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Over the past decade the experimental technique of THz time domain spectroscopy (THz-TDS)
has proved to be a versatile method for investigating a wide range of phenomena in the THz or
far infrared spectral region from 100 GHz to 5 THz. This paper reviews some recent results of
the Ultrafast THz Research Group at Oklahoma State University using THz-TDS as a charac-
terization tool. The experimental technique is described along with recent results on THz beam
propagation and how THz beam profiles arise from propagation of pulse fronts along caustics. To
illustrate how spatio-temporal electric field measurements can determine material properties over
a wide spectral range, propagation of THz pulses through systems exhibiting frustrated total
internal reflection (FTIR) are reviewed. Finally two potential metrology applications of THz-TDS
are discussed, thin film characterization and non-destructive evaluation of ceramics. Although
THz-TDS has been confined to the research laboratory, the focus on application may stimulate
the adoption of THz-TDS for industrial or metrology applications.

OCIS codes : 320.7160, 300.6270, 320.5550, 120.4640, 070.2580

I. INTRODUCTION

We are approaching what some scientists and
engineers are dubbing the “Tera-Era” [1]. This vision
encompasses state-of-the-art computers performing opera-
tions at rates of teraflops, communications systems
operating over a single fiber at rates of terabits per
second, and electronic devices responding on time
scales of 10" seconds. Although a roadmap which will
guide technology to this tera-era is still lacking, there
are significant hurdles in moving current devices into
this realm. For example, the spectral region from 300
GHz (A=1 mm) to 10 THz ( A= 30 x#m) has been one
of the last to see extensive development due to the
difficulty of achieving these frequencies by optical or
electronic means. The THz spectral region, figure 1,
corresponds to a sizable portion of the electromagnetic
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FIG. 1. Diagram of the THz spectral region accessed
by THz-TDS lying between electronic and optical regimes.

spectrum. Traditionally this spectral region has been
accessed by frequency mixing, far infrared gas lasers,
and Fourier Transform Spectroscopy. The challenges
and successes in this area have been thoroughly re-
viewed (see reference [2] and references 1-11 therein).

Much of the work at THz frequencies has been in
search of efficient, CW local oscillators with tech-
nologically useful power outputs (approximately -10
dBm) [3]. Recent developments in laser diodes, HEMTs,
quantum cascade lasers, and difference frequency ge-
neration, show this is an achievable goal. However,
despite the fact that both electronics and optics are
pushing their boundaries into the far infrared region,
an alternative approach in use for over fifteen years
involves a synthesis of ultrafast optical and electronic
techniques to generate sub-picosecond electromagnetic
pulses, [4-8] Freely propagating electromagnetic pulses
are generated by optically gating a dipole antenna with
a subpicosecond laser. The so-called THz pulses are
quasi-optical [9] and can be propagated through free
space in a well collimated beam, coupled efficiently into
waveguides, or confined to micron scale transmission
lines. THz pulses have continuous bandwidths that
extend from microwave to far-infrared optical fre-
quencies.

This paper provides a brief overview of how THz
pulses are finding a unique niche in terahertz tech
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nology. In certain applications, such as electromagnetic
scattering, the localization of energy into a pulse
provides insight into the physical mechanisms which
are obscured by a frequency domain analysis. For
spectroscopic applications, such as materials charac-
terization, the ability to directly measure the electric
field of a THz pulse, rather than the intensity envelope,
allows an unparalleled tool for measurement of the
electronic properties of materials. The next section
introduces the experimental technique of THz time
domain spectroscopy (THz-TDS) with emphasis on
recent work examining characteristics of pulse coupling
and propagation. The third section provides a brief
theoretical background of THz-TDS materials charac-
terization, utilizing frustrated total internal reflection
to illustrate the unique characterization abilities of
THz-TDS. Next several applications of THz-TDS are
examined including thin film characterization, and
non-destructive evaluation of ceramics using electro-
magnetic scattering. Throughout this paper in-depth
examples are used rather than attempting a compre-
hensive review of THz technologies. A brief summary
of other review articles is given in the conclusion.

II. EXPERIMENTAL INSIGHTS

THz time domain spectroscopy utilizes the experi-
mental setup shown in figure 2 (a). In brief the THz
source is a DC biased semiconductor which is irra-
diated with focused ultrafast (< 100 fs) laser pulses.
Optical generation of photocarriers in a region of
extremely high, trap enhanced electric field [10], and
the subsequent acceleration of the carriers, generates
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FIG. 2. (a) Experimental system used for THz-TDS.
Figure (b) shows the geometry of the THz source photo-
lithographically fabricated on semi-insulating GaAs. (¢) is
the THz detector dipole which is fabricated on ion
implanted SOS.

the burst of THz radiation which is then collimated by
a crystalline silicon lens attached to the back side of
the chip. A quasi-optical system is used to couple the
THz pulse to an optically gated detector. The THz
beam is detected by an optically gated micron scale
dipole antenna fabricated on an ion-implanted silicon-
on-sapphire (SOS) wafer with sub picosecond carrier
lifetime. The electric field of the focused incoming THz
radiation induces a transient bias voltage across the
receiving antenna. Since current only flows in the
antenna structure when the optical gating pulse is
present, the time dependent amplitude of this transient
voltage is obtained by mieasuring the collected charge
(average current) versus the time delay between the
THz pulses and the optical gating pulse.

1. The THz Source

The most common structure used generation of THz
radiation is coplanar transmission lines fabricated on a
semiconductor with high mobility, typically GaAs. A
typical optoelectronic source chip [11] is shown in
figure 2 (b). The simple coplanar transmission line
structure consists of two 10 gm-wide metal lines
separated by 80 pm, fabricated on high-resistivity
GaAs, and DC biased at 80V. Irradiating the metal-
semiconductor interface (edge) of the positively biased
line with focused ultrafast laser pulses produces syn-
chronous bursts of THz radiation. This occurs because
each laser pulse creates a large number of photocarriers
in a region of extremely high (trap enhanced [10])
electric field. The consequent acceleration of the carriers
generates the burst of radiation. A mode-locked
Ti:sapphire laser provides 820 nm, 70 fsec excitation
pulses with an average power of 5 to 50 mW at the
5 pm diameter excitation spot. The major fraction of
the laser generated burst of THz radiation is emitted
into the GaAs substrate in a cone normal to the
interface; the resulting radiation pattern has been
calculated analytically [12]. The THz radiation is then
collected and collimated by a crystalline silicon lens
attached to the back side of the chip. The lens is a
truncated 10 mm diameter silicon sphere cut such that
the ultrafast antenna is located at the focus of the lens.
Other lens configurations have been used [13] which
will be discussed subsequently.

The clectric field pattern of the lens-coupled dipole
antenna, figure 3 (a), determines the quasi-optical pro-
pagation characteristics of the THz beam. The electric
ficld distribution of the THz pulse at a given point in
free space is determined by diffraction of the electric
field distribution on the silicon lens [13-15], in turn
determined by the clectric field pattern of a dipole
radiator at a planar dielectric boundary. Both the
spatial power distribution of a dipole radiator near a
plane dielectric interface and the vectorial electric field



36 Journal of the Optical Society of Korea, Vol. 8 No. 1, March

(c)

X (mm)

FIG. 3. (a) Detail of the collimating silicon lens. The
left half of the figure illustrates regions i, 4, and e
corresponding to direct rays, marginal rays, and surface
waves and the field patterns for S and P polarization.
The right half of the figure defines angles used in
time-of-flight analysis. (b) Measured THz beamn amplitude
profile, 0.38 THz, at frequency-independent image plaue.
(¢) Spatially resolved electric ficld amplitudes at 0.38 THz
measured at distance d = 16 mm. The inset is the cal-
culated beam profiles.

distributions have been calculated analytically [16,17].
A simpler method to determine the dipole radiation is
through a summation of plane waves directly radiated
from the dipole and those reflected from the planar

substrate-air interface. The reflected waves acquire a

angle dependent phase shift caused by total internal
reflection, creating the antenna patterns for S and P
field polarization shown in figure 3 (a). The phase shift

also results in change in polarization from linear to
elliptical.

The field external to the silicon lens is determined
fromt the internal field by the Fresnel transmission
coefficients [18]. The field along the dipole axis is
preferentially coupled out of the lens since it strikes the
lens surface near Brewster’s angle, ¢y = 16.3°. This
leads to a toroidal field pattern external to the lens
surface, which has been measured by imaging this field
on a movable THz antenna without a coupling lens
[19], discussed subsequently. This measurement is shown
in figure 3 (b) corresponding to a frequency of 0.38
THz. While the external field pattern is independent
of frequency in the plane wave approximation, diffrac-
tion serves to smear the toroidal field pattern, especially
for low frequencies.

The far field pattern created by the toroidal pattern
on the lens surface can be calculated relatively simply,
but tediously, from the scalar field on the lens surface
using the Kirchoff-Fresnel diffraction integral [20]. This
calculation leads to a characteristic Gaussian like
structure with a strong central lobe surrounded by
Alry-like rings, measured in figure 3 (c¢) at a distance
of 16 mm from the THz source. The calculated beam
profile determined from numerical diffraction calcula-
tions of the toroidal beam profile external to the lens
is shown in the inset. While at tens of mm from the
lens the beam exhibits much structure, at distances of
tens of ecm from the THz source the ring structure is
severely attenuated, and the field pattern resembles a
TEMyy Gaussian. This is an important first-order
approximation since the ABCD formalism [21,22]
can be applied to determine temporal beam reshaping
[23,24].

While the ABCD formalism provides a simple and
mathematically tractable approach to calculate the
cffect of any paraxial optical system on a THz beam,
it is important to note it is only.a first order appro-
ximation. Measurements of the complex spatial ampli-
tude distribution of optoelectronically generated THz
beams indicate that the beam does not behave like a
TEMy Gaussian, particularly in the near field or in
image planes, which must be considered in applications
of lens coupled THz sources where field patterns are
important, such as ranging or coupling into waveguides.
The complex field pattern also affects the propagation
of THz beam which are less divergent than predicted
by a simple TEM,, approximation. The THz beam
profile can be represented as a sum of approximately
50 Laguerre-Gauss modes which accurately predicts
propagation of the complex beam profile [19]. However
extracting the lowest order, TEM;o, mode accurate
predicts the spatial dimension, but not shape, of a
[reely propagation THz beam.
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2. Time Domain Analysis of THz Beam
Profiles

To gain a more intuitive understanding of the some
of the origins of THz beam profiles, it is helpful to
examine how the concentric ring pattern of figure 3 (c)
arises using a time-domain analysis. The time domain
analysis, while not mathematically rigorous, illustrates
how a physical understanding of some phenomena can
be enhanced by examining how they arise in the timne
domain. While the following paragraphs constitute a
small diversion from main aim of this section, desc-
ribing the experimental system used for THz-TDS,
thev give an intuitive picture of how complex beam
profiles can arise.

The concentric ring structure of THz beam profiles
can be obtained by looking at the propagation of the
THz pulse originating from the dipole antenna in the
time domain. The generated pulse inside the lens has
been simulated using a numerical finite difference time
domain (FDTD) technique backed by mecasurements
with both sub-picosecond temporal and sub-mm spatial
resolution using a fiber coupled THz detector, discussed
subsequently. The top figure, 4 (a), shows the measured
pulse 3.2 mm from the silicon lens. A near planar pulse
front is trailed by “wings” or secondary pulse fronts
delayed in time. The effect of the annular or toroidal
field pattern on the lens is visible as regions of higher
amplitude fields on the leading pulse front; peak
amplitudes occurring 2 mm on either side of the center
of the pulse structure, shown by arrows in figure 4 (a).
Figure 4 (b) is the pulse measured 16 mm from the
silicon lens. The same planar pulse front followed by
trailing edges or “wings”, is observed, a structure
which is classified mathematically as a swallowtail cusp
[25].

To understand the origin of this pulse shape and
how it impacts the THz beam profile, it is necessary
to define three regions on the silicon coupling lens
corresponding to direct (7}, marginal (i), and surface
wave (%), contributions, shown in figure 3 (a). The
direct-or paraxial-region (%) is defined such that rays
that never cross the optical axis (7 <0). The marginal
region, (iz), are rays which cross the optical axis (7 >
0), but ¢ is less than critical angle in silicon. Outside
of the paraxial region, marginal rays are affected by
spherical aberration. Marginal ravs play a large role in
the THz pulse due to the dipole-surface field pattern
and large Fresnel coefficients near Brewster angle. The
surface wave region, labeled #i in figure 3 (a), is that
in which the angle ¢ is beyond critical angle and
incident rays experience total internal reflection. The
field external to the lens is typically evanescent, but
energy may be coupled to free space through surface
waves due to the curved geometry of the interface [26].

The swallowtail pulse front arises by propagation of
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FIG. 4. Electric field measurement at d = 3.2 mm, (a),
and 16 mm, (b), from silicon coupling lens. The arrows
in (a) show relative peaks associated with annular field
distribution near surface of lens. The measured pulses at
positions of 0. 2. and 4 mn are overlaid on (b). Insets
show an overlay of the time-of-flight niodel prediction.

the pulse front along the ray paths; it is assumed the
THz pulse front obevs geometrical optics. While this
approach is most rigorous in the high frequency limit,
such time-of-flight models can be valid for near single
cycle pulses as long as the pulse is not significantly
reshaped. To model propagation of the swallowtail
pulse front, a stationary-phase approximation (geometri-
cal optics limit) is used to determine the optical path
length, or time-of-flight, of the pulse front to a given
point in space. While the time-of-flight model is con-
ceptually simple, it is the end result of a variational
method that finds the stationary points of phase for the
propagation of a given pulse front to given observation
points [18]; the special case of finding the least time
solutions is Fermat’s principle. The observed swallowtail
pulse has three stationary points which correspond to
the three temporally separated pulses which make up
the swallowtail pulse. The leading edge of the swallow-
tail THz pulse corresponds to local minima of the
phase delay, while the trailing edges are local maxima.

How the pulse propagates can be seen more clearly
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from figure 5 (a). The rays (dashed lines) represent the
paths, which correspond to real stationary values of the
phase delay [18] at an undetermined point in time. The
surface formed by the boundary between integer number
of ray solutions forms an axial cusp caustic. Since the
phase delay for any ray intersecting a caustic surface
at a given point is constaut, the shape of the caustic
determines the pulse front surface at any given time
[27]. The swallowtail pulse follows the paths of the rays
shown in figure 5 (a).

Applying the time-of-flight model to the silicon lens
geometry results in swallowtail pulse fronts, shown as
a heavy solid line in figure 5 (a) at 90, 133, and 300
ps following optical excitation. At long times, or in the
far field, the stationary points of the leading and
trailing edges of the swallowtail approach the same
limit, the observed spherical phase front. The insets to
figures 4 (a) and 4 (b) show a comparison of the
time-of-flight analysis (white line) with the measured
pulses. There are several discrepancies, the time-of-flight
model does not fit the observed pulse front 3.2 mm
from the silicon lens. At this distance, the time of flight
model, inset of figure 4 (a), shows the trailing wings
of the pulse front coupled out of region 7z are obscured
by the geometric shadow of the lens surface and a
swallowtail pulse should not occur. In this case, the
trailing wings of the swallowtail pulse arise from
radiation of surface waves [28,29] generated by the
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FIG. 5. (a) Thnc-of-flight stationary phase analysis for
several propagation times/distances illustrating formation
of spherical phase front at large distances for the colli-
mating lens experimentally observed. (b) FDTD calculation
of THz pulse exiting silicon lens illustrating origin of
surface waves In region i (c¢) Spatial amplitude distri-
bution of field measurcment at d = 16 mm for five discrete
frequencies. The inset shows the field distribution predicted
from the time-of-flight model.

pulse front incident on the lens surface in region i,
beyond critical angle. The field external to the lens
beyond critical angle is typically evanescent, but energy
may be coupled to free space through surface waves
due to the curved geometry of the interface [28]. The
generation of surface waves is clearly seen in FDTD
calculations, figure 5 (b). For THz frequencies (A1 at
0.5 THz = 600 gm) and the 5 mm lens curvature
critical angle is not uniquely defined, rather the
transition between transmission and total internal
reflection becomes wavelength dependent. This results
in coupling into surface wave modes—especially at low
frequencies—that in turn create a caustic tangent to
the lens surface [26]. The propagation of these surface
waves contribute to the trailing edges of the swallowtail
which are not predicted by the time-of-flight model.

The swallowtail pulse front represents a universal
behavior of wide aperture collimating lenses in the time
domain, described in the most general sense by cata-
strophe theory [25,30]. Catastrophe theory describes
the behavior of families of solutions of polynomial
equations, such as those giving rise to the Seidel
aberrations. An ideal lens, or real lens in the paraxial
limit, produces a planar phase front from a diverging
spherical wave by introducing a phase delay propor-
tional to the square of transverse position, . Outside
the paraxial limit, as is the case here, spherical aberra-
tion introduces a quartic (') phase correction [18].
Catastrophe theory classifies the caustic surface—the
boundary between regions of space where the number
of real ray solutions change—arising from such quartic
dependence as an Aj or axial cusp caustic [30]. Figure
5 (a) shows the caustic surface arising from spherical
aberration [18]. Since a given point on the pulse front
travels along a ray, a caustic of a given codimension
will generate a pulse front—also called the travel time
singularity—described by the catastrophe of the next
highest codimension [27,31]. Thus, an A; spatial caustic
((Jl phase delay) will have a pulse front of form A,
(fifth order polynomial) corresponding to the observed
‘swallowtail’ pulse shape in time [27,31]. Thus, an Aj;
spatial caustic (o' phase delay) will have a pulse front
of form Ay (fifth order polynomial) corresponding to
the observed ‘swallowtail’ pulse shape in time [27,31].

This swallowtail pulse shape in the time domain
results, along with diffraction, in the concentric ring
structure of THz beam, figure 3. Figure 5 (¢) shows the
spatial amplitude distribution for the spatially resolved
pulse of figure 4 (b) at five frequencies within the pulse
bandwidth obtained from a numerical Fourier transform
of the temporal data. Individual frequencics are offset
for clarity. The frequency dependent spatial amplitude
distribution results from interference between the time
delayed “wings” of the swallowtail and the leading
edge. The mechanism giving rise to the trailing wings
contributes, along with diffraction, to the previously
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observed [13,15,19] frequency-dependent concentric ring
structure of THz beams. The inset to figure 5 (c¢) shows
the spatially resolved amplitude distribution calculated
from interference of the three pulses at any given
spatial point using delays between the leading and
trailing edges of the swallowtail predicted from the
time-of-flight model. The calculated interference is
multiplied by a Gaussian distribution with a 4.5 mm
waist. For the amplitude spectra shown, the trailing
edge pulse has an amplitude of 40% of the leading edge
with a near 7 phase shift due to propagation through
a caustic [18]. Although simple, the model qualitatively
reproduces the amplitude distribution observed, with
the exception that the calculated distributions have
smaller spatial extent, probably due to the effect of
diffraction.

3. THz Optical Systems

The THz beam, although exhibiting complex structure
near the THz source, can be manipulated using com-
mercially available optics to achieve efficient coupling
with the THz detector. The role of the optics in the
THz beam is to shape the beam if needed, and
reproduce as closely as possible the beam profile
generated at the THz source at the THz detector. The
previous section discussed the beam profile in some
detail, showing that to a first order approximation the
beam behaves as a TEMyy Gaussian with a 1/e
amplitude waist at the output face of the silicon lens
[14,15,19]. A more detailed picture of beam propagation
can be obtained by considering a summation of
Laguerre-Gauss modes [19]. Since the formalism of
treating THz optical systems developed here applies to
both fundamental and higher-order modes [21], a
TEM,, field distribution with a frequency independent
waist diameter across the bandwidth of the THz pulse
is assumed in the subsequent discussion for clarity.

The broad bandwidth THz pulse propagates out
from the effective aperture of the THz source silicon
lens, with each frequency component diverging due to
diffraction. Assumption of a Gaussian beam profile
permits a description in terms of rav matrices [21,22]
to determine the beam waist (spatial field distribution)
and phase front radius of curvature along the beam
path. As shown in figure 2 (a), the output face of the
silicon lens of the THz source is located at the focal
plane of an off axis parabolic mirror. For polarization
sensitive measurements it is important that any
polarizers be placed after the OAPM due to cross
polarization terms generated in reflection [32]. Unlike
ray optics, which predicts a perfectly collimated beam,
the THz beam has a second waist located one focal
length from the parabolic mirror towards the target.
This second beam waist has frequency dependent
diameter, with higher frequencies having a smaller

diameter than lower frequencies. The effect of this
frequency dependent focus is to provide an effective
frequency dependent aperture one focal length from the
parabolic mirror. The sequence of frequency independent
- frequency dependent beam waists is repeated for each
confocal optic added to the system.

For most THz-TDS applications, the primary con-
sideration of any optical system is throughput or power
transfer efficiency. Losses in optical systems generally
arise from losses due to absorption or scattering, losses
due to reflections from optical surfaces, and losses
which are due to clipping or aperturing of the beam.
In addition to these loss mechanisms, power loss in
THz systems also occurs due to poor overlap of beam
profiles or phase front curvatures [33].

Absorption losses depend strongly on the material
from which transmissive optics are made. High resis-
tivity silicon is an ideal optical material at THz fre-
quencies [6] exhibiting negligible loss and dispersion.
Commercial optics made out of high density polyethy-
lene are also effective, but exhibit some loss at higher
frequencies. Reflective optics are metallic and have
near unity reflection across the THz band. Investigations
to date have used commercially available optics; due
to the very long wavelengths of THz radiation compared
to typical optical tolerances, an optic with a surface
flatness of A /2 across the surface at optical frequencies
has a surface flatness of nearly A/1000 at 1 THaz.

Losses due to aperturing of the THz beam by optical
systems can be important at low frequencies when
diffraction leads to large beam diameters. A Gaussian
beam going through an aperture also undergoes slight
reshaping [33] which can additionally affect the through-
put of an optical system. One of the major loss
mechanisms for most THz optical systems is mismatch
between the THz beam generated by the THz source,
and, through reciprocity, the field pattern which is
measured by the detector, itself a lens coupled antenna.
Optimal (unity) power transfer occurs when both the
beam profiles and phase front curvature overlap. It can
be shown [33] that the power transfer, C(w ), for the
fundamental mode as a function of frequency is given
by:

Clo)=——————— 4 -
Wi Who) | 0V WY
Wiw) Wo) ¢ /Ra(o)” /Ryo)

| (1)

where w, is the amplitude profile 1/e radius at some
point in the system of a specific mode of the beam from
the source, wq is the radius of the THz detector at the
same point, and Rq and R, are the radii of curvatures
with ¢ the speed of light in free space. More generally:
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Where ¥ is the Laguerre-Gauss mode from the
source and ¢ is the same mode pattern of the detector.

4. THz Detectors

The THz beam is detected by an dipole antenna in
conjunction with a silicon lens; a geometry that is very
similar to that used for the THz source. However
unlike the THz source, the detector dipole antenna is
fabricated on a semiconductor with a fast carrier recom-
bination time. Typical materials are ion-implanted silicon-
on-sapphire (SOS), or low temperature grown GaAs
(LT-GaAs). A tvpical antenna structure, figure 2 (c),
is 20 pm-wide and located in the middle of a 20
mm-long coplanar transmission line consisting of two
parallel 10 g m-wide lines. The spatial separation
between the lines determines the frequency response of
the dipole. For high bandwidth applications (100 GHz
to > 5 THz) 10 gam dipoles are used. For low frequency
response (< 10 GHz) and bandwidths less than 1 THz,
dipole sizes can be as large as 200 gm. Since the
sensitivity of the antenna is proportional to length,
smaller dipoles typically have less dynamic range than
that of larger antennas. A good balance between
bandwidth and dynamic range is achieved with 30 gm
dipoles.

The electric field of the focused incoming THz
radiation induces a transient bias voltage across the 5
pum gap between the two arms of this receiving
antenna. The amplitude and time dependence of this
transient voltage is obtained by measuring the collected
charge (average current) versus the time delay (deter-
mined by a computer controlled stepping motor with
interferometric precision) between the THz pulses and
the delayed Ti:sapphire laser pulses in the 5 to 10 mW
detection beam. These laser pulses svnchronously gate
the receiver by driving the photoconductive -switch
defined by the 5 pm antenna gap. The detection
process with gated integration can be considered as a
sub-picosecond boxcar integrator. There is no observable
time jitter between the THz pulses and the optical
sampling pulses gating the receiver, since the same
optical pulse train is used both to generate the THz
radiation and to gate the receiver. The source-detector
combination has polarization sensitivity of greater than
25:1 along the orientation of the dipole. This can be
increased to > 200:1 (4><1()4 in power) using com-
mercially available wire grid polarizers.

The THz receiver has been shown capable of detec-
ting subpicosecond duration pulses coming at a 100
MHz repetition rate in a highly directional beam of
THz radiation with an average power of 10 nW with

signal-to-noise ratios of approximately 10,000:1 [8].
Although highly dependent on antenna geometry and
the mobility of the semiconductor, a measured current
of 1 nA corresponds to the electric field of an incoming
instantaneous THz power level of approximately 100 W
assuming an integration time of 100, or integration
bandwidth of 1.6 Hz. Consequently, the demonstrated
detection limit is on the order 10" W for a signal-to-
noise-ratio of unity. Because the generation and detec-
tion of the THz radiation is coherent, the THz receiver
is intrinsically 1000 times more sensitive than an
incoherent, liquid helium cooled bolometer.

By pre-chirping the optical excitation pulse using a
grating pair and coupling it to the receiver through an
optical fiber, it is possible to maintain absolute timing
while being able to spatially translate the THz detector.
This is useful to measure the spatial as well as
temporal dependence of the electric field amplitude. To
achieve sub-mm spatial resolution it is necessary to
remove the collimating silicon lens on the THz detector
or to use a small aperture on the lens. Both of these
measures reduce the sensitivity of the detector by an
order of magnitude or more and the bandwidth by
approximately a factor of two. Characterization using
spatio-temporally resolved THz beams is discussed in
the next section.

III. CAPABILITIES OF THz-TDS

As seen in the previous section, there are several
features of THz-TDS which distinguish it from better
known optical characterization methods. First, in
THz-TDS the electric field of the THz pulse is
measured directly and phase coherently rather than the
intensity envelope. The THz pulse is of extremely low
power—tens of nanowatts average and less than one
milliwatt peak power—so that nonlinear effects can be
neglected. Since a THz pulse is near single-cycle, with
a bandwidth comparable with the carrier frequency,
the slowly varying envelope approximation is not
applicable. Thus an accurate description of the pulse
propagation requires the solution of the coupled
Maxwell-Bloch equations, however since nonlinearities
can, I most cases, be neglected at these low powers,
materials have a linear response to the THz field. In
this case linear dispersion theory can be utilized [34].

In linear dispersion theory the THz pulse is most
simply represented as a superposition of planc waves
of frequency w, all with a k vector along the THz
system optical axis. The relative amplitude and phase
of each plane wave component of the THz pulse is
obtained through a numerical Fourier transform of the
measured, time resolved THz pulse electric field:

E(O,w):% J-E(O,t)e'“‘"”@t 3)
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Here E(0,w) is the complex field amplitude
measured at the position z = 0 along the optical axis.
The effect of the medium through which the THz pulse
propagates is described by the complex wavevector k( w )
=kow)+ dk(w)-ia(w)/2 where ky = w/c is the
free space wave vector. Jk(w) describes the frequency-
dependent phase change per unit length due to both
resonant and non-resonant interaction with the sample,
@ (w) is the power absorption coefficient. The spectral
field distribution E(z, @) for a plane-wave propagating
in the z-direction through the medium at any point
along the optic axis, z, can then be written as

E(20)=E(0,p)e e e (4)

By dividing equation (4) by E(0,w) the complex
wavevector, k{ w ) can be directly determined. Since it
is experimentally difficult to measure the pulse prior
to entering the sample, the sample is typically replaced
with an equivalent length of free space for which 4k(w)
=0and @ (w) = 0. Thus two data scans are required
to measure k(w ), the THz pulse transmitted through
the sample (sample pulse), and the pulse after an
equivalent distance of free space (reference pulse). The
shape of the pulse in the time domain after propagating
a distance z through a medium can be obtained from
an inverse Fourier transform:

F(zt)= IE(Z,Q)) JRICUP

2 (5)

As long as the spectral response of the medium is
known, the propagation of the THz pulses through a
material can derived by solving Eq. (4) or (5) which
rigorously satisfy the wave equation.

One caveat to the treatment above is that with
beam diameters on the order of 1 c¢m or less, and
wavelengths which nominally range from 3 mm (100
GHz) to 100 gm (3 THz), the plane waves which
comprise the THz pulse do not all propagate along the
optical axis, z. Rather the THz pulse is constructed of
a summation of plane waves each makes a small angle
to the z axis, i.e. with small k¢ and k, components. For
most THz-TDS measurements this is an unnecessary
consideration since the quasi-optical system collimates
and collects all the plane wave components. However
as we shall see, this is not true for all measurements.

In the case consideration of the angle dependence of
the plane wave basis set is important, it is accounted
for by a linear plane wave expansion as above. For a
given frequency, w, and point along the optic axis, z,
the spatial distribution, E(x,y,w.), determines the
complex amplitude of each plane wave component.
Any bounded electromagnetic beam is composed of a
summation of plane waves corresponding to a distri-
bution of incidence angles [35], each with a given

amplitude and phase relationship. The total k vector
(momentum) of each plane wave component is given
by:

l‘éik\x-kk._vrlrk,z (6)

with |k| conserved. The overall k vector is given by k
= wn(w)/c for a given frequency. The relative angle
of each plane wave component with respect to the z
axis is [36]: € = arctan(k,/k,). or ¢ = arctan(k./k,)
where k, is determined by k,” = k' - k, - k.. For
THz-TDS case 8,¢ << 1s0o 6 = ki/k, = k/k and
similarly for ¢. The complex amplitude of each plane
wave component, E(kg, w,), for a given frequency and
wave vector is obtained by a second Fourier transform:

E(koky,0.) II‘J(:\',}',M,,)U e M oxoy (7)

The effect of this two-dimensional Fourier transform
is to convert the temporally and spatially localized
THz pulse into a basis set of plane waves with a given
amplitude and phase relationship.

A wide variety of characterization work has been
performed using THz-TDS. This includes work on
gases, liquids, and a variety of material systems.
Rotational states of many gas molecules fall in the THz
spectral region.  There has been significant work on
both fundamental [37-39] and applied [40] spectroscopy,
in situ spectroscopy of combustion, combustion products
and high temperature water vapor [41, 42]. Since reo-
rientation of polar molecules in liquids can be observed
through at THz frequencies, THz-TDS has been used
for fundamental studies on molecular dynamics in
liquids [43, 44]. A wide variety of molecules have
distinet signatures in this spectral range. Solid and
liquid materials exhibit broad absorption bands at THz
frequencies from which material properties of a wide
range of samples, from polymers to semiconductors,
have been determined. Using THz-TDS it is possible
to perform noncontact characterization of semicon-
ductors [45-47]. Variations of THz-TDS have been used
to identify various types of DNA from low frequency
vibrational resonances, distinguishing single base muta-
tions [48, 49].

While the possible applications of THz-TDS for
materials characterization are manifold, the remainder
of this section will focus on a series of measurements
that illustrate some of the unique measurement capa-
bilities of THz-TDS. Here we use THz-TDS to shed
some light on the question of whether or not light
propagates at superluminal velocities during frustrated
total internal reflection (FTIR), also known as optical
tunneling [50]. While interesting from a fundamental
point of view, from a practical point of view FTIR is
used in fiber couplers, laser output couplers, and photon
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tunneling microscopes. Photonic bandgap structures
are commonly used in optical devices such as vertical
cavity surface emitting lasers and chirped mirrors [51].
Discussions on this subject often become heated over
definitions of energy or signal velocity, and what consists
of a signal; by focusing on experimental measurements,
insights into optical tunneling can be gained based on
rigorous and established linear dispersion theory.

The far infrared, or THz, region of the spectrum
offers unique advantages for measurements of wave-
packet propagation in optical tunneling. Direct measure-
ments of the spatio-temporally resolved electric field
are possible and since wavelengths range from 100 xzm
upwards, it is possible to accurately measure of
tunneling gap dimensions. The system used to measure
frustrated total internal reflection [52] consists of two
matched, high resistivity silicon cylindrical wedges, 75
mm in diameter, optically polished on all faces, shown
in figure 6. High resistivity silicon was used for prismn
materials since it has nearly negligible absorption across
the THz frequency range [6] with index variations less
than 0.02%, n’ = 3.4117 £ 0.007. The wedges have
entrance and exit faces normal to the cylinder axis and
inner faces with vertex angle, ¢ = 70°. The separation
between the wedges along the cylinder axis, A, is
adjustable using a differential micrometer with a re-
solution of better than 1 gm. The THz pulses were
P polarized with detection extinction of over 1000:1 in
power, measured using a wire grid polarizer.

At critical angle, the attenuation length of the
evanescent wave in the gap has a singularity, and is
extremely sensitive to the angle of incidence, 6, with
20X variation over a 0.01° range [53]. As @ increases
beyond 8., the attenuation length decreases, but also
becomes much less sensitive to the angle of incidence.
Since the bounded THz beam is composed of plane
wave components with a range of incidence angles, the
first set of measurements used the experimental system
of figure 6 (a) were performed at 8 = 0° corresponding
to 8 = 20°, 3° beyond the critical angle in silicon, 4.
= 17.01°. For the spatially resolved measurements
discussed later, the system was modified as shown in
figure 6 (b) with the wedges tilted to 8 = 10° to
achieve an angle of incidence on the interior wedge face
of § = 17.1°.

For optical tunneling measurements the reference
pulse, Er(t), is the pulse measured for no separation
of the wedges, 4 = 0 pm. Measurements of the trans-
mitted sample pulse, Er(t), were made for 4 = 100,
200, 500, and 1000 g#m. These measurements are shown
as points in figure 7 and show pulses arriving earlier
in time with strong attenuation and pulse reshaping as
4 increases. For clarity and to emphasize the pulse
reshaping, pulses for each value of 4 have been plotted
on separate vertical scales. The reference amplitude
spectrum. Ewl( o . 4=0). obtained from a numerical

Fourier transform of the time domain data, is shown
as points in figure 8 (a) with the associated spectra at
different gap widths, Et(@). The amplitude spectra
have not been scaled, the area under each curve
squared is proportional to the transmitted pulse energy.

The theoretical transmission through the wedge
system shown in figure 6 can be determined by
adapting the well known result for transmission through
a dielectric slab [18):

toitioe’®
(1-1'011'106"8) ) (8)

ET((D):

The dielectric slab is of thickness, d, and the radiation

is incident at angle 6y. The Fresnel coefficients are ty,

t10, ro1, and ryp for transmission and reflection at the

ny-n; and n;-ny boundaries respectively. 8 = mk,dcos

1 is the phase delay associated with multiple reflections

inside the slab. @, is the angle of the transmitted

radiation inside the slab determined from Snell’s law,

ngsin 1 = nysin §;. This formula is modified to account
for the wedge geometry [54]:

tmt‘me!ﬁﬁw i
—————xe" xE,(0)=H(o)E(o
Ttorne™) (0)=H(o)E() (9)

Eq(o)=E(o)=
with 7y = konpdcos 8y and @ = nk, 4 - nok, 4, assu-
ming normal incidence. Applying equation (9) to the
measured reference field, Eo(w), the calculated THz
pulse transmitted through the cylindrical wedges is
obtained by taking an inverse Fourier transform of the

FIG. 6. (a) THz time-domain spectroscopy syvstem used
for measuring frustrated total internal reflection. The
THz beam propagates along the indicated optical axis. (b)
Experimental schematic using fiber coupled THz receiver.
Dashed line represents propagation path for 4= 0 an,
while anlid line ¢ faor A — 10000 /11y
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FIG. 7. Measured THz pulses (points) propagating
through FTIR cylindrical wedges with A= 0, 100, 200,
500 and 1000 gan. The linear dispersion theory fit is given
by the solid line.

complex amplitude Er( @ ). The calculated THz pulse
is plotted as a solid line on top of the data for 4 =
100, 200, 500, and 1000 mm in figure 2 (a). The
calculated amplitude spectra, again given as solid lines,
are overlaid on the experimental measurements in
figure 2 (b). Agreement is excellent with no floating
parameters, indicating the model of equation (9)
accurately describes the measured amplitude and phase
changes of a THz pulse undergoing frustrated total
internal reflection.

Although this analysis based on linear dispersion
theory is in good agreement with measurement, it does
not answer the question of superluminal propagation.
This is because there is a fundamental uncertainty in

0 05 1 15 2 25 3 35
Frequency (THz)

FIG. 8. (a) Measured amplitude spectra (points) corres-
ponding to the THz pulses of figure 7 with theoretical
predictions (lines). The amplitude spectra are presented
as measured with no scaling. (b) The measured real and
imaginary parts of the system response Re{H(w)} and
Im{H(w)}, points, and fit using the linear dispersion
theory (solid line) of equation (9).

the path the pulse propagates through this system; one
reason it has been difficult to assign a characteristic
time for optical tunneling [50]. However the fact that
this is a linear system permits us to define H(w) as
the complex frequency domain system response function,
Hw)=H(w)+iH"(0) = Er(w, 4)/Eo(w, 4=0).
The ability of THz-TDS to directly determine H(w )
over the range from 100 GHz to over 3 THz, limited
only by the system bandwidth. Figure 8 (b) shows
measured values of H'(w ) and H”(w ) as points for 4
=100 gm. The calculated values of H( w) from equation
(9) are overlaid as a solid line. The measurement of H( w)
can be used to determine causality in optical tunneling
since in any causal system the real and imaginary part
of H(w) are related through the Kramers-Kronig
relations [55]. Although noise on the data for frequencies
below 100 GHz and above 3 THz precluded using the
measured values of H(w) to directly verify causality,
the Kramers-Kronig integral was determined over the
frequency range 0 to 20 THz for equation (9). The real
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and imaginary components determined through the
Kramers-Kronig relationships are given as a dashed
line in figure 8 (b). Thus THz-TDS shows causal
propagation in optical tunneling based upon agreement
of the measured pulse with a simple model based on
linear dispersion theory which makes no assumptions
of optical path, and contains no floating parameters.

Temporal pulse reshaping makes it impossible to
assign a time to pulse tunneling [56]. However by using
the fiber coupled THz detector system described
previously, it is possible to observe both the temporal
and spatial reshaping of pulses after undergoing optical
tunneling, enabling direct measurement of the phase
and amplitude shifts of the plane waves which form the
THz pulse’s basis set.

For these measurements the time resolved THz field
was measured using a fiber coupled THz detector with
a resolution of 1 mm orthogonal to the THz beam—x
direction in figure 6 (b)—to obtain the electric field
E(x,t) [57]. Contour plots of the normalized time
resolved beam profiles are shown in figure 9 for the
reference pulse with 4= 0, and the pulse which has
tunneled through an optical barrier of width 4= 1000
pm, Ep(x,t). Comparing the two measured profiles,
Er(x.t) shows an apparent shift of -1.79 ps relative to
E.(x,t) and a lateral shift of 2.8 mm in the positive x
direction. The path of the pulse is opposite of that
assumed in previous studies of a THz pulse undergoing
optical tunneling [52]. From these spatial measurements
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FIG. 9. Coutour plots of E.(x,t) at 4= 0 pan with 15
pA contour spacing and E(x.t) at 4= 1000 g with 5
pA spacing illustrating temporal and spatial shift of THz
pulse.

it is clear why the pulse appears to arrive earlier in
time, the transmitted pulse for 4= 0 propagates
through less high index material than the pulse with
4= 0. The spatial shift arises from the Goos-Hanchen
shift that occurs during total internal reflection of a
spatially bounded beam [36,53,58].

Similar to the way in which temporal pulse reshaping
makes it impossible to assign a time to pulse tunneling
[56], spatial pulse reshaping makes it difficult to assign
a well defined path to spatially localized wave packets.
However by using equation (7) it is possible to convert
the measured pulse into a basis set of plane waves each
traveling at some angle ¢ to the optic axis. The two
dimensional Fourier transform of the reference, 4=
0 pxm, and sample 4= 1000 gm, pulses are shown in
figure 10. Comparing these two measurements, the
peak spectral component of |Ep(ky, @ )| has shifted from
0.32 THz to 0.21 THz due to attenuation of the high
frequencies in the barrier. The amplitude spectrum also
is reshaped, or filtered, along the ¢ axis due to the
rapid increase of the amplitude attenuation length as
the incident plane waves approach critical angle;
negative values of ¢ correspond to an increase in the
incidence angle on the barrier. This wave vector
filtering results in a change in propagation direction for
the overall pulse as observed previously at optical
frequencies [59].

By breaking the pulse which propagates through the
optical tunncling barrier into its component planc
waves it is possible to extract the phase and loss times
associated with propagation through the silicon wedge
system. The system is defined by the complex transfer
function H(ky, o ):

EA0) p (k) fH (e
Eu(k.o)

(10)

The magnitude of the complex transfer function,
|[H(ky, @ )l, is shown in figure 10 (¢) and shows three
distinct regimes: low signal region, thick barrier limit
and thin barrier limit. Regions where E,(ky,w) has near
zero amplitude, low signal region, have been removed
from this plot. The thick barrier limit is where the
transfer function has near zero value and the transfer
function is dominated by the exponentially decreasing
amplitude, |H| << 1. The thin barrier limit has small
amplitude attenuation and the transfer function is
dominated by the phase term, e '™ and these plane
wave components are preferentially transmitted. The
dotted line in figure 10 (¢) indicating boundary between
the thick and thin barrier regions is a guide to the eve.

The transfer function contains a complete description
of pulse propagation through the wedge-gap system. A
complex traversal time, 7. = 7, + 17| can be defined
for propagation of the THz pulse through the wedge/
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FIG. 10. (») Relerence pulse spectruin, |Eo ¢, @ )|, 4=
0 gn. (b) Sample pulse spectrum, |Er( ¢, w ), 4= 1000
pm normalized to |Eq( ¢, w ). Contour line spacing is 0.05
and vertical line represents critical angle, .. (¢) System
transfer function, [H( ¢, w )|. Dashed lines are constant ¢
values shown in figure 11, and dotted line represents thick
and thin barrier boundary.

gap system [59,60]. The complex traversal thne is given
by the phase time r, (also called the net group delay)
and a loss time, r1. The phase time corresponds to the
group velocity, while the interpretation of the loss time
is the shift of the pulse earlier in tiine due to the pulse
reshaping [61].

o AnfH(k..o)|
To=—-: Tp=-———
" o - o (11)

The amplitude and phase of H(ky, @) as a function
of frequency is shown for three different values of ¢
are shown in figure 11; the corresponding phase and
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Flg. 11. (a) Semilog plot of [H({ ¢, w)I, (b) phase, @ ( ¢,
w) for ¢ =-0.15°, 0°, 4+0.15°. Line slopes give loss and
phase times respectively.

loss times are given by the slopes of the lines. The loss
time depends strongly on the incident angle of a given
plane wave component, rr = 1.4 ps, 2.4 ps, and 3.4
ps for ¢ = -0.15°, 0°, and +0.15° respectively. The
change in values of the loss time with angle of inci-
dence shown that frequency dependent pulse reshaping
is a strong function of the angle of incidence. The phase
times are r, = -1.23. -1.18, -1.06 * 0.15 ps for ¢ =
-0.15°, 0°, and +0.15°, on the same order as the
measured peak shift of -1.79 ps in figure 9. The phase
times obtained from figure 11 are negative, corres-
pouding to a shift forward in time. These loss and
phase times are analogous to those measured previously
by measuring beam angle divergence with CW optical
frequencies [59], but are determined directly from phase
coherent data over a broad spectral range. However for
the 1 mm gap and frequency spectrum measured here,
we do not observe saturation of the phase times.
To conclude this section on THz aterials characteri-
zation we have used frustrated total internal reflection,
or optical tunneling, and a microcosm of how THz-TDS
can be used to measure fundamental material properties.
By direct measurement of the electric filed it is possible
to measure both the real and imaginary, or magnitude
and phase, of any system response function. Typically
this would correspond to the absorption and index of
the material being investigated. However as shown
above, this can also correspond to the complex transfer
function of the syvstem or to phase and loss times.
While the time domain measurcments of optical
tunneling show the arrival of a pulses’ peak comes
earlier in time as the tunneling barrier width increases,
the broad bandwidth and high dvnamic range of
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THz-TDS show this is due to strong spectral reshaping,
figure 8. Via the fact that THz-TDS is phase coherent,
allowing measurement of both the real and imaginary
parts of the system transfer function, optical tunneling
is shown to be causal. Finally by spatially and tem-
porally resolving the electric field the transmission for
each plane wave component is measured, demonstrating
the incidence angle dependent of optical tunneling.
From these measurements it is clear that the lateral
shift of a pulse due to the Goos-Haanchen phase shift
is why the pulse seemingly travels superluminally: it is
traveling through less high index material.

IV. APPLICATIONS OF THz-TDS

It was once said that all of ultrafast optics was a tool
looking for an application, although such statements
are no longer voiced since ultrafast has begun to find
niche applications in materials processing. The same
statement may certainly apply to THz-TDS for non-
scientific measurements; no application has emerged in
which THz-TDS is the most effective characterization
tool. Here “effective” means that the need for results
of a particular accuracy justify the cost and complexity
of the technique. Some of this may be due to the fact
that the capabilities of THz-TDS, while growing, are
not widely known outside the scientific community.
Following the format used throughout this review
article, this section will discuss briefly two potential
applications of THz-TDS: measurement of thin films
and non-destructive evaluation of ceramic bearings.

1. THz Interferometry

Characterization of materials has been one of the
enabling roles of optics in modern day industry. Inter-
ferometers and spectrometers are often used to charac-
terize thin films; the accurate measurement and control
of film thickness is critical to applications from semi-
conductor processing to food packaging [62]. While
techniques such as variable angle spectroscopic ellipso-
metry and phase-contrast microscopy are widespread,
they are not applicable for measurement of opaque
films. Here THz-TDS and THz tomography [63] may
find a niche in characterizing thin films which are
opaque in the visible and near infrared regions of the
spectrurn.

Measuring thin films, which cause small perturbations
on a broad bandwidth spectrum, presents a challenge
since THz wavelengths are typically mm to sub-mm.
When k(@ )d << 1, with k(@) the complex, frequency
dependent wave constant and d the sample thickness,
noise or changes between the sample and reference
pulse lead to errors which are greater than the siall
changes being measured. One way to separate these

small changes is to induce a modulation on the beam
by the sample. This technique has been pursued with
great success by the group of X.-C. Zhang at Rensselaer
Polytechnic Institute through use of differential time
dommain spectroscopy (DTDS). DTDS dithers the sample
in and out of the THz beam using a shaker or
galvanometer and has been used to determine the
refractive index of a 300 nm-thick parylene-N film and
other thin or low index materials [64-66]. By using a
double modulation technique in which both the sample
and the THz beam itself are modulated and measured
using two lock-in amplifiers [67] films as thin as 100
nm have been characterized.

An alternative technique is THz interferometry [68,69]
which splits the THz pulse train into two equal parts,
providing a near 1, frequency independent phase shift
to one of the parts. In this case destructive interference
occurs, eliminating the background signal, drift, and
some noise sources. This is accomplished via a Michelson
interferometer, as shown in figure 12, although it is
possible to also use other configurations, such as a
Mach-Zender interferometer. The near 7 phase shift
can be achieved from a Gouy phase shift [69], total
internal reflection [68], or geometrical rotation of the
electric field vector with a roof mirror as shown in the
figure. The 7 phase shift of a beam passing through
focus, Gouy shift, depends on the distance from the
focus, and is 7 only at very long distances. While
phase shifts occur on total internal reflection, thev
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FIG. 12. Diagram of THz interferometer. The beam
splitter is high resistivity silicon and roof mirrors are first
surface aluminum. The silicon wafers in arms A is illumi-
nated at Brewster angle using a HeNe to induce the
measured index change.
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approach p only in the limit of incident angle near 90°
or an infinite index of refraction. Geometrical field
vector rotations are the most effective, however they
require the THz beam to have rotational symmetry,
section II, to achieve a 7 phase shift.

In THz interferometry the signal measured by the
THz detector is a superposition of the signal from the
reference and sample arms:

Eu)les(O\)):Erlsf(w )’I Eham])<(‘)) (] 2)

The signal from the sample arm contains the mo-
dulation of the THz pulse by the sample. If the k(@ )d
1 and secondary reflections can be ignored:

B o) =Er(0)[L-exp(-iko(n(o)-1)d+i®(0))]  (13)

where the phase error term, @ (), accounts for any
effect which contributes to incomplete destructive
interference, and is determined experimentally by
taking a scan with no sample in the interferometer.
By expanding the exponential in equation (13) in a
series:

o) koy(o)d ik, [n(o)-1jd +id(o) 14

In the case that ko(n(w)-1)d is not much less than
one, or in the case that the Fabry-Perot oscillations of
the samples are not negligible, is not possible to
determine an analytic solution for the frequency depen-
dent complex index. However the index can be extracted
numerically by using a Nelder-Mead downhill simplex
algorithm.

THz interferometry has several advantages over
THz-TDS for thin film measurement. First, it is less
sensitive to long term fluctuations in the THz signal
than standard THz-TDS. Expressing the drift between
the sample and reference spectra by a small drift error
terin, A(w ), such that exp (i4(w)) = 1 and adding
the drift term,

B (@)™

= i ! _9 1, -ini(®)-1)c¢
E.i(0) :1+1[A(0) (:( A{w)-in(o)-1) ij

(15)
for standard THz-TDS. From this it is seen that drift
errors are additive to THz-TDS measurements. For

interferometric measurements, the error can be found
by including the drift error term in equation (14):

\ LM 0)
Bumlo)e™ [1+A(0)[kon(o)d+ikn(o)-1jd Hd(o)}
EM((D)

(16)
showing the drift error term is multiplicative with the
measured values of the complex index. For typical
values of thin films (d = 1 gm, n, = 2, 4 = 1%)

the increase in measurement accuracy is on the order
of a factor of 50.

THz interferometry is also less susceptible to some
sources of experimental noise, leading to more accurate
measurements for thin films. In THz-TDS the trans-
mission coefficient is determined from the ratio between
sample and reference scans with magnitude (modulus)
o(w), and phase term (argument) ¢ (w). The real
part of the complex refractive index, n{w) = n’'(w)
-in”(w), is extracted from the argument, ¢ (w), and
the absorption coefficient from the modulus, o ().
Errors in the measurement of n(w) can be shown [70]
to be proportional to the variance of the modulus, ¢ ,)2( ).
In the case o (w) approaches unity, i.e. k(w)d << 1,
6,°(w) is simply proportional to the variance of the
noise divided by the spectral amplitude of the reference
pulse. The noise contributions arise from three sources

[70]:
Grois ©)=p(0)5.(0)+07(0) +6H() (17)

where o (w) = 1. These three terms correspond to the
THz emitter ¢°(w ), shot noise in the THz detector
o 25];((0), and other signal independent noise sources,
o ’a( @) such as laser noise, electronic noise, and Johnson
noise [8,70]. The shot noise can be written as ¢ ()
= 2edfX(w) with e the electron charge, Af the
measurement bandwidth determined by the lockin
integration time, and X(w) either R(w) or S(w). As
shown in reference [70], the dominant noise term comes
from the THz emitter, ¢ 2‘.( @ ), especially in the case
of slightly absorbing samples with o (@) approaching
unity, and S(w) = R(w).

For THz-TDS the sample and reference scans are
measured independently and the noise on the sample
and reference scans are uncorrelated. However for THz
interferometry, a more relevant noise figure is given by
the variance of the measured interference signal, D( w )
= R(w) - S(w). Since in THz interferometry the
difference is obtained in a single measurement, the
cmitter noise is correlated and the noise on the
interferometric signal can thus be written:

Si(0)=(1-p(0))'c(0) +2eAfR(0)(1-p(0)) +20i(0)  (18)

Comparison of (17) with (18) shows that the effects
of both the shot noise and emitter noise are substan-
tially reduced in THz interferometry.

The final advantage of THz interferometry for mea-
suring thin films is sensitivity to subwavelength changes
in optical path since the THz interferometer acis as a
phase coherent white light interferometer. The film
thickness resolution is less than the Sparrow criterion
[71] which states that two pulses are resolvable if there
is a minima between their peaks. In measuring the
superposition of two pulses of opposite sign, when one
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pulse is time shifted relative to the other by an amount
large enough that the summation of the pulses is above
the signal to noise ratio of the system, a signal is
measurable. The measurable time shift is determined
by the time rate of change of the measured electric
field, ¢/0t E(t). For typical interferometer data, the
measured electric field has a slope of approximately
200pA /ps. With the minimum detectable signal on the
order of 0.2 pA, this corresponds to a time resolution
of 1 fs or the ability to detect filins of thickness on the
order of 100 nm. THz systems with higher bandwidth
have correspondingly better sensitivity.

To demonstrate how THz interferometry can be used
for optical characterization, the index of refraction of
high resistivity, > 10 kQ2-cm a silicon wafer is modified
through optical excitation. In this case the frequency
dependent change in refractive index, An(w) = ¢, (0)
can be described by the Drude model [72]:

©,
£(0)=6- )y ——
(©) %m(<x)+il",) (19)

where go = 11.7 is the relative permittivity of Si, w,
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FIG. 13. (a) THz pulses measured using THz interfero-
meter (solid line), DTDS (dashed line), and the difference
between two consecutive THz scans taken with and without
optical excitation (dotted line). (b) Optically induced change
in refractive index determined from THz interferometry
(dots). THz-TDS (open circles), and Drude theory (line).

is the electron or hole plasma frequency given by w ,,2
= ch/ com., with free-space permittivity ey, carrier
density N assumed equal for electrons and holes, and
effective masses m. = 0.26 and m, = 0.37 [45]. T,
is the carrier damping rate 1/ r.y. Using an excitation
intensity of 36 W /sz results in a uniform carrier
density of N = 6.53x 10" em ™.

Figure 13 (a) comparcs the difference between two
consecutive THz scans taken with and without optical
excitation (dotted line), a single data scan on the THz
interferometer (solid line), and a scan taken using
DTDS (dashed line). For the interferometer scan the
background, @ (t), was subtracted. The DTDS scan
has been normalized to the throughput of the THz
interferometer. This comparison shows the noise im-
provement of THz interferometry and sample modula-
tion techniques such as DTDS for optically thin
samples. These differences are more apparent when
extracting the optically induced change in refractive
index, An(w)/n, obtained from THz interferogram
(points) and that determined by THz-TDS (open circles).
The index change calculated using the calculated from
Drude theory, equation (19), is shown as a solid line.
From this it is seen that THz interferometry offers a
sensitive tool for characterization of thin films. Index
changes of < 10" can be measured, corresponding to
a change in optical path length of 342 nm. At 0.7 THz,
the peak of the THz amplitude spectrum, this is an
optical path length change of A /1250. Extrapolating
the results to a unity signal to noise ratio, the mea-
surement limit of the system is 32 nm or A /13,500.

2. Non-Destructive Evaluation

Previously THz-TDS has been extensively used for
electromagnetic scattering measurements as a potentially
simple way to identify complex targets by the late time
response [73,74]. The sub-picosecond temporal resolution
permits accurate time gated measurements for funda-
mental investigations of scattering mechanisms and has
enabled the first direct experimental observations of
fundamental surface wave velocities, loss mechanisms
[75], and Gouy phase shifts [76]. Many of the dielectric
materials characterized by this technique have been
ceramics, which can be highly transparent in the THz
spectral region. Since the THz electromagnetic scattering
signature is highly dependent on the path the radiation
takes through a given target, THz-TDS can be used for
detecting fractures in materials which are opaque to
visible radiation but transparent to THz, such as
ceramic bearings.

Ceramic materials find multiple uses such as turbiue
blades, ball bearings, heat components, ballistic armor,
and grinding media, becanuse they can withstand high
temperatures and stress. Due to their hardness, wear
resistance, and the ability to finish them to high
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tolerances one of the most common uses of ceramics is
ball bearings. Ball bearings are formed by casting and
firing, rough grinding, then lapping to high tolerance
and surface finish. In the grinding process bearing can
undergo high stress thus resulting in both surface and
subsurface cracks. A variety of techniques are used to
detect fractures in ceramic materials including optical
microscopy, dye impregnation, acoustic emission, and
acoustic microscopy.

The THz experimental system used for nondestructive
evaluation is similar to those used in previous inves-
tigations of electromagnetic scattering [74], but a fiber
coupled detector is used, figure 14. Alumina (amorphous
Al;O3) ball bearings with diameters of 4™ and 7
respectively were fractured by means of thermal shock,
producing scale-like cracks. Spheres exhibit three main
scattering mechanisms: specular, back axial, and surface
waves, indicated in figure 15 [73]. The surface wave
travels around the circumference and also cuts through
material at acute bistatic observation angles. These
pulses are shown in figure 15 (a) for an alumina bearing
with no fractures. These three scattering mechanisms
are each affected differently by fractures internal to a
damaged bearing. Fractures in the bearing act like
scattering centers reshaping the pulse and leading to
additional structure, which is visible in figure 15 (a).
The first pulse, corresponding to the specular reflection,
encounters no scattering points, and there is little
change in the pulse shape. The surface and back-axial
reflections, however, display large discontinuities between

lﬁ: iTHz Detector

Optical
Beam

Grating Pair Optical L,
Compensator Delay

FIG. 14. System used for nondestructive evaluation of
alumina bearings. The fiber coupled THz detector is used
at the positions shown for forward or backscattering
measurements. The alumina bearing can be rotated at up
to 35 Hz.

the reference and fractured bearings. Changes to the
spectrum are highlighted in the lower trace, which
shows the difference between the damaged and un-
damaged bearings.

‘While analysis of backscattering from ceramic bearings
can indicate the presence of cracks, it takes approxi-
mately ten minutes to acquire the traces shown in
figure 15 (a). Combining scattering with sample mo-
dulation allows much faster determination of bearing
integrity. A uniform sphere has complete rotational
symmetry, which is broken if the spherical bearing has
defects or fractures. It is possible to utilize this property
of symmetry to be able to make a rapid determination
of whether fractures exist in ceramic bearings by
rotating the bearing at a constant angular velocity, w,
and, using a lock-in amplifier, to detect scattered or
transmitted THz radiation modulated at « . Fractures
in the rotating sphere modulate the THz pulse; each
fracture point acts as a periodic scattering center
determined by the rotation of the target. For this
measurement the THz pulse transmitted through the
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FIG. 15. (a) Measured back scattered signal from unda-
maged and damaged bearings. The undamaged scan has
been offset by 30 pA for clarity. The lower scan, offset
-15 pA is the difference. Insets illustrate specular, surface,
and back axial reflections. (b) Forward scattering signature
of 10" harmonic of angularly modulated bearing. The
heavy line is the damaged bearing while the light line is
the signal from the undamaged hearing.
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alumina bearing (forward scattering) was measured,
and is shown in figure 15 (b). To minimize noise the
tenth harmonic of the rotational frequency was measured.
A clear difference is observable between the forward
scattered signatures. Similar results can be obtained
using backscattering, but eccentricities in bearing rotation
of approximately 70 gm make it more difficult to
determine whether the signal is due to fractures.

V. SUMMARY AND CONCLUSIONS

This brief review has covered the characterization
technique of THz time domain spectroscopy in terms
of creating and detecting broad bandwidth THz beams,
examples of how it can uniquely determine material
properties, and applications in characterization of thin
films and non-destructive evaluation. Rather than
provide an overview of recent results a few applications
were discussed in depth. THz-TDS has been used for
a wide range of measurements and a large number of
articles.

Similarly the discussion here has focused on broad-
band generation using photoconductive switches. As
alluded to in the introduction, this merely a small
subset, of the host of techniques which allow both CW
and pulsed THz generation and measurement. The
most similar technique to that discussed here has been
pioneered by X. C. Zhang's group. Results similar to
those presented here have been obtained using difference
frequency generation and the electro-optic effect to
generate and detect THz pulses with bandwidths to
beyond 30 THz. Reviews of time domain THz tech-
niques as well as forays into THz from the optical and
electronic regimes can be found in references [2,77-85].
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