coefficient of
CdTe obtained from the TDS transmission data by use
of the layer thicknesses determined from the fitting pro-
cedure. Two sets of data are shown together with the
absorption determined from the best-fit model of the com-
plex dielectric constant. One data set, labeled DATA 1la
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and DATA 1b, represents a composite spectrum that we
obtained by joining data from the multilayer structure
with data obtained from the single, thick, CdTe sample.
The data near the Reststrahlen region corresponds to
the multilayer structure, whereas regions of low absorp-
tion (a < 100 cm™) correspond to data obtained from the
single CdTe layer. Interference effects are negligible, in
one case bhecause of absorption and in the other because
of the thicker sample, which produces a reflection outside
the range of the temporal scan. The interference-free
data of the thick sample exemplifies a particular advan-
tage of TDS: one can eliminate the effects of interference
by choosing a suitably narrowed window within the time-
domain data. The measured data shown in Fig. 3(a),
labeled DATA 2, are obtained by restriction of the anal-
ysis window to eliminate the large reflection evident in
the multilayer structure data [Fig. 1(a)] at ~16-ps delay.
The combination of the large signal-to-noise capability
and the temporal-windowing procedure allows the absorp-
tion coefficient to be measured over 3 orders of magnitude
in a single measurement.

The regions in which multilayer data overlap with the
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Fig. 2. Measured (circles and dashed curve) power spectra
transmission of the multilayer CdTe sample together with the
results of the multilayer model (solid curve).

Table 1. Parameters in the Three-Layer
CdTe-GP-Si Model Giving the Best Fit to the
Measured Transmission Spectrum over

10-180 cm™¢
Quantity CdTe GP Si
e(x) 7.15 2.9¢ 11.7
S 2.96 0 0
wto {em™1) 140.8 — _
I'(em™1) 6.5 _— —_
d (um) 21.0° 9.7 265.5%

2Parameters that were systematically varied.
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Fig. 3. (a)Power absorption extracted from the measured trans-

mission data by use of the layer thickness and the refractive
index determined from the model. (b) Measured refractive in-
dex obtained from the transmission data. The solid curves are
the theoretical predictions of the model. DATA 1la was obtained
from the multilayer sample, and DATA 1b corresponds to the
temporally windowed multilayer data. DATA 2 was obtained
from the single, thick, CdTe layer.

data obtained from the thicker material show excellent
agreement.
cient determined from the model is also quite good, except
that the measured data do not show the largest absorption
indicated by the model data at the peak of the phonon

The agreement with the absorption coeffi-
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absorption. We attribute this discrepancy to the low
signal-to-noise capability obtained near the phonon peak.
It is likely that the absorption is larger than the measured
data suggest. Separately, the pronounced enhance-
ment in absorption near 2.25 THz, as well as the more
subtle variations at slightly higher energies, results from
multiphonon effects that are not included in our single-
harmonic-oscillator model. These multiphonon absorp-
tions and their related index variations result in the
slight deviations between the transmission data and the
model] presented in Fig. 2. In the low-energy region be-
low 1 THz the data should be regarded as an upper bound
on the actual absorption coefficient.

In Fig. 3(b) the CdTe refractive index is shown together
with the predictions of the model. Because the index is
derived from the reconstructed cumulative phase data, in
which the absolute phase depends on the phase of each
preceding data point, the absolute refractive index de-
pends on the accuracy of every preceding point. The data
are in remarkable agreement with the theory, particu-
larly for energies larger than the peak phonon absorption
energy. This result suggests that the absorption near
the peak of the phonon absorption is not completely ob-
scured by noise and that the phase data remain valid. A
close examination of the cumulative phase data reveals
that the data near the peak of the absorption are rea-
sonably well defined and are discontinuous at only a few
points. This uncertainty in the data near the peak of
the phonon absorption leads to the deviation of the mea-
sured index from that predicted by the model at frequen-
cies beyond 4.5 THz. The large variation in the index is
otherwise easily measured by the TDS technique and is
limited only by the frequency resolution of the data be-
cause the frequency interval between data points must
be much smaller than the range over which the phase
changes by >2#. The large signal-to-noise capability of
the TDS technique provides index data that establish the
material parameters with high precision. For instance,
with the model and the observed data the high-frequency
dielectric constant is 7.15 + 0.05.

It is interesting to consider what effects the CdTe
dispersion has on the temporal shape of the THz pulse.
Because the spectrally integrated absorption is a small
fraction of the total pulse energy, changes in pulse shape
may be due to dispersive effects alone. We directly com-
pared the two waveforms and found a sharpening of the
initial positive-going portion of the THz waveform. Re-
moving frequency components that are properly phased
cannot decrease pulse width; thus the anomalous disper-
sion of the Reststrahlen region reshapes a portion of the
THz pulse to produce a sharper feature by removal of
some phase distortion of the experimental setup.

In conclusion, we have demonstrated the use of TDS
in the determination of the frequency-dependent com-
plex dielectric constant of CdTe within a multilayer struc-
ture. Although the absorption and the index variations
go through large extremes in the Reststrahlen region, the
TDS technique permits accurate determination of the ma-
terial parameters within a multilayer structure by suit-
able modeling of the complex dielectric constant and by
proper selection of the temporal window to eliminate un-
wanted interface reflections. Importantly, the actual ab-
sorption and index can be determined.
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