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Nonlinear generation of sub-psec pulses of THz electromagnetic
radiation by optoelectronics—applications to time-domain
spectroscopy

D. Grischkowsky
IBM Watson Research Center, P.O. Box 218, Yorktown Heights, NY 10598

ABSTRACT

An optoelectronic THz beam system i‘s described, which generates and detects
subpsec pulses of freely propagating THz electromagnetic radiation with a
time-resolution of 150 fsec and a signal to noise ratio of more than 1000.
The generated power of the THz radiation is proportional to the square of
the power of the ultrafast laser driving pulses. Some applications of this
system to THz time-domain spectroscopy are presented to illustrate its gen-
erality and usefulness.

INTRODUCTION

This review will first describe the optoelectronic generation and detection of
freely-propagating subpsec pulses of THz electromagnetic radiation, and then
it will present applications of an optoelectronic THz beam system to THz
time-domain spectroscopy (TDS). Recently, there has been a great deal of
work demonstrating the generation of THz radiation (I THz = 333 cm~'=
4.1 meV) via material and electronic excitation by ultrashort laser pulses.
Modern integrated circuit techniques have made possible the precise fabri-
cation of micron-sized dipoles, which when photoconductively driven by fsec
laser pulses can radiate well into the THz regime, as shown by Auston et al
(1984) and by Fattinger and Grischkowsky (1988). An alternative and com-
plimentary approach has been to extend radio and microwave techniques into
the THz regime through the use of optoelectronic antennas; Mourou et al
(1981), Heidemann et al (1983), DeFonzo et al (1987a,b), Pastol et al (1988,
1990), Smith et al (1988), van Exter et al (1989, 1990) and Dykaar et al (1991).
Other sources based on various physical systems and effects include the
emission of an electromagnetic shock wave due to a volume dipole distrib-
ution moving faster than the phase velocity, i.e., electro-optic Cherenkov ra-
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diation discovered by Auston (1983) and developed as a free-space radiation
source by Hu et al (1990). A conceptually related radiation source is the
electromagnetic shock wave radiated by a surface-dipole distribution propa-
gating faster than the phase velocity, discovered hy Grischkowsky et al (1987)
and demonstrated as a free-space radiation source by Fattinger and
Grischkowsky (1989c). Most recently, radiation has been generated by
photoconductively driving the surface field of semiconductors with ultrafast
laser pulses, Zhang et al (1990). A new and quite efficient source of
broadband THz radiation involves the generation of photocarriers in trap-
enhanced electric fields with ultrafast laser pulses, as discovered by
Katzenellenbogen and Grischkowsky (1991) and explained by Ralph and
Grischkowsky (1991). '

Some of these sources are based on an optical type approach whereby a
transient point source of THz radiation is located at the focus of a dielectric
collimating lens, followed by an additional paraboloidal focusing and
collimating mirror, an arrangement introduced by Fattinger and
Grischkowsky (1988, 1989a,b) and further developed by van Exter et al
(1989a, 1990c). This type of source produces well collimated beams of THz
radiation. Matched to an identical receiver, the resulting system has ex-
tremely high collection efficiency. With a demonstrated signal-to-noise ratio
of 1080, a time resolution of less than 150 fsec and a frequency range from
0.2 THz to more than § THz, this optoelectronic THz system is presently the
most highly developed and will be the one described in this article. One of
the most useful versions of the system is based on repetitive, subpicosecond
optical excitation of a Hertzian dipole antenna imbedded in a charged
coplanar transmission line structure, first demonstrated by Fattinger and
Grischkowsky (1988, 1989a,b) and further developed and characterized by van
Exter et al (1989a, 1990c). The burst of radiation emitted by the resulting
transient dipole is collimated by a THz optical system into a diffraction
limited beam and focused onto a similar receiver structure, where it induces
a transient voltage and is detected. The THz optical system gives excep-
tionally tight coupling between the transmitter and receiver, while the excel-
lent focusing properties preserves the sub-picosecond time dependence of the
source.

The combination of THz optics with the synchronously-gated,
optoelectronic detection process has exceptional sensitivity for repetitively
pulsed beams of THz radiation. Via two stages of collimation a THz beam
with a frequency independent divergence is obtained from the THz trans-
mitter. The THz receiver with identical optical properties collects essentially
all of this beam. The resulting tightly coupled system of the THz transmitter
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and receiver gives strong reception of the transmitted pulses of THz radiation
after many meters of propagation. Another reason for the exceptional sen-
sitivity is that the THz receiver is gated. The gating window of approxi-
mately 0.6 psec is determined by the laser pulsewidth and the carrier lifetime
in ion-implanted silicon-on-sapphire SOS. Thus, the noise in the compar-
atively long time interval (10 nsec) between the repetitive THz pulses is not
seen by the receiver. A final important feature of the detection method is
that it is a coherent process; the electric field of a repetitive pulse of THz
radiation is directly measured. Because a repetitive signal is synchronously
detected, the total charge (current) from the signal increases linearly with the
number of sampling pulses, while the charge (current) from noise increases
only as the square root of the number of pulses.

The powerful technique of time-domain spectroscopy (TDS) has recently
been applied to several different systems using a variety of sources, as de-
scribed and reviewed by Grischkowsky et al (1990). With this technique two
electromagnetic pulseshapes are measured, the input pulse and the propa-
gated pulse, which has changed shape due to its passage through the sample
under study. Consequently, via Fourier analyses of the input and propagated
pulses, the frequency dependent absorption and dispersion of the sample can
be obtained. The combination of the TDS technique with THz beams has
some powerful advantages compared to traditional c.w. spectroscopy.
Firstly, the detection of the THz radiation is extremely sensitive. In terms
of average power the sensitivity exceeds that of liquid helium cooled
bolometers, by more than 1000 times. Secondly, because of the gated and
coherent detection, the thermal background, which plagues traditional meas-
urements in this frequency range, is observationally absent. Comparing time
domain spectroscopy with Fourier transform spectroscopy (FTS), it should
be clear that the frequency resolution of the two techniques are similar, as
they are both based on a scanning delay line, where to first order the fre-
quency resolution is determined by the reciprocal of the time scan. Although
for now FTS is superior above 4 THz (133 ¢cm~'), the limited power of the
radiation sources and the problems with the thermal background favor TDS
below 4 THz.

Several different type measurements will be described that illustrate the
generality and usefulness of THz-TDS. An early example of THz time-
domain spectroscopy was the characterization of water vapor from 0.25 THz
to 1.5 THz, where the cross-sections of the 9 strongest lines were measured
with the best accuracy to date by van Exter et al (1989b). Later measure-
ments by Grischkowsky et al (1990), on single crystal sapphire and silicon
were motivated by the need to find the best material for the THz lenses in
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contact with the erhitting and detecting chips. The available published data
were inadequate for this evaluation. Absorption of the THz radiation by the
lens material (initially sapphire) imposed an upper limit on the bandwidth
of the entire system. The use of silicon lenses, inspired by the THz-TDS
measurements of unusually low absorption and dispersion, immediately in-
creased the system bandwidth from 2 to 3 THz and gave smoother THz
pulses with less ringing structure. A THz-TDS measurement of the absorp-
tion and dispersion due to carriers in device-grade, doped silicon wafers by
van Exter and Grischkowsky (1990a,b), showed that the frequency-dependent
properties were completely due to the carriers and not to the host crystal.
From these measurements the complex conductance was characterized over
the widest frequency range to date. Finally, a experimental and theoretical
study of THz coherent transients by Harde et al (1991a,b) will be reviewed.
Here, after the excitation of N,O vapor by a subpsec pulse of THz radiation,
the vapor emitted a coherent THz pulse train extending to as long as | nsec.
The origin of the emitted subpsec THz pulses (commensurate echoes) was a
periodic rephasing, during the free-induction decay, of the more than fifty
coherently excited rotational lines with commensurate transition frequencies.
From the decay and reshaping of the echoes the coherent relaxation time T;
and the anharmonicity factor for the N;O molecule were evaluated.

-



200 Frontiers in Nonlinear Optics

THE OPTOELECTRONIC THz BEAM SYSTEM
A. The Experimental Set-Up.

The setup used to generate and detect beams of short pulses of THz radiation
is presented in Fig.l. For this example, the transmitting and receiving an-
tennas are identical, each consisting the antenna imbedded in a coplanar
transmission line, shown in Fig. la as introduced by van Exter et al (1989a,
1990c). The antenna is fabricated on an ion-implanted silicon-on-sapphire
(SOS) wafer. The 20-um-wide antenna structure is located in the middle of
a 20-mm-long coplanar transmission line consisting of two parallel
10-um-wide, 1-um-thick, 5 Q/mm, aluminum lines separated from each other
by 30 um. A colliding-pulse mode-locked (CPM) dye laser, produces 623 nm,
70 fsec pulses at a 100 MHz repetition rate in a beam with 5 mW average
power. This beam is focused onto the 5-um-wide photoconductive silicon
gap between the two antenna arms. The 70 fsec laser creation of
photocarriers causes subpsec changes in the conductivity of the antenna gap.
When a DC bias voltage of typically 10 V is applied to the transmitting an-
tenna, these changes in conductivity result in pulses of electrical current
through the antenna, and consequently bursts of electromagnetic radiation
are produced. A large fraction of this radiation is emitted into the sapphire
substrate in a cone normal to the interface; the radiation pattern is presented
in Fattinger and Grischkowsky (1989b). The radiation is then collected and
collimated by a dielectric lens attached to the backside (sapphire side) of the
SOS wafer, an arrangement introduced by Fattinger and Grischkowsky (1988,
1989a,b). For the work reported here, the dielectric lenses were made of
high-resistivity (10 kQcm) crystalline silicon with a measured absorption of
less than 0.05 cm~" in our frequency range. The use of silicon gave significant
improvement over the sapphire lenses previously used, although the 10%
mismatch in dielectric constant between the silicon lens and the sapphire
wafer causes a slight reflection. The center of the truncated 9.5 mm diameter
silicon sphere (lens) is 2.0 mm above the ultrafast antenna located at the fo-
cus of the lens. As shown in Fig. 1b, after collimation by the silicon lens,
the beam propagates and diffracts to a paraboloidal mirror, where the THz
radiation is recollimated into a highly directional beam. Although the 70
mm aperture paraboloidal mirrors have a 12 cm focal length, a 16 cm dis-
tance was used between the silicon lenses and the mirrors to optimize the
response of the system at the peak of the measured spectrum. While the high
frequency components of the THz pulses remain reasonably well collimated
after leaving the silicon lens, the very low frequency components quickly
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diffract and illuminate the entire paraboloidal mirror, which presents a solid
angle of 0.15 steradians to collect radiation from the source. After
recollimation by the paraboloidal mirror, beam diameters (10-70mm) pro-
portional to the wavelength were obtained; thereafter, all of the frequencies
propagated with thei same 25 mrad divergence. The combination of the
paraboloidal mirror and silicon lens (THz optics) and the antenna chip
comprise the transmitter, the source of a
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Fig.1 (a) Ultrafast dipolar antenna. (b) THz transmitter and receiver.

highly-directional freely-propagating beam of (sub)-picosecond THz pulses.
After a 50 cm propagation distance this THz beam is detected by an identical
combination, the THz receiver, where the paraboloidal mirror focuses the
beam onto a silicon lens, which focuses it onto a SOS antenna chip, similar
to the one used in the emission process. The electric field of the focused
incoming THz radiation induces a transient bias voltage across the 5 um gap
between the two arms of this receiving antenna, directly connected to a low-
noise current amplifier. The amplitude and time dependence of this transient
voltage is obtained by measuring the collected charge (average current) versus
the time delay between the THz pulses and the delayed CPM laser pulses in
the 5 mW detection beam. These pulses synchronously gate the receiver, by
driving the photoconductive switch defined by the 5 um antenna gap. The
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detection process with gated integration can be considered as a sub-
picosecond boxcar integrator.

B. Measurements of Signal-to-Noise

A typical time-resolved measurement by van Exter and Grischkowsky (1990c)
is shown in Fig.2a. The clean pulseshape is a result of the fast action of the
photoconductive switch at the antenna gap, the broadband response of the
ultrafast antennas, the broadband THz optical transfer function of the lenses
and paraboloidal mirrors, and the very low absorption and dispersion of the
silicon lenses. The measured pulsewidth of 0.54 psec (FWHM) is only
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Fig.2 (a) THz pulse measured to 35 psec by scanning the time delay between
the optical gating pulses and the incident THz pulses, while monitoring the
current induced in the THz receiver. (b) Amplitude spectrum to 2.5 THz of
the measured pulse shape. (c) THz pulse on a 100 times expanded vertical
scale.
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an upper limit to the true pulsewidth, because no deconvolution has been
applied to the measurement to take out the response time of the antenna gap.
This time-response will be determined in the next section of this article.

In Fig. 2b, the Fourier transform of the measured signal (Fig. 2a) is shown
to stretch from about 0.1 to 2.0 THz. This represents only a lower limit to
the true extent of the emitted radiation as it contains the frequency response
of the receiver. At the low frequency end, the efficiency of both emitter and
receiver has been shown to be proportional to the length of the antenna, i.e.,
proportional to the separation between the two lines of the coplanar trans-
mission line. For extremely low frequencies the size of the paraboloidal
mirrors will also limit the efficiency. For the high frequency limit the effi-
ciency of the antenna is strongly reduced when 1/2 the wavelength (in the
dielectric) of the emitted radiation is no longer small compared to the an-
tenna length. This frequency for the 30 um antenna is 1.5 Thz, so that the
observed signal and corresponding spectrum is somewhat limited by the an-
tenna response which has dropped by 50% at this frequency. The high fre-
quency part of the spectrum is also limited by the finite risetime of the
current transient and the non-ideal imaging properties of the THz optics.

In Fig. 2c, the time-resolved signal is shown on a hundred times expanded
vertical scale. The structure observable after the main pulse is reproducible
and is due to reflections of the electrical pulse on the transmission line, re-
flections of the THz pulse from the various dielectric interfaces, and absorp-
tion and dispetsion of water vapor in the | cm path outside the vapor-tight
box placed around most of the setup. The observed noise in front of the
main pulse is about 1.3x10-'* A rms for an integration time of 125 ms, cor-
responding to an integration bandwidth of 1 Hz determined by a 12
dB/octave filter. An identical noise value is obtained when the THz beam
is completely blocked. The signal-to-noise ratio in this 4 minute scan is more
than 10,000:1. Another 4 minute scan is shown in Fig. 3, for which the in-
tensity of the pump laser beam was reduced from the 6 mW normally used
to only 15 uW. This 400-fold reduction in laser power led to a reduction in
the transient photocurrent of 320, instead of the expected 400. The discrep-
ancy indicates a slight nonlinearity due to the onset of saturation, related to
the fact that the electrical pulses generated on the transmission line are quite
strong (almost 1 V in either direction). This 320-fold reduction in
photocurrent led to a reduction in the power of the THz beam by the factor
1.0x10-5. However, despite this enormous reduction in power, the peak
amplitude is still more than 30 times larger than the rms noise. Based on
previous calculations by van Exter and Grischkowsky (1990c) the average
power in the THz beam during this measurement was about 10~ W. If the

___
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power of the THz beam were even further reduced, the detection limit of the
THz receiver would be reached at 1x10-'¢ W, for a signal-to-noise-ratio of
unity and a 125 ms integration time. Because the generation and detection
of the THz (far-infrared) radiation is coherent, the THz receiver is intrin-
sically much more sensitive than the incoherent bolometer. The above re-
ceiver is approximately 1000 times more sensitive than a helium cooled
bolometer described by Johnson et al (1980).

AVERAGE CURRENT (pA)
N

0 s T
TIME DELAY (ps)

Fig.3 Measured THz pulse to 27.5 psec with a 100,000 times reduction
(compared to Fig. 2a) of the THz beam power.

The THz receiver detects, with signal-to-noise ratios of approximately
10,000:1, subpsec, 14 mV pulses coming at a 100 MHz repetition rate in a
highly directional beam of THz radiation with an average power of 10 nW.
Consequently, the detection limit for these repetitive pulses is about 1.4 uV.
However, it has been shown by van Exter and Grischkowsky (1990c) that the
sampled voltage, during a single 0.6 psec gating pulse, on the receiving an-
tenna due to the thermal background is about 0.23 mV and due to the vac-
uum fluctuations is 0.05 mV. Thus, in terms of instantaneous voltages, the
receiver can detect 1/160 of the thermal background and 1/35 of the vacuum
fluctuations. Beams of THz radiation can be detected with peak powers of
only 4x10-% that of the incident thermal radiation. This impressive per-
formance is due to the high directionality of the THz receiver and to the fact
that the thermal noise is incoherent and adds randomly for successive gating
pulses, while the signal propagating in the THz beam is coherent and scales
linearly with the number of gating pulses.
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C. Measurements of the Time-Dependent Response Function

In this section the experimental study of the THz beam system is extended
to smaller 10 um-long antennas, which have a frequency response extending
to 6 THz. From the calculated THz optical transfer function together with
the known THz absorption, the limiting bandwidth of the system is extracted
following the procedure of Grischkowsky and K atzenellenbogen (1991). Be-
cause the transmitter and receiver are identical, identical transmitter and re-
ceiver bandwidths are obtained. This result is compared to the calculated
radiation spectrum from a Hertzian dipole driven by the current pulse de-
termined by the laser pulsewidth, the current risetime, and the carrier life-
time. From this comparison, the time-domain response function for the
antenna current is obtained.

The optoelectronic THz beam system is the same as previously described
and as shown in Fig. 1, except that here smaller antennas are used.
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Fig4 (a) Measured THz pulse to 70 psec. (b) Measured THz pulse on ex-
panded 10 psec time scale. (c) Amplitude spectrum to 4 THz of Fig. 4b.
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The antenna structure, again fabricated on ion-implanted SOS, is located in
the middle of a 20-mm-long coplanar transmission line consisting of two
parallel 5-um-wide aluminum lines separated from each other by 10 um. The
performance of the colliding-pulse, mode-locked (CPM) dye laser was im-
proved to provide 60 fsec excitation pulses in a beam with an average power
of 7 mW on the excitation spot.

For these 10-um-long antennas the measured transmitted THz pulse is
shown in Fig. 4a. This pulse is shown on an expanded time scale in Fig. 4b,
where the measured FWHM pulsewidth of 420 fsec (with no deconvolution)
is indicated. This pulsewidth is significantly shorter than the 540 fsec pulse
(Fig. 2a) obtained from the same experimental arrangement, but with the
30-um-long antennas as described in the previous section. The use of even
still smaller antennas did not significantly shorten the THz pulses. The nu-
merical Fourier transform of Fig. 4a is shown in Fig. 4c, where the amplitude
spectrum is seen to extend beyond 3 THz. The sharp spectral features are
water lines, from the residual water vapor present in the apparatus.
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Fig.5 (a) Transmission function to 4 THz. (b) Amplitude spectrum of Fig.
4c divided by transmission function. (c) Amplitude spectral response of
transmitter and receiver.
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Two effects reduce the spectral extent of the measured pulse (Fig. 4c).
These are the frequency-dependent transfer function, explained in detail by
Lesurf (1990), of the THz optical system (Fig. 1b) and the THz absorption
in the sapphire (SOS) chips The absorption of sapphire has been measured
by Russell and Bell (1967), Loewenstein et al (1973) and Grischkowsky et al
(1990). The transmission function describing these two effects is presented
in Fig. 5a, for our focusing geometry and the SOS chip thickness of 0.46 mm.
Dividing the measured spectrum in Fig. 4c by this transmission function we
obtain Fig. Sb. Here, the spectral extent is determined only by the product
of the receiver response and the transmitted spectrum. Because the trans-
mitter and receiver are identical, by the reciprocity theorem explained by
Monteath (1973), the transmitted spectrum is identical to the receiver re-
sponse, and is given by the square root of Fig.5b shown in Fig. 5c.

D. Calculation of the Semiconductor Time-Dependent Response Function .

In the small antenna limit corresponding to the Hertzian dipole, the gener-
ated radiation field is proportional to the time-derivative of the current pulse.
Based on-our study we conclude that the current in the antenna is mainly
determined by the intrinsic response of the semiconductor itself. The in-
trinsic time-domain response function will now be derived for a semicon-
ductor described by the simple Drude formalism. For this case the free
carriers are considered as classical point charges subject to random collisions.
Here the simplest version of this model is assumed, for which the collision
damping is independent of the carrier energy and for which the frequency
dependent complex conductivity o(w) is given by

(M

il
o(@)=94e 5 TF

where I'= 1/1 is the damping rate and 7 is the average collision time. The
dc conductivity is given by o4 = eusN, where e is the electron charge, pa
is the dc mobility and N is the carrier density. This relationship is in good
agreement with recent time-domain spectroscopy measurements, performed
by van Exter and Grischkowsky (1990a,b), on lightly doped silicon from low
frequencies to beyond 2 THz. The following procedure is similar to that of
Grischkowsky and Katzenellenbogen (1991). It is helpful to recast the
formalism into a frequency dependent mobility as
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T
) = pg, w—';,F . (2)

The dc current density is given by Ja« — 04«E, or equivalently Ja = eEuaN,
where E is a constant electric field for the simple case considered here. Be-
cause of the linearity of the current in N, for a time dependent carrier density
N(t), the time dependent current density can be written as

t
J(t) = eEJ u(t — N’ 3

—00

where p(t-t’) is the time-domain response function for the mobility. This
function is determined by the inverse transform of the frequency dependent
mobility to be the causal function

- -r) 4)

ut—1)=pgle
which vanishes for negative (t-t').
In order to facilitate the understanding of the photoconductive switch it
is useful to rewrite the basic Eq. (3) in the equivalent form,

t

;
J(t)=eEAJ u(t—t')j R(t' — ¢OI("dr"dr’, ®)

—00

where 1(t"") is the normalized intensity envelope function of the laser pulse,
A is a constant giving the conversion to absorbed photons/volume and R. is
the response function describing the decay of the photogenerated carriers.
By defining a new photocurrent respoﬂse function j,(t-t"), we can rewrite
Eq.(5) in the following way

J() = J'

t
jpc(t - t')I(t’)dtlv (6)

where j,(1-1") is obtained by evaluating Eq.(5) with a delta function o(t’") laser
pulse. Assuming the causal function R(t-t")= exp-(t’-t”)/t., describing a
simple exponential decay of the carriers with the carrier lifetime 7. (signif-
icantly longer than the average collision time 1) for positive (t-t”") and van-
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ishing for negative (t’-t”"), and that p(t-t’) is given by the Drude response of
Eq. (4), the causal response function j{t*) is then evaluated to be

pnqceEAT

et = e M= ¥

for positive t*= (t-t") and shown to vanish for negative t*. In the short pulse
limit of the ultrafast excitation pulses, the time dependence of the
photocurrent J(t) is approximately equal to that of the photocurrent response
function j,(t*) for positive t*. For a long carrier lifetime, the time depend-
ence of j.{(t*) is described by a simple exponential rise with a risetime of the
order of 1= 1/T, which is equal to 270 fsec and 150 fsec for the electrons and
holes, respectively, in lightly doped silicon as measured by van Exter and
Grischkowsky (1990a,b). As these results show, the material response can
be slow compared to the duration of the ultrafast laser excitation pulses
which can be as short as 10 fsec, but is more typically of the order of 60 fsec.
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Fig.6 Calculated photoconductive response function to 3 psec with the
scattering time 7= 270 fsec and infinite carrier lifetime 1. (upper curve) and
with 1, = 600 fsec (lower curve).

The time-dependent response function described by Eq. (7) is calculated
in Fig. 6 for the two cases; t = 270 fsec and 1. = oo, and 1 = 270 fsec and
7, = 600 fsec. The result for infinite carrier lifetime has the following intu-
itive interpretation. After the instantaneous creation of carriers, the initial
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current and mobility is zero. The carriers then accelerate ballistically, as
determined by the applied electric field, their charge and effective mass. This
acceleration continues for approximately a time equal to the scattering time
1, after which the velocity and current equilibrate to their steady-state value.
This discussion will now be shown to accurately describe the mathematical
dependence of Eq. (7). With 1. = oo, Eq. (7) is equal to

. o —1*/t
Jpd*) = e EA(L — e~ 1), (8)
which for times short compared to 7 reduces to

jpc(t‘) = pqeEA*[t. ¢

Remembering that for Drude theory pa = ¢/(n*T'), Eq. (9) is equivalent to
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Fig.7 (a) Calculated current pulse (11 psec timescale) in semiconductor and
antenna. (b) Time-derivative of current pulse. (c) Amplitude spectrum to 4
THz of Fig. 7b. (d) Comparison of Figs. 5c and 7c.
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j},c(t*) = Aet*(eE[m*), (10)

which describes the ballistic acceleration eE/m*.

For the photoconductive switches considered here, we assume the tiune-
domain response function j,{(t*) to be given by Eq. (7). This response func-
tion is then convolved with a Gaussian shaped laser pulse with a FWHM of
60 fsec, as prescribed by Eq. (6). The carrier lifetime 1, has been measured
by Doany et al (1987) to be 600 fsec for ion-implanted SOS. As demon-
strated in Fig. 7, good agreement with experiment is obtained with the aver-
age collision time 1 = 190 fsec. With these parameters the calculated shape
of the current pulse in the photoconductive switch and the Hertzian dipole
antenna is presented in Fig. 7a. The time derivative of this pulse is given in
Fig. 7b, where an extremely fast transient, corresponding to the rising edge
of the current pulse, is seen. The numerical Fourier transform of Fig. 7b,
presented in Fig. 7c, is the predicted amplitude spectrum of the transmitter.
In Fig. 7d, this spectrum is compared with the amplitude spectrum of the
transmitter from Fig. Sc; the agreement is excellent. Thus, we have deter-
mined an experimentally self-consistent time-domain response function de-
scribing the current in the Hertzian dipole antenna. For longer antennas for
which the radiated pulse is no longer the time-derivative of the current pulse,
the calculated current pulse is Fourier analysed and the resulting spectral
amplitudes are put into the antenna response to determine the emitted pulse.

In summary, we have shown that the 10-um-long antenna imbedded in the
coplanar transmission line has electrical properties much faster than the
semiconductor itself. Consequently, the performance is completely deter-
mined (and limited) by the intrinsic response time of the semiconductor.
With the 10-um-long antennas, it is now possible to directly study the dy-
namical response of free carriers in a variety of semiconductors.

E. A High-Performance Source Utilizing Trap Enhanced Electric Fields.

A different-type, high-performance optoelectronic source chip, first used to
generate pulses of freely propagating THz electromagnetic radiation by
Katzenellenbogen and Grischkowsky (1991), is shown in Fig. 84. The simple
coplanar transmission line structure consists of two 10-um-wide metal lines
separated by 80 um fabricated on high-resistivity GaAs. Irradiating the
metal-semiconductor interface (edge) of the positively biased line with fo-
cused ultrafast laser pulses produces synchronous bursts of THz radiation.
This occurs because each laser pulse creates a spot of photocarriers in a re-
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gion of extremely high electric field, the trap enhanced field described by
Ralph and Grischkowsky (1991). The consequent acceleration of the carriers
generates the burst of radiation. The CPM dye laser provides 60 fsec
excitation pulses with an average power of 5 mW at the 10um diameter
excitation spot. The major fraction of the laser generated burst of THz ra-
diation is emitted into the GaAs substrate in a cone normal to the interface
and is then collected and collimated by a crystalline silicon lens attached to
the back side of the chip. This source chip is completely compatible with the
previously described optoelectronic THz beam system .
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Fig.8 (a) Measured THz pulse to 70 psec. (b) Measured THz pulse on an
expanded 10 psec time scale. (c) Amplitude spectrum to 3.5 THz of the THz
pulse of Fig. 8a. (d) Source chip configuration used to generate the freely
propagating pulses of THz radiation.

The THz radiation detector is an ion-implanted SOS detection chip with the
antenna geometry shown in Fig. la, but with the faster 10-um-long antenna.

The measured THz pulse emitted from the laser excited metal-GaAs
interface with + 60V bias across the transmission line is shown in Fig. 8a,
and on an expanded time scale in Fig. 8. The measured pulsewidth with
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no deconvolution is seen to be 380 fsec. At the time these results were ob-
tained by Katzenellenbogen and Grischkowsky (1991), they were the shortest
directly measured THz pulses; the dip on the falling edge was the sharpest
feature ever observed with an ion-implanted detector and indicated a re-
sponse time faster than 190 fsec. The numerical Fourier transform of the
pulse of Fig. 8a, as presented in Fig. 8c, extends to beyond 3 THz; the sharp
line structure is due to residual water vapor present in the system.

In work (to be presented at QELS92) using this same type source and de-
tector, but with tighter optical focusing, better matched silicon lenses and
with the THz optical system of Fig. lb optimized to have a unity,
frequency-independent, transfer function, ultrashort THz pulses were meas-
ured with a ringing structure faster than 160 fsec. Their amplitude spectrum
peaked at 1 THz; the relative amplitude at 3 THz was 20%, at 4 THz was
5% and useful radiation extended to 5 THz. These results confirm the re-
sponse time of the receiver to be faster than 150 fsec, in agreement with the
direct characterization of Grischkowsky and Katzenellenbogen (1991) and
show that the entire optoelectronic system is competitive with the alternative
approach of THz interferometry, Greene et al (1991) and Ralph and
Grischkowsky (1992).

-

F. Other Sources and Receivers

[}

As allowed by the modular nature of the THz beam system, many different
combinations of antenna lengths, shapes and other semiconductors, GaAs:As,
Warren et al (1990, 1991), and GaAs, Grischkowsky et al (1990), van Exter
and Grischkowsky (1990b), Harde et al (1991a,b) and Warren et al (1991),
have been used. For the THz source chip the carrier lifetime is of little
concern, because the THz radiation is proportional to the time derivative of
the current pulse and therefore, is mainly generated on the steep rising edge.
Antenna of the same geometry but with longer arms between more widely
separated lines produce stronger, slower pulses with lower peak frequencies
as shown by van Exter and Grischkowsky (1990a,b). Different detectors can
also be used. Although other materials have been tried by Warren et al
(1991), ion-implanted SOS material is generally used due to its reproducible
properties and short carrier lifetime. The antenna length is chosen to suit the
measurement. The previously discussed 10 um-long antenna has a relatively
flat response from low frequencies to 6 THz. Slower more sensitive antennas
are obtained simply by increasing the separation between the coplanar lines,
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while keeping constant the 5 um photoconductive gap separation between the
two arms.

An alternative method of source characterization, which bypasses the
problems of receiver bandwidth, is based on far-infrared interferometric
techniques using a power detector. This approach was first demonstrated for
THz radiation sources by Greene et al (1991), who measured auto-correlation
signals with a fullwidth-at-half-maximum (FWHM) of 230 fsec for the THz
radiation pulse from laser created carriers accelerated by the surface field of
a photoconductive semiconductor. This approach used a single THz radi-
ation source, illuminated by 10 Hz repetition-rate, amplified, 100 fsec pulses
from a CPM dye laser, together with a Martin-Puplett interferometer and a
liquid helium cooled bolometer. A different interferometric approach, using
unamplified, 100 MHz repetition rate, CPM dye laser pulse excitation of a
two source interferometer has since been demonstrated by Ralph and
Grischkowsky (1992). Via this approach, together with fast, scanning-delay-
line averaging, orders of magnitude improvements in the signal-to-noise ratio
of the measured interferograms were obtained. Using this method, the THz
radiation source of Fig. 8a was shown to produce radiation to 6 THz. In
addition, a 230 fsec FWHM auto-correlation signal and an average power
of 30 nW for 4 mW of laser excitation power were measured for this source.
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THz TIME-DOMAIN-SPECTROSCOPY

The powerful technique of time-domain spectroscopy (TDS) has recently
been applied to several different systems using a variety of sources, as de-
scribed and reviewed by Grischkowsky et al (1990). With this technique two
electromagnetic pulseshapes are measured, the input pulse and the propa-
gated pulse, which has changed shape due to its passage through the sample
under study. Consequently, via Fourier analyses of the input and propagated
pulses, the frequency dependent absorption and dispersion of the sample can
be obtained. The useful frequency range of the method is determined by the
initial pulse duration and the time resolution of the detection process.
Therefore, with each reduction in the generated electromagnetic pulsewidth,
and/or the time resolution of detection, there is a corresponding increase in
the available frequency range. :

The combination of the TDS technique with THz beams has some pow-
erful advantages compared to traditional c.w. spectroscopy. Firstly, the de-
tection of the far-infrared radiation is extremely sensitive. Although the
energy per THz pulse is very low (0.1 femtoJoule), the 100 MHz repetition
rate and the coherent detection measures the electric field of the propagated
pulse with a signal-to-noise ratio of about 10,000 for an integration time of
125 msec, as demonstrated by van Exter and Grischkowsky (1990c). In terms
of average power this sensitivity exceeds that of liquid helium cooled
bolometers, by more than 1000 times. Secondly, because of the gated and
coherent detection, the thermal background, which plagues traditional meas-
urements in this frequency range, is observationally absent. Comparing time
domain spectroscopy with Fourier transform spectroscopy (FTS), it should
be clear that the frequency resolution of the two techniques are similar, as
they are both based on a scanning delay line, where to first order the fre-
quency resolution is determined by the reciprocal of the time scan. However,
the fact that TDS scans a delay line with a well-collimated optical beam does
present some experimental advantages. Although for now FTS is superior
above 4 THz (133 cm~"), the limited power of the radiation sources and the
problems with the thermal background favor TDS below 4 THz.

The most serious experimental problem limiting the accuracy of TDS
measurements involves the relatively long term changes in the laser pulses
and the consequent changes in the input THz pulses. During an experiment,
we first measure the input pulse (with no sample in place), then measure the
pulse transmitted through the sample, and finally remeasure the input pulse
with the sample removed. This sequence is repeated several times to obtain
good statistics. Typically, the amplitude spectral ratio of subsequent input
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pulses varies by +/- 5% over the frequency spectrum. This variation limits
the accuracy of an absorption measurement. In the same manner, the relative
phase of subsequent input pulses varies by +/- 0.05 radians over the same
spectrum, and thereby limits the accuracy of the measurements of the index
of refraction. Another experimental consideration involves the frequency
distribution across the profile of the THz beam, which consists of a series
of overlapping discs with diameters proportional to the wavelength. This
feature requires that the sample be uniform and be centered in the beam and
that an aperture of the same diameter as the sample blocks any THz radiation
from going around the sample. The aperture is kept in place for measure-
ment of the input pulse.

We will now describe several different type measurements that itlustrate
the generality and usefulness of THz-TDS.

A. Water Vapor

An early example of THz time-domain spectroscopy was the characterization
of water vapor from 0.25 THz to 1.5 THz, where the cross-sections of the 9
strongest lines were measured with the best accuracy to date by van Exter et
al (1989b).
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Fig.9 (a) Measured THz pulse (90 psec timescale) propagating in pure ni-
trogen. Inset shows pulse on an expanded 15 psec time scale. (b) Measured
THz pulse with 1.5 Torr of water vapor in the enclosure. Inset shows pulse
on a 20x expanded vertical scale.
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For these early measurements 30 um-long source and detector antennas on
jon-implanted SOS substrates were used together with MgO lenses instead
of the currently used, more optimal high-resistivity silicon. Figure 9a dis-
plays the detected THz radiation pulses after propagating through pure ni-
trogen. This measurement was made in a single 10 minute scan of the 200
psec relative time delay between the excitation and detection pulses. When
1.5 Torr of water vapor, corresponding to 8% humidity at 20.5° C, was added
to the enclosure, the transmitted pulse changed to that shown in Fig. 9b.
The additional fast oscillations are caused by the combined action of the
dispersion and absorption of the water vapor lines. The slower and more
erratic variations seen in both Figs. 9a and 9b result from reflections of the
main pulse. They are reproducible and divide out in the data analysis. The
inset shows the data on a 20X expanded vertical scale. Here, the oscillations
are seen to decay approximately exponentially with an average coherent re-
laxation time T>.

—
10} o
o) PNz
8 noaNg 13
08 === 4
5 Zpo0d =
wneomy e
[ — =LA
5 [ X} ';) ~ puocipunr i e S 4 E
w 0 o 4
> c & n
& 04 b4 (=] 1@
w M 12
o o o E
@ 02| o pxd iz
X -1.0 A " N
s ° 0.5 1.0 1.6 20
z2 2 FREQUENCY (THz)
3
I
208
<
w
Eo.A
3
Y
< 0

0 LX) 18 20

10
FREQUENCY (THz)

Fig.10 (a) Amplitude spectra to 2 THz of Figs. 9a and 9b. (b) Amplitude
absorption coefficient obtained from Fig. 10a. (c) Relative phase of the
spectral components of Fig. 10a.
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The amplitude spectra of Figs. 9a and 9b are compared in Fig. 10a, where
the strong water absorption lines are clearly observable. The additional
structure on both spectra is not noise but results from spurious reflections
of the main pulse. At each line are indicated the measured frequency with
an estimated error of +/- 0.001 THz and in parenthesis the literature value.
The corresponding absorption coefficients are displayed in Fig. 10b as the
negative of the natural logarithm of the ratio of the two amplitude spectra
in Fig. 10a. Because the electric field is directly measured, the relative
phaseshift between the two spectra is also obtained as plotted in Fig. 10c,
without the need of the Kramers-Kronig relations. As expected for a
Lorentzian line, the magnitude of the jump in phase experienced at each
resonance equals the peak absorption.

B. Sapphire and Silicon

The following measurements of Grischkowsky et al (1990) on single crystal
sapphire and silicon were motivated by the need to find the best material for
the THz lenses in contact with the emitting and detecting chips. The avail-
able published data were inadequate for this evaluation. Absorption of the
THz radiation by the lens material (initially sapphire) imposed an upper limit
on the bandwidth of the entire system.

1woF v 06— .
L

W 1 os} h
S ol (o) I I (®) 1
E I 4 o2} 1
5 - i
SN SN S
5 -0.9 4 ~02 ]
(3]

@ 3 1 -0.4

Bt - o * 7y * 0 £ * % * 0
TIME DELAY (ps) TIME DELAY (ps)

Fig.11 (a) Measured THz pulse to 30 psec. (b) Measured THz pulse (62.5-95
psec) after passage through the sapphire crystal.
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The use of silicon lenses, inspired by our measurements of unusually low
absorption and dispersion, immediately increased the system bandwidth from
2 to 3 THz and gave smoother THz pulses with less ringing structure.

The single crystal sapphire sample was a polished, 57 mm diameter disc,
9.589 mm thick, and with the C axis in the plane of the disc. A typical THz
input pulse incident upon the sample is shown in Fig. 1la, and the output
pulse (normalized to the input pulse) after propagation through the sample
is shown in Fig. 11b for which the C axis of the crystal was perpendicular to
the polarization. The reduction in amplitude is due to the reflective loss at
both surfaces and to the absorption suffered during passage through the
sapphire. The pulse at 73.4 psec delay is the ordinary pulse, while the smaller
pulse at 85.1 psec delay is the extraordinary pulse. The ratio of the peak of
the ordinary pulse to that of the extraordinary pulse is approximately 25:1
and gives the polarization sensitivity of our system. In terms of amplitude,
the polarization ratio of the generated THz beam is 5:1. The 11.8 psec sep-
aration between the two pulses is a measure of the birefringence of sapphire
and, neglecting the correction to group velocity due to dispersion, directly
gives the difference in the index of refraction between the extraordinary and
ordinary ray to be n, — n, = 0.37 compared to the the value of 0.34 measured
by Russell and Bell (1967) and tabulated by Gray (1982). When a full fre-
quency analysis is performed, excellent agreement is obtained with the liter-
ature value. The 73.4 psec time delay of the ordinary pulse with respect to
the 7.1 psec time delay of the pulse with no sample in place gives the ordinary
index of refraction n, = 3.07 in agreement with the literature value. The
absorption coefficient vs frequency determined from these pulses is shown in
Fig. 12a. Here, we see a monotonic increase in absorption with increasing
frequency with the expected quadratic dependence. Due to excessive atten-
uation caused by the sample being too thick for the weak higher frequency
components, the data is considered to be accurate only up to 1.75 THz.
Some of the previous work has been indicated on the curve, and shows a
rough agreement (within a factor of 2) with the TDS measurement. The
earliest work of Russell and Bell (1967) clearly gives too little absorption at
low frequencies, where our results are in better agreement with those of
Loewenstein et al (1973). The relative phases of the Fourier components
determine the index of refraction vs frequency as presented in Fig. 12b, which
compares reasonably well with the indicated earlier results.

Crystalline silicon is optically isotropic, eliminating concern about the
polarization of the incident THz beam and crystal orientation. Although
there is significant literature concerning the far-infrared properties of silicon,
below 2 THz there are noteworthy discrepancies among the published data
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Fig.12 TDS measurements to 2 THz of crystalline sapphire and silicon. The
circles are the measurements of Russell and Bell (1967) that are tabulated by
Gray (1982); the asterisks are the data of Loewenstein et al (1973). (a). Or-
dinary ray power absorption coefficient( cm— ") of sapphire. (b). Ordinary
ray index of refraction of sapphire. (c) Power absorption coefﬁc.lent.('cm")
of high-resistivity silicon. (d) Index of refraction of high-resistivity silicon.

with variations in the measured absorption coefficients of up to 10 times.
The main reason for this confusion is that below 2 THz the results are ex-
tremely sensitive to the presence of carriers. THz-TDS measurements of van
Exter and Grischkowsky (1990a,b) show that for 1 Q-cm, N-type silicon the
peak absorption is 100 ¢m~', and that for 10 Q-cm, N-type the absorption is
12 em='. Extrapolating these values to 100 Q-cm, & = 1| cm~'; at 1 kQ-cm,
a = 0.1 em-', and at 10 kQ-cm, « = 0.01 cm~'. Consequently, unless high
purity, high-resistivity material is used, what is measured is not the properties
of the intrinsic semiconductor but that of the carriers due to residual impu-
rities. This problem is most prevalent in the earlier work on silicon with
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resistivities of 10 Q-cm for the sample of Russell and Bell (1967) to 100
Q-cm for the sample of Loewenstein et al (1973).

The following TDS measurements were made on a 50 mm diameter, 20.046
mm thick single crystal of high-resistivity (greater thar 10 kQ-cm), float-zone
silicon. For this material we have measured unprecedented transparency to-
gether with a remarkably flat dispersion curve. This is an excellent material
for teraHz applications as can be seen from the absorption spectrum pre-
sented in Fig. 12c. Throughout the range from low frequencies up to 2 THz
the measured absorption coefficient is less than 0.05 cm~'. From the relative
phases of the spectral components, the index of refraction vs frequency is
obtained as presented in Fig. 12d. Here, the extremely desirable feature of
low-dispersion is clearly evident; the index of refraction changes by less than
0.001 over the entire measured spectrum.

i
C. N-Type and P-Type Silicon

We now describe a THz time-domain-spectroscopy measurement by van
Exter and Grischkowsky (1990a,b) of the absorption and dispersion due to
carriers in device-grade, doped silicon wafers. The frequency-dependent
properties were shown to be completely due to the carriers and not to the
host crystal. Consequently, the complex conductance could be characterized
over the widest frequency range to date. The samples used were a 283 um
thick wafer of 1.15-Qcm, N-type and a 258 um thick wafer of 0.92-Qcm P-
type silicon. The measured absorptions shown in Fig. 13a are more than
2000 times greater than that of the host crystal. Below 0.15 THz the data
becomes noisy due to the limited beam power, but the theoretically-predicted
drop in absorption at low frequencies is clearly observable. The clear dif-
ference between the N and P type material is due to the different dynamic
behavior of the electrons and holes. For these measurements the oscillations
due to the etalon effects of the sample geometry have been removed numer-
ically. As shown in Fig. 13b, the index of refraction is strongly frequency
dependent, having a clear minimum followed by a dramatic increase towards
lower frequencies. The agreement with the Drude theory (solid line) is ex-
ceptional.

As the THz optical properties of the samples are essentially completely
determined by the carrier dynamics, the complex electric conductivity of the
doped silicon has also been measured. Independent of Drude theory and
relying on only very general assumptions, the electric conductivity is obtained
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(without any fitting parameters) from the data of Figs. 13a and 13b; the re-
sulting real part of the conductivity is shown
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Fig.13 THz-TDS Results to 2 THz for 1.15-Qcm, N-type (dots, lower curves)
and 0.92-Qcm, P-type (circles, upper curves) silicon. (a) Power absorption.
(b) Index of refraction. (c) Real part of the electric conductivity. (d) Im-
aginary part of the electric conductivity.

in Fig. 13c and the imaginary part in Fig. 13d. The real part is strongly
frequency dependent, dropping monotonically from its DC peak to a reduced
value at the highest measured frequency of 2 THz. The extrapolated DC
conductivities are 0.89 Qcm for the P-type material and 1.13 Qcm for the
N-type, compared to the directly measured values of 0.92 Qcm (P-type) and
1.15 Qcm (N-type). The behavior of the imaginary part is completely dif-
ferent, increasing from zero at low frequencies, peaking at mid-range and
then showing a gradual decline. The agreement with the Drude theory (solid

line) is quite acceptable.

Nonlinear generation bf sub-psec pulses of THz EM radiation by optoelectronics 223

The two Drude parameters, the plasma angular frequency w, and the
damping rate I', were determined within 5% accuracy from the fits to the
data. For 0.92 Qcm P-type silicon w,/2r= 1.75 THz and I'/2r= 1.51 THz,
while for 1.15 Qcm N-type silicon w,/2nr = 1.01 THz and I'/2n = 0.64 THz.
The measured damping rates and the known effective carrier masses, deter-
mine mobilities of 1680 ¢m?/Vs for the electrons and 500 cm?/Vs for the holes.
The measured plasma frequencies and effective carrier masses determine the
carrier densities of 1.4x10'%/cm® for the P-type and 3.3x10'/cm® for the N-
type silicon. Thus, these device-grade silicon wafers have been electrically
characterized from low frequencies to 2 THz by THz-TDS.

D. THz Coherent Transients

An unusual and interesting observation by Harde et al (1991a,b) was that
after excitation by a well-collimated beam of subpsec pulses of THz radi-
ation, an N,0 vapor cell emitted a coherent THz pulse train extending to as
long as | nsec. The N,0 molecule has a permanent electric dipole moment
and a large number of strong rotational absorption lines with negligible
Doppler broadening within the THz frequency range. The propagation of a
0.5 psec THz pulse through such a molecular vapor excites a multitude of
rotational transitions in the impact approximation and causes the molecules
to reradiate a free-induction-decay (FID) signal which decays because of re-
laxation, interference and propagation effects. Due to the experimental sys-
tem’s exceptionally high signal-to-noise ratio, the FID signal can be
monitored to delay times as long as | nsec. Because the N,O molecule has
an almost constant frequency spacing between the rotational lines, a periodic
rephasing and dephasing of the entire ensemble of the more than 50 excited
transitions is observed. This situation contrasts to that of water vapor with
a multitude of incommensurate resonance lines, studied earlier by THz
time-domain spectroscopy by van Exter et al (1989b,c). Consequently, for
N,0 vapor after the initial excitation pulse, the sample emits a series of uni-
formly spaced (39.8 psec) subpsec THz pulses whose amplitude decays with
the coherent relaxation time T;. From these observations 7 can be directly
determined, even under conditions when in the frequency domain the ab-
sorption lines would be completely overlapping. From the pulse repetition
rate in the train the frequency separation between the rotational lines can be
determined, and because of the exceptionally high time resolution of better
than 0.5 psec, the anharmonicity in the linespacing can be detected as re-
shaping of the individual pulses in the train.
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Fig.14 (a) Measured transmitted THz pulse to 140 psec without N0 in the
cell. (b) Measured THz pulse with 600 Torr N,O vapor. (c) Calculated
transmitted THz pulse through 38.7 cm of 600 Torr of N,O vapor.

The measurements were performed on N,0 vapor within a 38.7 cm-long
stainless steel cell having 2-cm-thick, 5-cm-diameter windows of 10 kQ-cm
silicon. For an evacuated cell the output pulse shown in Fig. 14a was ob-
tained. When the cell is filled with 600 Torr of N,O vapor, the output
changes to that shown in Fig. 14b. Here, one sees the transmitted excitation
pulse followed by 3 coherent transients emitted by the vapor. The amplitude
of the first transient is 1/10 that of the excitation pulse.

Because the THz pulses are in the low-intensity limit of the Maxwell-Bloch
equations, the interaction of the electric field with the sample is described in
the frequency domain by simply introducing the absorption and dispersion
of the vapor. The numerical calculation is performed as follows. The “input
pulse” (Fig. 14a) is numerically Fourier analyzed. The resulting frequency
components are multiplied by the amplitude absorption and phase change.
The inverse numerical Fourier transform is performed giving the predicted
output pulse . The fact that the "input pulse” includes reflections, some ef-
fects due to residual water vapor and system noise, yields the predicted
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output pulses shown in Fig. l4c, that are remarkably similar to the actual
observation. [Every feature seen in the measurement of Fig. 14b, is re-
produced in the calculation.

SUMMARY

A optoelectronic THz beam system has been described. The performance
of the fastest version of this system is limited by the intrinsic time-response
of the semiconductor. Driven by repetitive fsec laser pulses this system can
generate and detect subpsec pulses of freely-propagating THz electromagnetic
radiation with a signal to noise ratio of 1000:1 and a time resolution of 150
fsec. The importance of this system to THz time-domain-spectroscopy was
illustrated by several examples of measurements. For these examples the high
performance of the system was responsible for the THz-TDS results exceed-
ing those obtained by the traditional methods of far-infrared (THz)

spectroscopy.
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