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Spatiotemporal shaping of terahertz pulses
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The Institute of Optics, University of Rochester, Rochaster, New York 14627
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We report temporal shaping of few-cycle terahertz puises, using & slit in a conductive screen as a high-pass

filter.

transition was altered by changing the thickness of the acreen.

The filter's cutoff frequency was tuned by changing the width of the slit; the slope of the cutofl

We measured the transmission function of the

filters, using large-aperture photoconducting antennas to create and detect the incident and transmitted electric
field. Qur experimental results were in excellent agreement with the performed finite-difference time-domain

simulations of the propagation of the pulse through the slit,
slit width, the filter was well modeled by a short, planar waveguide.
accurately describe the sharp cutoff and dispersion of such a filter.

Recently terahertz (THz) pulses have proved useful for
a wide variety of applications, including far-infrared/
time-domain spectroscopy,’ study and control of
Rydberg atoms,? T-ray imaging of optically opaque ma-
terials,* and impulse-ranging studies.® Applications
exploit the features of THz pulses that distinguish
them from optical pulses, namely their broad band-
width and long center wavelength. The broad
bandwidth allows for the exciting possibility for sculpt-
ing the pulses to meet a desired goal by modifying
their spectra. Although shaped THz pulses have been
made by modifying the optical pump intensity profile®
or by manufacturing more complex emitters,” there are
advantages to sculpting the THz field directly.®®
Because of the long wavelengths, fabricating quasi-
optical components for THz pulses is easier than for
optical pulses. Further, we can directly characterize
the effect of the THz shaping elements on the pulse,
using sampling techniques to measure the electric field
rather than the intensity.

In this Letter we report experiments in which we
shaped THz pulses using a slit in a conductive screen
as a high-pass filter."” We show that the shape of the
electric-field pulse transmitted through such a slit fil-
ter depends on the slit width and the screen thickness.
The filter's high-pass cutoff frequency, v, is inversely
proportional to the slit width, d, and so it can easily
be tuned. Varying the screen thickness, {, leads to two
modes of operation: If the screen thickness of the fil-
ter is much less than the cutoff wavelength, the fil-
tering results from lower frequencies’ diffracting more
severely. On the other hand, if the filter’s thickness is
greater than the cutoff wavelength, the filter behaves
like a short planar waveguide. This produces a much
sharper cutoff transition and pulse dispersion, which
we describe with a simple transfer function. We also
show the highly accurate results of finite-difference
time-domain (FDTD) simulations of pulses propagat-
ing through both types of slit filter.

The experimental configuration is shown in
Fig. 1. Both the emitter and detector of the TH2z

0146-9592/97/090627-03$10.00/0

When the screen thickness was greater than the
Using a simple transfer function, we
@ 1997 Optical Society of America

radiation were large-aperture photoconductive an-
tennas,)! We made the emitter of 1l-cm? (100)
semi-insulating GaAs biased with a field of 2 kV/cm
via parallel Au-Ge—Ni electrodes. A 150-fs, 810-nm
Ti:sapphire optical pulse triggered the THz emission by
uniformly illuminating the GaAs wafer with a fluence
of 20 uJ/em?. We fabricated the detector by deposit-
ing parallel Au—Ge—Ni electrodes, spaced 2 mm apart,
upon an epilayer of low-temperature molecular-beam-
epitaxy-grown GaAs (LT-GaAs). The 1.5-um-thick
LT-GaAs layer was grown at 200°C and annealed
in situ at 600°C to produce a short carrier lifetime
of ~1 ps. A delayed Ti:sapphire pulse gated the
detector by uniformly illuminating the 2-mm? active
area with a fluence of 0.5 mJ/cm®. When the optical
and the THz pulses were present in the LT-GaAs at
the same time, the carriers produced by the optical
pulse were accelerated by the electric field of the THz
pulse. The component of the THz field perpendicular
to the detector electrodes caused a current to flow in
an external circuit, We measured this small current
{~1 pA) by chopping the 1-kHz optical pulse train
that triggers the emitter and using a lock-in amplifier.
By varying the delay between the arrival of the THz
pulse and the optical gating pulse at the detector,

{4
Ld

L.

chopper

Ti:Sapphire
laser pulse polarizing delay line
A Dram spincer e——

— L\ D]

Fig. 1. Schematic of the experimental setup showing the
THz emitter (E), the dimensions of the slit filter (SF), and
the Qetector (D). The THz radiation is polarized along the
¥ axis,

® 1997 Optical Society of America
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Terahertz emission of population-inverted hot-holes in single-crystalline

silicon

E. Brundermann® and E. E. Haller
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We report THz emission of hot-holes in p-type silicon doped with a boron acceptor concentration
of Ny=1.5% 10" cm™*. We apply crossed electric (E) and magnetic (8) fields to the crystal
cooled 1o liquid helium temperature. Optical gain is found for field ratios E/B in the range
0.5-1kVem™' T™'. We calculate optical gain spectra in St and identify possible laser transitions.
© 1998 American Institute of Physics. [S0003-6951(98)01832-4]

Bulk single-crystalline silicon is not expected to function
as 4 laser material due to its indirect band gap. However,
Kromer pointed out in 1958 that microwave amplifiers based
on hol-holes in p-type germanium and silicon could be built
by using the warped valence band structure and optical pho-
non emission.’ Andronov er al.? suggested that superposing a
magnetic field perpendicular o an clectric field can create
conditions for heavy holes to emit optical phonons and to
converl with a finite probability into light holes while light
holes do not emit optical phonons and are trapped in cyclo-
tron orbits. This leads to a hot-hole population inversion in
the vatence band between light- and heavy-hole Landau lev-
els or within the light-hole Landau levels. The first observa-
tion of such an inversion® in Ge was followed by the dem-
onstration of the hot-hole p-type Ge laser in 1984.* Those
lasers were doped with NV, = 10" em ™ acceptors, had a low
compensation (< 10%) and operated in crossed electric and
magnetic (E1B) fields. Low compensation is required to
minimize impurity scattering which reduces the light-hole
lifetime. Acoustical phonon scattering is another process
which significantly limits the light-hole lifetime. Therefore,
the operating temperature for Ge lasers is limited to below
20 K. Modern Ge hot-hole lasers with nonhydrogenic accep-
tors can be tuned continuousfy between | and 4 THz.*

Several theoretical papers™'* report calculations of Si
hot-hole laser parameters but no relisble experimental proof
of a population inversion has been published. The advanta-
geouy predictions for Si in companison to Ge lasers involve 4
wider frequency tuning range up to 10 THz"'" and optical
gain at temperatures as high as 77 K.*'* Operation of THz
lasers at such high temperatures will have 4 major impact on
future astronomical swdies from satellites. Those lasers
could be used as local oscillators in heterodyne receivers to
measure radiation from molecules involved in star formation.
Here we present the first observations of THz emission from
population-inverted hot-holes in p-type silicon.

Two boron doped Si samples (N,=1.5X10" cm™)
were cut and polished similar to Ge laser crystals.® The di-

mensions are 30X 5X4.1 mm® and 3X3x4.0 mm®. The
ohmic contacts were formed by implantation of boron ions
with a dose of 3% 10> em™? at 33 keV on two opposite
faces at 77 K followed by annealing at 500°C for 1 h.*3
Finally, the crystals were metallized by sputtering of 20 nm
Cr. 20 nm Pd and 200 nm Au. The inter-contact distances
were 4.1 and 4.0 mm. All crystal surfaces were oriented
paraltel 0 (100). The crystals were immersed in liquid he-
fium {LHe) at 42 K. A dc magnetic induction Bup to 7 T
perpendicular to the electric field was applied by a supercon-
ducting coil in the (001} direction along the 30 or 3 mm long
sample axis. respectively. The heavy-hole current flows in
the vicinity of the heuviest hole mass direction along the
{110} axis due to the Hall field component. This orientation
was predicted to be preferable for a population inversion.’
The applied electric field £ was pulsed with variable pulse
length (1-20 z5) and repetition rate (1-20 Hz). The high
refractive index of Si facilitates amplification of internal re-
flection modes. Emission pulses were measured by a Ge:Ga
photodetector mounted above the Si crystal in LHe in the
Faraday configuration and observed on a 500 MHz digital
oscilloscope.

Figure | shows the emission signal of the 30 mm long Si
crystal. We interpret the increase in emission below 1 kV
em 'T ! with spontaneous emission of sccumuisted light
holes. The further nonlinear steep increase in the 0.6-0.73
kxV em ™' T range corresponds to optical gain. We find the
maximum emission for B=3 T at E/B=0.65kVem ' T

—_—
1

Intensity farb.u.)

L=

0.5 1.0 bs
E,/B (kVem T )

FiG. 1. Emission from the 30 mm Si crystal vs the applied electric Held
{E,} and magnetic induction (B) ratio £, /B. The applied electric field was
1.8 kVicm.
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Ultrafast carrier trapping and slow recombination in ion-bombarded silicon
on sapphire measured via THz spectroscopy

- Stuart D. Brorson, Jucheng Zhang,® and Séren R. Keiding

Odense Universitet, DK-5230 Odense M, Denmark

(Received 29 November 1993; accepted for publication 8 February 1994}

We have performed two different types of femtosecond pump and probe measurements on THz
transmitting antennas fabricated on ion-bombarded silicon-on-sapphire chips. We find evidence that
the decay of the photoexcited current occurs on a time scale of less than | ps. Simultaneously, we
observe unambiguous evidence of screening originating from carriers trapped in long-lived trap
states. A simple model of carrier transport and screening in the presence of fast trapping and slow

recombination is discussed.

The fastest electrical pulses obtainable are produced us-
ing Auston switches (photoconductive gaps) fabricated on
photoconductors having relaxation times on the order of 1 ps
or less.! One such material of great technological importance
is ion-bombarded silicon on sapphire (SOS), which has been
measured having relaxation times as fast as 600 5.2 It is
ordinarily supposed that the relaxation is due to extremely
fast carrier trapping and/or recombination at localized defect
sites caused by ion bombardment.'? In this letter we describe
results obtained from two different types of femtosecond
pump and probe measurements on THz transmitting antennas
fabricated on ion-bombarded SOS. The results of these mea-
surements show unequivocally the presence of screening in
the irradiated region of the Auston switch over nanosecond
fime scales. Simultapeously, we observe that the relaxation
time of the photoexcited current is <1 ps. Qur measurements
are consistent with ultrafast trapping of mobile carriers
dominating over recombination, followed by slow recombi-
nation of the trapped carriers.

The experiments were performed using miniature dipole
antennas fabricated on SOS chips. Similar devices are com-
monly used in THz spectroscopy; the set up is reviewed in
detail in Ref. 4. We used ““10-30-10" antennas for our ex-
periments. The electrode spacing in the photoconducting gap
was 5 um, the width of the “tabs” forming the antenna was
10 um. The silicon layer was 0.5 um thick. The photocon-
ductive region was jon bombarded with a dosage of 10"
cm™? using 100 keV O ions, giving a mean implantation
depth of 0.22 xm and a straggle of 0.053 um.’ The transmit-
ting and receiving antennas were pumped with =200 fs,
A=750 nm pulses from a mode-locked TiAlLO; laser. All
data were obtained using synchronous detection techniques
fie., chopper and lock in).

Both experiments discussed here were pump and probe
Mcasurements on the transmitting antenna similar to those
reported in Ref. 6. In the first measurement, the transmitting
antenna is excited by two laser pulses—called * pump™ and
"probe”—which are separated by a fixed time delay 7. The

time behavior of the emitted THz signal is measured at the

feceiving antenna by scanning the arrival time (of @ laser

pulse—called the “gate”—at the receiver. Below, we will
call this the “THz measurement.” In the second measure-

-_—
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ment, we monitor the current flowing in the transmitting an-
tenna, and sweep the time delay 7 between pump and probe
pulses. We will refer to this as the “‘current measurement”
below. It is similar in principle to measurements previously
reported by Carruthers in ultrafast photodiodes,” and by Hail
et al. in semiconductor laser amplifiers.®

[n the THz measurement, we chopped only the pump
laser beam at frequency f, (typically ~1 kHz), and detected
the THz signal at the receiver using a lock-in amplifier tuned
to the same frequency. Then, scans were taken of the re-
ceived THz signal for different time delays between pump
and probe. Representative data are shown in Fig. 1, where
the probe pulse has been delayed over a range T~ —6 to +6
ps. The data shown were taken for equal powers in pump and
probe beams, p,,~13.4 mW, P=13.8 mW. The THz pulse
radiated by the pump beam is clearly visible at ¢=0,

Also visible is a signal due to the probe which can be

THz Signal (arb. units)

11|lilllll|]l||||
-5 0 S

Time {ps)

FIG. 1. THz pulse amplitude vs time ¢ at the receiving antenna. The THz
pulse produced by the chopped pump is visible at ¢=0, Also visible is the
smaller signal caused by the probe pulse at the transmitter, running from
=06 ps (upper left} to ~+6 ps (lower right).

© 1994 Ameyican Institute of Physics 2385
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Coherent terahertz radiation detection: Direct comparison between
free-space electro-optic sampling and antenna detection
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We compare the use of free-space electro-optic sampling (FSEQS) with photoconducting antennas
to detect terahertz (THz) radiation in the range of 0.1-3 THz. For the same average THz power and
low-frequency modulation. signal-to-noise rutio and sensitivity are better with antenna detection at
frequencies smalfler than 3 THz. When the modulation frequency is increased to more than | MHz
in FSEOS. both detection schemes have comparable performance. Using a singular-electric-field
THz emilter, we demonstrate the feasibility of a THz imaging system using real-time delay scanning
in FSEOS and only 20 mW of laser power. [S0003-6951(98)03930-8]

Traditional coherent terahertz (THz) radiation detection
schemes involve the use of gated photoconducting untennas
as detectors for freely propagating THz electromagnetic
waves. This is true both for THz spcctroscupy'“5 and for
THz imaging systems.® Recently, some groups have used
free-space electro-optic sampling (FSEOS) as an aliernate
detection scheme.”™" The advantage of the latter is the
higher detection bandwidth that can be as high as 37 THz.'"
Although previous reports of FSEOS measurements showed
reasenable signal-to-noise ratios (SNR), 4 detailed compari-
son between both techniques for the same laser power is stitl
missing. It is the purpose of this letier to present such a
comparison. especially in the limit of low laser power and 1o
show the feasibility of a fast delay scan, single-pixel imuging
system based oo FSEOS.

In order to carry out this comparison, we use 4 compact
THz system with a common generator and dual detection
capability as shown in Fig. |. Both pump and probe beams
are derived from a mode-locked Tisupphire laser (100 fs.
800 nm). The emission of freely propagating THz waves is
achieved by exciting 4 singular-electric-field photoconduc-
tive antenna™ with pulses rom this laser. These emitters
were fabricated on low-temperature GuAs (LTG) with dipole
lengths of 45 and 60 wm and 4 53 um gap biased at ~30 V.
The exvitation power is kept fixed at ~20 mW. The detec-
tion side consists of a dual setup. Figure 1(a) shows the
FSEOS setup where the detector is a 2.2 mm thick ZnTe
crystal. A pair of balanced silicon photodiodes (OSD 3-3TR
with TMQ-16-1 transformer for impedance matching) is
used to analyze the polarization rotation that the THz field
induces vn the visible probe beam. Figure 1(b) shows the
antenna (75 um LTG dipole with 2 5 um gap) detection
scheme. The probe power used in the FSEOS detection is 1.8
mW (0.9 mW on each photodiode). In order to maximize the

YELectronic mail: ipal@bell-labs.com
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SNR. the photocurrent in each photodiode has to be maxi-
mized but be kept below saturation. [n the antenna detection
scheme. we use a ~20 mW laser beam to gate the antenna.

Both detection schemes rely on lock-in detection, chop-
ping the laser beam that generales the THz radiation. When
the chopping frequency is kept at a few kilohertz, the an-
tenna detection scheme always has a better SNR (by almost
two orders of magnitude in our system). The electro-optic
sumpling technique is very sensitive o laser noise (which
can be quite substantial in an Ar-pumped Ti-sapphire laser
at low frequencies) and w0 low-frequency mechanical and
acoustival disturbances. This is because one has to detect
very small changes in polarization {typically, ~ 10741075
in the probe beam. On the other hand, photoconducting an-
tennas directly detect a photocurrent induced by the incident
THz field. The laser noise influence can be overcome by
modulating the visible pump beam at high frequencies (>1
MHz); This typically lowers the laser noise by ~30 dB.

{a)
EFS
AOM THz emitt
puHmp
20X
{b)
probe
EFS
THzZ emit
pumg
) to
aoM pox! current lock-in
v preamp

FIG. |. Experimental seqp: {a) free.space electro-optic sampling: (b) pho-
tocondective antenna. fn buth cases the THz source is a singular-glectnc-
field emitter with 20 mW pumip and 40 V bias {80 gA photocurrent}.
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We present new designs of more efficient terahertz (THz) radiation emitters and detectors enhanced
by electric field singularities using sharp and laterally offset electrodes. We compare the
performances of the teraheriz emission and different polarization properties resulting from these
structures. An average THz radiation power of 3 uW is achieved under 20 mW excitation, calibrated
by free space electro-optic sampling. We also study the gap size dependence of the THz radiation,
and find an absence of a positive electrode effect in the small gap limit. © 1997 American Institute

of Physics. [S0003-6951(97)03341-X]

We have recently shown that singular electric fields oc-
curring near sharp metal electrode structures can signifi-
cantly enhance the THz radiation emanating from photoex-
cited photoconductive switches.' This enhancement is due to
both the acceleration of carriers in very high electric fields
and to optical rectification through field enhanced y.¥ In that
previous work, we used electrode gaps larger than 75 um,
and most of the enhancement appeared near the anode. We
also observed that a saturation in the THz emission intensity
was reached for a given electrode spacing, thus limiting the
efficiency of these emitters. In this work we describe even
more powerful THz emitters and detectors by using new
elecrode geometries in the limit of small gaps that optimize
the singular electric fields experienced by the photogenerated
carriers. We compare the relative THz radiation power of
various new dipole designs, and calibrate the absolute aver-
age power of the THz beam using free space electro-optic
sampling.

The new THz emitters consist of two coplanar striplines
with sharp indentations facing each other, as depicted in the
inset of Fig. 1. We vary the separation between the parallel
striplines 4 and the gap distance g. if g is small, then 4 is
approximately equal to the dipole length. Two dimensional
clectrostatic calculations were carmied out during the design
process. Invariably, the strongest fringing electric fields are
found near the triangular tips (i.e., structure TTM and TTOQ in
Fig. | tnset). The sharpness of the electrodes determines the
peak value of the singular electric ficld. Moreover, the fring-
ing fields are enhanced when laterally offset electrodes are
used (i.e., structure TTO in Fig. 1 inset). The offset angle
provides additional control in maximizing the overlap of
high electric field regions with the laser excitation spot,

The photoconducting antennas are fabricated by conven-
tional lithography on low temperature (LT) GaAs grown at
~ 250 °C and post-annealed at 600 °C for 1 min. The metal

“Electronic mail: yicai@physics.bell-labs.com
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patterns are deposited using one of the usual schemes for
ohmic contacts on n-type GaAs (Au—Ge, Ni, Ti, Au). Figure
1 (inset) shows a schematic diagram of the metal electrodes
deposited on the structures.

First we measure and compare the THz emission inten-
sity of each structure by using a standard coherent THz de-
tection system with scanning capabilities on the emitter
side.! The peak and average THz power are calibrated with
free space electro-optic sampling.’ On the emitter side, a
short laser pulse (780 nm, - 1001fs) excites the sample
through a 50X objective. The emitter is scanned with a spa-
tial resolution of 0.4 xm, and the terahertz signals are re-
corded for each pixel. The generated THz radiation is then
collected with a pair of off-axis paraboloids. The detection
side consists of a dual setup, antenna and free space electro-
optic sampling. In the antenna detection scheme, the THz
dipole antenna is fabricated on LT GaAs using a 75-um-long
and 20-um-wide conventional dipole structure FFF as shown

T 1 L} 1 L) ] 1

R Excite the whole gap e
— 1.0 -BEE] Excite on singularity
@ e e TTO
c L
5 o8 5 TT43
g ™
=06 4 e FTM
113 ) FF
:
g 04 £
N ke .
£ b FIL

0.0 £ %18
(FF1 FF FTL TTO TT45 TTM FTM «d
Structure

FIG. L. THz radiation power as a function of dipole structures measured in
a 60 um dipole, 5 um gap. under 20 V bizs and 20 mW excitation. Shown
in the inset is a schematic diagram of the metal electrodes used in the new
THz emitters and detectors.

© 1897 American Institute of Physics
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Far-infrared terahertz time-domain spectroscopy of flames
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We present what is to our knowledge the first comprehensive far-infrared absorption measurement of flames.
These measurements, covering the region of 7-88 wave numbers (0.2-2 65 THz) are only now made possible
by the technique of terahertz time-domain spectroscopy. We observe a large number of absorption lines—
including those of water, CH, and NH3—in a stationary, premixed, propane-air flame. The absorption
strength permits the determination of species concentration along the beam path. The flame temperature
is determined by comparison of the relative strengths of the water vapor lines. © 1995 Optical Society of

America

For commercial as well as scientific reasons, combus-
tion processes have been the subject of intensive inves-
tigation. Important questions for understanding and
accurately modeling combustion are the species present
in the flame and the spatial distribution and tempera-
ture of these species. A wide variety of laser-based
techniques, such as laser-induced fluorescence, four-
wave mixing, and various Raman processes, have
been used to measure one or more of these param-
eters.! Nonlinear techniques offer excellent spatial
resolution but provide data that can be difficult to in-
terpret, and the high intensities required may perturb
the flame. Fluorescence methods have excellent sen-
sitivity but are often affected by quenching and broad-
band emission from scot. Since no method is capable
of providing a complete characterization of flames, al-
ternative techniques are often used in conjunction.

Here we report what is to our knowledge the first
panoramic far-infrared [terahertz (THz)] absorption
measurement of combustion products in a premixed
laminar hydrocarbon-air flame. The comprehensive
spectra that we obtain provide a survey of the rela-
tive abundance of the constituents of the flame. Such
gverview data are also valuable in guiding higher-
resolution methods to spectral regions of interest and
in determining absolute concentrations of important
constituents for application of other techniques hav-
ing better spatial and temporal resolution. We also
determine the flame temperature by comparing rela-
tive populations of rotational states of water vapor.
Previous studies that used diode lasers to monitor
vibrationa!—rotational transitions’ and ccherent anti-
Stokes Raman spectroscopy of the ) band® have
demonstrated the importance and accuracy of water
vapor thermometry.

Before the research described in this Letter, com-
prehensive far-infrared (THz) absorption spectroscopy
of flames had not been possible. This situation is
due mainly to the fact that alternative methods such
as Fourier-transform spectroscopy use incoherent
bolometric (liguid-helium-cooled) detection, which is
overwhelmed by the copious amounts of far-infrared
radiation emitted by flames. In contrast, our newly
developed THz time-domain spectroscopy (THz-TDS)
technique* uses a time-gated coherent receiver, which
is immune to the THz radiation emitted by the flame.

0146-9592/95/151646-03%6.00/0

At the same time the coherent detection is 1000 times
more sensitive to THz radiation than a helium-cooled
bolometer. Another important advantage is that the
THz source generates a well-collimated, low-divergence
beam for which the receiver has a correspending small
acceptance angle. Amplitude signal-to-noise ratios in
THz-TDS can exceed 10*:1 (1081 in power). Finally,
the bandwidth of THz-TDS can extend continuously
over a wide spectral range, from 0.1 to greater than
6 THz, permitting the simultaneous detection of many
species.

The THz-TDS setup shown in Fig. 1{a) was de-
scribed previously.* As depicted in Fig. 1(a), the
collimated 1-cm-diameter THz beam passed through
a premixed laminar flame. The atmospheric pres-
sure flame was stabilized on a water-cooled porous
sintered bronze burner,® 2.5 cm wide by 12.5cm
long. Such flames are stationary—the spatial
geometry and composition remain constant in
time. Our flame was stable over the duration of
the experiment. Propane and dry air in a near-
stoichiometric 1:22 ratic were supplied to the burner
at a 20-L/min total flow rate. The entire appara-
tus was contained in an airtight box purged with
dry air to eliminate the effects of ambient water
vapor.® The burner was isolated in a metal chimney
separate from the airtight box and vented to air
through a metal baffle to prevent contamination of
the dry air by combustion products. The windows
separating the flame from the enclosure were thin
quartz plates (~0.16 mm thick) fused onto quartz
tubes that extended the windows into the flame.

A measured THz pulse envelope for this system
with 125 cm of laboratory air (15% relative hu-
midity) between the windows is partially shown in
Fig. 1{b). The complete measurement extended to
290 ps. Shorter scans provide less spectral resolution
but a better signal-to-noise ratio. Al! the structure
following the excitation pulse is signal from water
vapor. The noise level on this scan is <0.1 pA, result-
ing in a signal-to-noise ratio of more than 10,000:1. To
obtain a better numerical spectral resolution, we
extended the full 290-ps time-domain data with
zeros' — increasing the length by a factor of 16 before
taking the Fourier transform shown in Fig. 1(c). The
n-fold extension of a data set by zeros at equally
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Generation of 10-THz transients from a subpicosecond optical pulse

and a 1-THz field in quantum welis
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A quantum well simultanecusly subjected to a | kV/em, 1 THz field, and a 100 fs optical pulse is
shown to result in emission of a sub-ps strong upshifted ~10 THz wansient. © /997 American

Institute of Physics. [S0003-6951(97)01601-X]

In the following, we propose the simultaneous exposure
of a quantum well (QW) to a broadband <100 fs optical
pulse (7 is the pulse duration)—to excite both free and Cou-
lombically bound electron-hole (e-h) pairs (excitons) from
the crystal ground state—'and a #,~ 1 kV/em, wo~1 THz
driving field o enable the generation of sub-ps ~10 THz
electromagnetic (EM) transients.? The 10 THz emission is
due (o the time-varying dipole moment of the photoexcited
radial e~h wavepacket in the 1 THz ficld, and arises from the
quantum beating between the 15 exciton and continuum con-
tributions of the wavepacket. We show that the amplitude of
the emitted field is expected to be a factor of 10 larger than
submillimeter fields generated from QWs via charge oscilla-
tions or optical rectification.’ The use of a QW rather than a
bulk semiconductor is beneficial since with compressive
strain we can conveniently further increase the splitting of
the heavy- and light-hole excitons thus eliminating undesired
quantum beats between these levels and the ensuing compli-
canons for the strong-field dynamics.

We begin with a discussion of the excitation of the
wavepacket which supplies the initial conditions for the
strong-field dynamics and then consider the generation of
EM uansients by the wavepacket in the presence of an in-
tense THz field. In the QW, an optical pulse centered near
the QW bandedge E, and with a bandwidth that exceeds the
I s-exciton binding energy E, coherendy excites from the
crystal ground state exciton s states with principle quantum
numbers ranging from n=1 through the contintum.' The
wavepacket dynamics subsequent to impulsive optical exci-
tation can be reconstructed theoretically from the linear op-
tical susceptibility y(t) in the time domain. The e—h radial
wavepacket Y(r=0,1)=f"__dt'p(t—1")Z,(¢'), up 10 a
normalization constant, where ‘(_fop.(t} is the electric field of
the excitation opticat pulse with r in the in-plane relative e—h
coordinate.* By working in the Lehman representation of the
Hamiltonian # for an electron and hole interacting via their
mutual Coulomb interaction, we can reconstruct the entire r
and  dependence of #{r,t). The e—h wavepacket for arbi-
irary rois tp(r,f)tf'_xdr’D(r,O;t*!')Knm(t'), where
D(r,r";1) is the Green's function, with a normalization de-
fined below, for the e~h relative motion in the presence of
the e—h Coulomb interaction, i.e., D '=¢— H, where € is
the energy varable and H _,(r)=E, . (r) with ¢, the exci-
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ton envelope function with quantum numbers k and £, the
energy of the state.

‘Te calculate the response to the strong THz field, we
assume that we can apply to ¢(r,¢) the classical equations of
motion  X(#)= —xyf,[cos(wt+ $)—cos ¢+ ax sin ¢] for a
free electron of reduced mass u subject (o initial conditions
x(0)=x(0)=0 in the time-varying electric field #(¢)n,
= &yn, cos{wi+ ¢), where xg=e %,/ pw? is the amplitude of
the induced displacement, i, is a unit vector in the x direc-
tion which lies in the QW plane, and ¢ is the phase of
the driving field at the time (=0 of photoexcitation.>®
Both quiver and drift contributions are included in x(r).¢ in
fact, we shall see that the treatment below applies to more
general cases, such as pulsed THz fields since the upshified
emission occurs within the first THz cycle. The remaining
step is to calculate the electricdipole response ed(1)
={y(t)|ex| 1)), and hence the EM emission ccd(r), asso-
ciated with the wavepacket. We only consider the
ls (¢,,(r,t)] and continuum [¢.(r,s)] terms in the wave-
packet. (Our calculations have shown that the wave-
packet dynamics under broadband excitation are dominated
by the ls and continuum states.’) Moreover, we take
Ui (e =[".dt'D, (r,0,1—1")& (') o be given by
the zero-field expression, and we make a semiclassical
approximadon for .(r,t), namely, we take for the
time-dependent  continuum  part  of the  wave-
function in the presence of the driving field o be
Ye(ry=J" .dt'D (r,0,i—t"}# (1').° Here D, (r,0.)
=g, (r)e Eirtgs) with E\,=E,,—il'|,, where E, is
the energy of the 1s exciton and I'y, is its homogeneous
width, and D_(r,0,0)= —i[(2m)? w/(h0)]e,  (O)expliy|r
—x(0)|2/(2ht)]Xexp{ —i[E.— Lux2(6)]t/h} 1) is the 2D
free-particle propagator with £4=FE—il';, where £, is the
encrgy of the edge of the e—h continuum and ['4 its dephas-
ing rate assumed energy and state independent.® We have
negiected the Sommerfeld factor in the continuum, which for
realistic QWs has a rather weak effect. One finds for (> 7
that the upshifted portion of the dipole moment is dominated
by d(r)=2Re( . (1)}|x| 1 .(1)). In the following, we assume
an excitation optical pulse ,,(t}=48(1), ie., the pulse du-
ration is much less than w;l. In addition, we neglect the
effect of dephasing while the pulse is present. To facilitate
the evaluation of the matrix element, we approximate
qp“(r)=(nfr”z)f'exp(—rllnz), where 7=ay/2 (ay 15 the
bulk exciton Bohr radiusj may be determined variationally.
Provided x;; and the spatial width of ¢, (r,t) far exceeds

© 1997 American Institute of Physics 1189
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Optical Rectification at Semiconductor Surfaces

Shun Lien Chuang
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We show that far-infrared radiation can be generated in the depletion field near semiconductor sur-
faces via the inverse Franz-Keldysh effect or electric-ficld-induced optical rectification. This mechanism
is conceptuaily differem from those previously proposed and accounts for many recent experimental ob-

servations.

PACS numbers: 78.20.Jq, 42.65.Bp. 73.25.+H

A significant body of work dating back to the early
days of pulsed lasers has explored the generation of far-
infrared {FIR) radiation using visible-light sources and
electro-optic materials. In such materials, the nonlinear
interaction belween two optical fields produces a static or
slowly varying electric field at the beat frequency, with an
intensity determined by the instantaneous intensity of the
optical fields. This phenomenon has been designated as
the “inverse electro-optic eflect,” “optical rectification,”

space within the penetration depth of the incident optica
field. Subsequently, as indicated by the solid arrows ir
Fig. |, electrons are accelerated by the surface depletior
field. while holes remain confined to the surface. The re-
sulting current surge 3J//31 then gives rise to FIR radia
tion. where J is proportional [4] to the photoelectron pop:
oTation 7 and matcrial mobility . However, as indicatec
Bmm. [, there exists an alternative
approach to the problem, based on nonvertical transition:

or, more generally, “difference frequency mixing” [1]. A
number of picosecond time scale demonstrations of this
effect have appeared in the literature (2). More recently,
the generation and detection of picosecond and subpi-
cosecond FIR transients has taken a new direction, utiliz-
ing photoconductive media coupled to antenna structures
[3]. In these experiments the FIR generation process has
been explained as Hertzian radiation from time-varying
electric currents. T

Very recently, it has been shown experimentally that
ultrashort pulses of FIR radiation can also be generated
from ultrashort optical pulses incident on a semiconduc-
tor surface [4.5]. This observation opens up new and ex-
citing possibilities for terahertz spectroscopy and charac-
terization of electronic properties of semiconductor sur-
faces. These studies have culminated in the observation
of FIR transients as short as 120 fs [5]. The commonly
a_g(wplinalion for the effect has remained in the
domain_of urges occurring in the surface de-
pletion field (4. In the present work, however. we wish
10 reexamine this most recent phenomenon in the original
context of optical rectification and second-order_optical
nonlinearities. Our model quantitatively takes into ac-
count both ‘the above band-gap (resonant} nature of the
excitation process as well as the presence of a surface de-
pletion field. [n so doing, we find that we can satisfactori-
ly account for many key experimental observations, most
importantly the absolute intensity of the detected hight
and its dependence on crystallographic orientation.

Figure | shows a simple representation of the energy-
band extrema of a semiconductor near the surface. In a
conventional transport picture one assumes that clectron-

hole (e-h) pairs are created by vertical transitions in real

in real space. Because ’cg_spatial separation of final elec
{ron and hole states, this process feads to an instantane
ous FIR polarization Fo whose second time derivative
32Po/dr? detcrmines the radiated signal. This sta
{ionary-state picture also underlies some theoretica
descriptions of the Franz-Keldysh effect, ic. the
modification of optical properties by a static electric fielc
[6].

In lowest order in the optical field £, and neglecting
nontocal effects, the FIR {(static) polarization Po inducec
perpendicular to the surface may be written as

Po=r (0 —w.wNEL|*. {1
Air Semiconductor
™
Mg
\ Conduction Band
]
tw H-F---=-"="—"=7"==--—
~p] ! Chemical Potential
t
t
'
-
6\
Valence Band
f t -
-d/j? 0 a2 L2
FIG. |. Energy-band extrema near a semiconductor surface
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Optical and electronic properties of doped silicon from 0.1 to 2 THz

Martin van Exter and D. Grischkowsky
IBM Waison Research Center, P.Q. Box 218, Yorkiown Heights, New York 10598

(Received 11 December 1989; accepted for publication 14 February 1990)

Using a source of freely propagating subpicosecond pulses of THz radiation, we have measured
the absorption and dispersion of both N- and P-type, 1 {2 cm silicon from 0.1 to 2 THz. These
results give the corresponding frequency-dependent complex conductance over the widest
frequency range to date. The data provide a complete view on the dynamics of both electrons
and holes and are well fit by the simple Drude relationship.

The dynamics of carriers in semiconductors is impor-
tant from both the scientific as well as the technical point of
view. The most interesting phenomena occur at frequencies
comparable to either the plasma frequency or the damping
rate.'”” Unfortunately, this usually occurs in the submilli-
meter region, which is difficult to reach with microwave®® as
well as with far-infrared"’ techniques. Below 100 GHz, mi-
crowave techniques have been used for single-frequency
studies. The high-frequency behavior of semiconductors has
been investigated with classical far-infrared spectrosco-
py."*" However, for moderate doping, the strongest absorp-
tion of the free carriers lies below 2 THz, where classical far-
infrared spectroscopy becomes very difficult. Consequently,
the investigation of the most important frequency range
from 0.1 to 2 THz has remained incomplete (1.5 THz = 50
em”~! = 6.2 meV).

Recently a new system has become available for spectro-
scopic studies in the range from 0.1 to 2.0 THz.*? This sys-
tem is based on the optoelectronic generation and reception
of a beam of subpicosecond THz pulses. By inserting a sam-
ple in the beam and comparing the shape of the original
subpicosecond THz pulses with the shapes of pulses that
have propagated through the sample, one is able to deduce
the frequency-dependent absorption and dispersion.

in this letter we describe an application of the above
time-domain spectroscopy technique to a complete measure-
ment of the absorption and dispersion due to carriers in
doped silicon. The measured samples were V- and P-doped,
1 £ ¢m silicon. The dopants were phosphorus and boron.
respectively, and the flat wafers had a ( 111} orientation. The
frequency-dependent properties are shown to be completely
due to the carriers and not to the host crystal. Our measure-
ments extend from 0.1 to 2 THz and allow for the most com-
prehensive determination of the complex conductivity to
date. To first order the results are well fit by the simple
Drude theory, although slight deviations indicate that
further refinements in the theory are needed.

The setup used to generate and detect the short pulses of
THz radiation is depicted in Fig. 1(a} and has been de-
scribed earlier *” The transmitter and recetver are identical.
each consisting of a micron-sized dipole antenna imbedded
in a coplanar transmission line and optoelectronically driven
by 70 fs pulses from a colliding-puise mode-locked dye laser.
A large fraction of the generated pulses of THz radiation is
captured by a silicen lens attached to the transmitting chip
and is directed onto a paraboloidal mirror that recollimates
the radiation into a low divergence beam. This THz beam is

1694 Appl. Phys. Lett. 56 (17), 23 April 1890
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directed towards the receiver where it is focused onto th
receiving antenna. The amplitude and time dependence ¢
the transient voltage induced across the receiving antenn
are obtained by measuring the collected charge (current
versus the time delay between the THz pulses and the lase
pulses that synchronously gate the receiver. Such a me:
sured transmitted THz pulse with no sample in pilace |
shown in Fig. 1{b). The corresponding amplitude spectrur
of this 0.5 ps full width at half maximum pulse is presented :
Fig. 1(c) and illustrates the 2 THz bandwidth available fo
spectroscopy.

Figure 2(a) shows a THz pulse transmitted through
283-um-thick sample of 1.15 £X cm, A-type silicon. The fir:
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FIG. 1 {a) Schematic of the experiment; (b) measured transmiteed 1
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Terahertz time-domain spectroscopy of water vapor

Martin van Exter, Ch. Fattinger, and D. Grischkowsky
{BM Watson Research Center. P.O. Box 218, Yorktown Heights, New York 10598

Received April 24, 1989; accepted August 3, 1989

We describe the application of & new high-brightness, terahertz-beam system to time-domain spectroscopy. By
analyzing the propagation of terahertz electromagnetic pulses through water vapor, we have made what we believe
are the most accurate measurements to date of the absorption cross sections of the water molecule for the nine
ttrongest lines in the frequency range from 0.2 to 1.45 THz.

Recently several new sources of freely propagating
electromagnetic pulses have been demonstrated!-3;
the spectral content of these sources extends from low
frequencies to the terahertz frequency range. Using
an optical approach in which a transient Hertzian di-
pole was tightly coupled to a sapphire collimating lens,
we produced beams of single-cycle 0.5-THz pulses.?
With the addition of paraboloidal focusing and colli-
mating mirrors,* the resulting system has high bright-
ness and extremetly high collection efficiency.

In this Letter we describe the application of this new
high-brightness system to time-domain spectrosco-
py> @ by studying the propagation of terahertz beams
through water vapor. Fourier analysis of the directly
measured electric fields of the propagated pulses, with
and without water vapor in the beam path, yields the
absorption and dispersion of water vapor as a function
of frequency. This technique has some powerful ad-
vantages in producing results that appear to be equiv-
alent to those of traditional cw spectroscopy. First,
the detection of the far-infrared radiation is extremely
sensitive. Although the energy per terahertz pulse is
very low (1 aJ), the 100-MHz repetition rate and the
coherent detection allow us to determine the electric
field of the propagated pulse with a signal-to-noise
ratio of ~3000 for an integration time of 125 msec. In
terms of average power this sensitivity exceeds that of
liquid-helium-cooled bolometers? by more than 1000
times. Second, because of the gated and coherent
detection, the thermal background that plagues tradi-
tional measurements in this frequency range? is obser-
vationally absent. These two advantages have en-
abled us to make what we believe are the most accu-
rate measurements to date of the absorption cross
sections of the nine strongest rotational transitions of
water vapor in the frequency range from 0.2 THz (6.6
cm™!) to 1.45 THz (48.4 cm ™).

The terahertz radiation source! is illustrated in Fig.
1(a). The emitting dipolar antenna was located in the
middle of a 20-mm-long transmission line consisting of
two parallel 10-um-wide aluminum lines separated
from each other by 30 um. The pattern was fabricated
on an ion-implanted, silicon-on-sapphire wafer. The
antenna was driven by photoconductively shorting the
5-um antenna gap with 70-fsec pulses coming at a 100-
MHz rate in a 1.5-mW beam from a colliding-pulse,

0146-9592/89/201128-03%2.00

mode-locked dye laser. The terahertz radiation de-
tector! uses the same ultrafast antenna and terminat-
ing transmission line as the transmitter. During oper-
ation the antenna is driven by the incoming terahertz
radiation pulse polarized parallel to the antenna. The
induced time-dependent voltage across the antenna
gap is measured by shorting the gap with the 70-fsec
optical pulses in the detection beam and monitoring
the coliected charge (current) versus the time delay
between the excitation and detection laser pulses.
The terahertz optics! illustrated in Fig. 1(b) consists
of two matched crystalline magnesium oxide {MgO)
spherical lenses in contact with the sapphire side of
the silicon-on-sapphire chips located near the foci of
two identical paraboloidal mirrors. The combination
of the MgO lens and the paraboloidal mirror colli-
mated the emitted radiation to beam diameters (10-70
mm) proportional to the wavelength and with a fre-
quency-independent divergence of only 25 mrad. The
second identical combination on the teceiving end fo-
cused the terahertz beam onto the detector. The total
path length from transmitter to receiver was 88 cm, of
which 86 cm was located in an airtight enclosure in
which the water-vapor content could be controiled.
Figure 2(a) displays the detected terahertz radia-
tion pulses after propagating through 1 atm of pure
nitrogen. This high signal-to-noise measurement
with millivolts of signal was made in a single 10-min
scan of the 200-psec relative time delay between the
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Fig.1. (a) Ultrafast dipolar antenna. (b) Terahertz optics.
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Characterization of an Optoelectronic
Terahertz Beam System

MARTIN van EXTER anoc DANIEL R. GRISCHKOWSKY, SENIOR MEMBER, IEEE

Abstract —We describe the performance of an optoelectronic THz
beam system. The transmilter operation is based on the repetitive,
subpicosecond laser excitation of a Hertzian dipole antenna embedded
in a charged coplanar line. With this transmitter electromagnetic beams
of 1/2 cycle THz pulses at a repetition rate of 100 MHz are produced.
The associated oploelectronic receiver is gated in synchronism with the
excitation of the transmitter by subpicosecond pulses from the same
laser source. With this receiver, the 10 pW beams of THz pulses were
observed with a signal-to-noise ratio greater than 10000:1. Several
sources contributing to the noise of the receiver are discussed, (ogether
with ways to reduce them. With an integration time of 125 ms, 2
signal-to-noise ratio of | is obtained for a THz beam with an average
power of 10 ~** W. The receiver operates in the sampling mode and has
a time resolution of 0.5 ps.

[. INTRODUCTION

N A SERIES of recent papers, the features and apphi-

cations of a new high-brightness pulsed THz beam
system have been reported {1]-[4]. The highest perfor-
mance version of the system is based on repetitive, subpi-
cosecond optical excitation of a Hertzian dipole antenna
[3]-[5] embedded in a charged coplanar transmission line
structure. The burst of radiation emitted by the resulting
transient dipote 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 exception-
ally tight coupling between the transmitter and receiver,
while the excellent focusing properties preserve the subpi-
cosecond time dependence of the source.

As mentioned previously (2]-[{4], the combination of
THz optics with the synchronously gated, optoelectronic
detection process has exceptional sensitivity for repeti-
tively pulsed beams of THz radiation. With lenses and
mirrors it is possible to direct a large fraction of the
radiation, emitted during the excitation of an optoelec-
tronic device, onto a distant device. The transmitted
waveforms have been measured with subpicosecond reso-
lution and with signal-to-noise ratios of more than
10000: 1. This result was obtained with a repetition rate
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of 100 MHz, an integration time of 125 ms, and &
average power of 10 nW in the THz beam.

In this paper we present measurements and analysis ¢
the total emitted power, the beam collection efficienc
and the limiting noise properties of the THz receiver. |
particular, we show how the combination of THz optic
with the optoelectronic, subpicosecond, synchronous ga
ing of the receiver allows for the measurement of incider
THz beams with peak powers far less than the incider
room-temperature thermal radiation in the same frc
quency range. Methods to further improve the perfo
mance of the receiver are also discussed.

The exceptional sensitivity is due in part to the hig
performance of the THz optics. Via two stages of collim:
tion a THz beam with a frequency-independent dive:
gence of 25 mrad is obtained from the THz transmitic
The THz receiver with identical optical properties collec
essentially all of this beam. The resulting tightly couple
system of the THz transmitter and receiver gives stron
reception of the transmitted pulses of THz radiation aftc
many meters of propagation.

Another reason for the exceptional sensitivity is th
the optoelectronic gating changes the effective resistanc
of the receiving antenna from 22 M(} in the off statc
550 ) in the on state. The gating window of the on stat
lasts for approximately 0.6 ps. The duty cycle of 0.6 X 10”
is given by the ratio of the 0.6 ps gating time to the peric
of the 100 MHz sampling rate. Consequently, the averig
resistance seen by a current amplifier directly connect
to the receiving antenna is about 7 M{}. Therefore, wi
respect to the current amplifier, the receiver has a hig
impedance together with a subpicosecond response.

A final important feature of the detection method
that it is a coherent process; the electric field of a repe
tive pulse of THz radiation is directly measured. Becau
we synchronously detect a repetitive signal, the tot
charge (current) from the signal increases linearly wi
the number of sampling pulses, while the charge (currer
from noise increases only as the square root of the nu'
ber of pulses.

II. EXPERIMENTAL SETUP

The setup used to generate and detect beams of st
pulses of THz radiation is presented in Fig. 1. The tra!
mitting and receiving antennas are identical, each consl
ing of the metallic pattern shown in Fig. 1(a) (3], wh!

0018-7480 /90 /1110-1684301.00 ©1990 IEEE



High-brightness terahertz beams characterized with an ultrafast detector

Martin van Exter, Ch. Fattinger, and D. Grischkowsky
IBM Waison Research Center, P. O. Box 218, Yorktown Heights, New York 10598

(Received 9 March 1989; accepted for publication 15 May 1989)

We have significantly improved the emission and detection of electromagnetic beams of single-
cycle 0.5 THz pulses, through the use of new dipolar antenna structures. The frequency
response was extended to well bevond 1 THz, and the beam power was increased by more than
L5 times. The antennas were located at the foci of sapphire lenses and were photoconductively
driven by ultrafast laser pulses. An additional collimation by a paraboloidal mirror produced a
beam with a 25 mrad divergence, and subsequent focusing by a second identical mirror
improved the coupling between the transmitting and receiving antenna by orders of magnitude.

Since the initial experiments of Hertz,' the Hertzian di-
pole has been known to be an important emitter and receiver
of radiation with wavelengths large compared to the dipole.
Modern integrated circuit techniques have now made possi-
ble the precise fabrication of micron-sized dipoles, which
when driven with subpicosecond excitation can radiate well
into the terahertz regime. The importance of these integrat-

lircuit versions of the Hertzian dipole as generators and

tors of terahertz radiation was first demonstrated by
Auston er al.” Recent work has introduced an optical tech-
nique to collect, coliimate, and focus the terahertz radiation
emitted by Hertzian dipoles,™* produced by shorting a
tharged coplanar transmission line with ultrashort laser
pulses.’ When these dipole sources were tocated at the foci of
spherical mirrors or lenses, most of the emitted radiation
was captured and could be focused on detectors or collimat-
ed to produce relatively large diameter diffraction limited
beams. Besides the high coupling efficiency, the excellent
focusing properties preserved the subpicosecond time de-
pendence of the source.

The above optical approach represents an alternative
and complementary method to recent works extending radio
and microwave techniques into the terahertz regime through
the use of antennas.™ " For example, Mourou et al.” used a
subpicosecond laser pulse to trigger a GaAs photoconduc-
ive switch driving a coaxial cable terminated by a milli-

'r-sized dipole antenna. This combination produced a
.owave transient of several picoseconds. Later, Heide-
mann er al.” demonstrated the importance of planar anten-
nas by exciting a larger, exponentially tapered. slot-line an-
tenna with a laser-driven photoconductive switch 1o obtain
nanosecond bursts of radiation. As discussed in their paper,
this pianar design is readily adaptable to integrated circunt
fabrication with a consequent increase in bandwidth as the
sze is reduced. Defonzo er al* demonstrated picosecond
performance of an integrated circuit version of an antenna
smilar to that of Ref, (7). Later, Defonzo er al. developed
and demonstrated an improved impedance-maiched an-
'enna consisting of an exponentially flared transmussion
line.* This design reduced antenna reflections and produced
clean |10 ps bursts of radiation. In the most recent work.,
wbpicosecond pulses have been generated. transmitted. and
detected by Smith er al.,'" who used integrated circuit tech-
MIques 1o fabricate ultrafast dipolar antennas terminated by
toplanar transmission lines.

In this letter we report the use of 4 new ultrafast dipole

W Appl. Phys. Lelt. 55 (4). 24 July 1989
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antenna structure, optimized for photoconductive excita-
tion, as the radiation source for the optical method.**!' Us-
ing this antenr.a we achieve an increase in transmitted beam
power of more than 15 times, compared to the earlier work.*
The antenna was located at the focus of a collimating sap-
phire lens in contact with the sapphire side of an ion-im-
planted, ** silicon-on-sapphire (SOS) chip on which the an-
tenna was fabricated. In addition, when the simple gap
structure initially used for detection®* was replaced with this
antenna, the frequency response was significantly extended.
In fact, we show that the signal measured by the antenna is
the time derivative of the signa! measured by the gap.
Through the use of paraboloidal coilimating and focusing
mirrors, we have obtained a frequency-independent diver-
gence of only 25 mrad and have increased the coupling be-
tween the transmitter and receiver by orders of magnitude.
This tight coupling is evidenced by the fact that we measure
etectrical signals of many millivolts after a free-flight path of
80 cm.

The terahertz radiation source is illustrated in Fig. 1{a).
Because this antenna directs all of the photocurrent into the
antenna arms, it performs somewhat better than a dipole
antenna at the end of a transmission line.'” For comparable
dimenstons, more power is radiated and the noise level is
lower due to the larger separation between the lines. A sim-
ple scaling argument compares the efficiency of the new an-
tenna with that achieved by the earlier “sliding contact”
technique'* of simply shorting-out a coplanar transmission
line, For this case the photocarrier density is inversely pro-
portional to the area of the focused laser spot with a diameter
approximately equal to the spacing between the lines. The
area of contact of the photoconductive spot with the lines is
proportional to the diameter of the laser spot. Consequently,
with the same electric field between the lines, the photocur-
rent 1s inversely proportional to the line separation. There-
fore. the main advantage of the new antenna design is that
the total photocurrent from a 5 gm gap is put into a 30 ym
antenna. Directly shorting a coplanar line with 30 um sepa-
ration between the two lines and with a six times higher bias
voltage, would produce a current only 1/6 of that obtained
by the antenna. The 20-#m-wide antenna structure was lo-
cated in the middle of a 20-mm-long transmission line con-
sisting of two parallel 10-um-wide, 1-um-thick, 5 (2/mm,
aluminum lines separated from each other by 30 um. The
antenna was driven by photoconductive shorting the 5 um
antenna gap with 70 fs pulses coming at a 100 MHz rate in a
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We have generated (reeiyv propagating, diffraction-limited beams of single-cycle 0.5 THz
electromagnctic pulses from a S-mm-diam coherent source. After propagating 100 cm in air,
there was little change in the measured subps pulse shape, even though the signal strength was
reduced by 20 times compared to the strength at 10 cm.

The importance of integrated circuit versions of the
Hertzian dipole as generators and detectors of terahertz ra-
diation was first demonstrated by Auston er al.' In a recent
paper an optical approach was introduced to focus and to
manipulate the terahertz radiation emitted by the Hertzian
dipole source with an ultrafast time dependence.” The dipole
had small dimensions compared to any of the radiated wave-
lengths and was produced by shorting a charged coplanar
transmission line with an ultrashort laser pulse. When this
dipole source was located at a focal point of a spherical mir-
ror, essentially all of the emitted radiation was captured by
the mirror and could be focused on an ultrafast optically
driven photoconductive switch. Besides the extremely high
coupling efficiency, the excellent focusing properties pre-
served the subps time dependence of the source. This ap-
proach represents an alternative and complementary meth-
od to recent works extending radio and microwave
techniques into the terahertz regime through the use of an-
tennas.

In this letter we report the application of the optical
technigue 1o the generation of diffraction-limited terahertz
beams with a relatively large source size, by locating the
ultrafast dipole source at the focal point of a collimating lens.
This technique allowed us to produce, for the first time. dif-
fraction-limited beams of single-cycle 0.5 terahertz pulses
from a coherent source ¢ the time dependence is much faster
than the transit tme across the source )} of 5 mm diameter.
Because of their relatively low divergence, the single-cyeie
puises were eastly measured after a propagation distance of
100 cm. The detection was accomplished by focusing the
terahertzbeam on a photoconductive switch driven by asub-
picosecond laser pulse.

The terahertz radiation source is similar to that used
before™ " and is dllustrated in Fig. 1(a}. Here. the 20 pm
sized subps electric dipoles are created by photoconductive
shorting of the charged coplanar transmission bine with 7G5
pulses from a colliding-pulse. mode-locked dve laser. As de-
scribed previousky, the electrical pulse coupled to the trans-
mission line has the same time dependence as the transient
electric dipole responsible for the terahertz radiation.” This
clectrical pulse on the line was measured by a fast photocon-
ductive switch (driven by the monitor beam, a time-delayed
beam of the same 70 fs laser pulses), which connected the
transmission line to the electnical probe. The 20-mm-long
transmussion line had a design impedance of 125 {1 and con-
sisted of two parallel 5-ugm wide, 0.5-gm-thick aluminum
lines separated from each other by 15 um. The measured dc
resistance of a single 3 zrm hine was 101 /mm. The transmis-
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sion line was fabricated on an undoped silicon-on-sapphire
(SOS) wafer, which was heavily implanted to ensure the
required short carrier lifetime.’

The terahertz radiation detector shown in Fig. 1(b) i
simply a photoconductive gap of 5 um spacing with a width
of 25 um. This gap was fabricated as above on a separate SOS
chip. One side of the gap is grounded, and a current amplifier
is connected across the gap as indicated. During operation
the gap is biased by the incoming terahertz radiation pulse
polarized across the gap. The measurement is made by shont.
ing the gap via the 70 fs ultrashort optical pulses in the detec-
tion beam and measuring the collected charge {current) ver.
sus the time delay between the excitation and detection
pulses.

The terahertz optics illustrated in Fig. 1(c) consist of
two crystalline sapphire, spherical lenses contacted to the
backside (sapphire side) of the SOS chips. For the radiation

TERAHZ RAQIATION SOURCE

"SLIDING CONTACT"
—y—LT e .
= 1253
EXCITATION BEAM

- 5 F
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TERAH! RADIATION DETECTOR
(o}

TERAHZ BEAM .

DETECTION BEAM

{e}
LASER TERAHZ BEAM
EXCITATION

BE AM

LASER
DETECTION
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505
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SAPPHIRE

LENS SAPPHIRE
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FIG | (a3 Schematsc diagram of the charged coplanas transmission hine.

The laser excitation beam spot defines the loconion of the transient elecine
dipale. The monitor beam measures the electrical pulse coupled to the iine.
(b Schemate diagram of the terahertz detector. The laser detection beam
spat s shown centered on the gap in the focal spot of the terahertz racdiation
iv 1 Schemane diagram of the collimating and focusing opiics consisting of
crystalline, sapphure lenses in contact with the backside (sapphire side) of
the SOS chups,
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Gouy shift and temporal reshaping of focused
single-cycle electromagnetic pulses

Simin Feng and Herbert G. Winful
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We discuss exact solutions of Maxwell's equations that describe the evolution of single-cycie electromagnetic

pulses.

The solutions are applied to recent observations of the diffraction transformation of terahertz pulses.

In particular, we elucidate the role of the Gouy shift in the temporal reshaping and polarity reversals of single-

cycle terahertz pulses.
OCIS codes: 320.0320, 320.5550, 320.5540.

Advances in ultrafast optical technology have made
possible the generation of single-cycle and half-cycle
electromagnetic pulses of subpicosecond temporal
duration." These pulses have center frequencies in
the terahertz range and spectra that extend from
zero to several terahertz. This extraordinarily large
bandwidth results in significant temporal reshap-
ing of focused terahertz pulses even when they
propagate through free space or pass through aper-
tures.?® Analysis of this diffraction-induced pulse
shaping is usually carried out through numerical
solution of Maxwell’s equations.® On another front
there is much interest in exact solutions of Maxwell's
equations that describe the localized transmission
of electromagnetic energy.'”® One particularly in-
teresting class of solutions termed electromagnetic
directed-energy pulse trains by Ziolkowski*™® has
finite total energy and could prove useful in de-
scribing ultrashort-pulse phenomena in regimes
beyond the slowly varying envelope and the paraxial
approximations.

In this Letter we show that a certain subset of Zi-
olkowski’s electromagnetic directed-energy solutions of
Maxwell's equations can describe most of the observed
features of focused single-cycle electromagnetic pulses.
These exact solutions demonstrate how the Guoy phase

shift of focused beams leads to temporal reshaping

and polarity reversals as terahertz pulses propagate
through free space.

The modified power spectrum pulse discovered by
Ziolkowski™® is an exact solution of the free-space wave
equation:

(1

In terms of the variables p? = x> ~ %, r = z — of,
or =2 —cf, and s = p?/igy ~ i7) — {7, the modified
power spectrum solution is given by

Fle,ty = fa/lgy ~ 1) (5 ~ qa) (2)
0146-9592/98/050385-03$10.00/0
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for a pulse propagating along the z direction. Here
gy and gz are parameters with dimensions of length
that can be shown to determine the peak wavelength
and the Rayleigh range of the pulses, respectively.
For the typical terahertz pulse ¢, is a few orders of
magnitude smaller than g,. Vector field solutions of
Maxwell's equations are then readily obtained by use
of the method of Hertz potentials” In this Letter
we construct a Hertz vector that is transverse to the
direction of propagation Il = Zf(r,¢), where & is a
unit vector. The electric and the magnetic fields are
then found from E = —ugV x dll/a¢t and H = % =
7 % I, respectively. In Ref. 7, the use of a z-directed
Hertz potential was reported to result in toroidat wave
packets, termed focused deughnuts. We find here that
the transversely oriented Hertz potential results in
oblate wave packets that resemble focused pancakes.

For the case in which g1 << g2 (which means that the
effective wavelength of the pulse is much shorter than
the Rayleigh range), it can be shown that the dominant
field components are

o gy ~ i7)% — (g2 — ia)
E,ir, t)y = 2f0,] — - - : i3)
st fo € [p?+ gy ~ ir)lgz — i) :
2p2cos(20) ~ igy ~ i7)% ~ (ga - (o)
Her, 6y = 2 ; ; —— =
(.8 = 2 {p? ~ g1 — ir)lgy — (o)
(4}

where ¢ = tan '{ y/x). The E, component is exactly
zero owing to the x orientation of the Hertz vector.
The other components are such that E,/E, and H,/H,
are of the order of O{\/q1/g2), whereas H,/H, is of the
order of O(g,/q2).

Equations (3) and (4) are exact, finite-energy
solutions of Maxwell's equations that describe the
spatiotemporal evolution of focused single-cycle elec-
tromagnetic pulses with diffraction effects included.
Owing to the linearity of Maxwell's equations, the real
and the imaginary parts of Eqs. (3) and (4) separately

© 1998 Optical Society of America
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Coherent, broadband midinfrared terahertz beam sensors
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With proper selection of the electro-optic terahertz (THz) wave emitter and semsor crystals, we
demonstrate the coherent measurement of tree-space broadband radiation spanning 100 GHz to over
30 THz. This effort supports the feasibility of midinfrared time-domain spectroscopy, © 1998
Amerwcan Institute of Physics. [S0003-695((98)03347-6]

The generation of midintrared pulses through the optical
rectification extended the radiation frequency trom a few
TH2 w several tens of THz.'™ The coherent measurement of
4 detection frequency greater than 5 THz was demonstrated
using a GaP* und a ZnTe clectro-optic sensor.® This oplo-
electronic technique opens the door to the midinfrared (mid-
IR} region for coherent emission spectroscopy. time-domain
spectroseopy. and ultrafast pump-probe spectroscopy.

[o this lever, we report the recent study of coherent,
broadhand midinfrared THz beam sensors. We focus on free-
space clectro-optic sampling of the THz pulse in the fre-
quency range higher than the optical phonon levels of the
sensor crystals. Experimental results of midinfrared THz
pulse measurements indicate that the thickness of the electro-
optic crystals (both emitter and sensor) is a crucial factor
inttuencing the temporal wave form and spectral bandwidth
of the measured THz pulse. With proper sclection of the
comtier and sensor, tuking proper consideration of their pho-
non bunds. i s feasible to achieve a useable frequency band-
width ranginy from 1080 GHz to 30 THz, We present the
experimental resubts of the coherent generation and detection
of femtosecond THz midinfrared pulses.

The experimental setup of the eiectro-optic mid-[R de-
lechion system is depicted in Fig. 1. A 12 fs Ti:sapphire laser
delivers an average power of ncarly 500 mW at a center
warvelength of 800 nm. Electro-optic crystals (including
GuaAs. InP. ZnTe. CdTe. GaP. BBO. and LiTuQ,) with dif-
lerent thickness were used as the emitters and sensors. Three
hundred and fifty nulliwatts of the laser power were focused
on the emitter by a gold-coated off-uxis parubolic mirror
wilth 4 5 cm effective focal length. The broadband THz ra-
distion generaled from the emitter by optical rectification
was collimated and then focused on the sensor by a pair of
#7106 otf-uxis parabolic mirrors, The luser probe beam was
cambined to collicearty travel with the THz beam through a
Zum-thick pethele. which had a negligible effect on the
taser pulse width and THz beam. If the emitter crystal is
fransparent to the optical excitation beam. such as for ZnTe.
Galor LiTaQ.. 4 sibeon waler is placed after the emitter
ervstal w block the optical beam but transmit the THz beam.
The ctectro-optic modulation induced by the ultrafast Pock-
ehs effect was detected by using a pair of balanced photo-
diodes. By varying the time delay between the optical pump
and probe pulses. the temporal wave form of the midinfrared
transient was sampled.

Chlectrome mal: zhanexe Wrpredn

0003-5951/98/73(211/3049/3/$15 .00
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Previous research on ZnTe indicates a good velocity-
matching range between the laser pulse {centered at 800 nm)
and far-infrared THz beam (centered at 2 THz or 150 gm).>7
However, broadband velocity matching from far-IR to
mid-IR is not possible, Therefore, a sensor crystal with
proper thickness is & crucial condition for the optimization of
generating and detecting midinfrared pulsed radiation. Lim-
ited by the coherence length and propagating dispersion of
the THz beam in both emitter and sensor crystals, a ZnTe
crystal of 4 few millimeters in length might be the ideal
length for a fur-IR THz measurement, but it is not the opti-
mal length for a mid-IR THz measurement. The dispetsion
of the THz beam in the crystal is the major factor influencing
the shape and spectrum of the measured mid-IR beam.

[n order to reduce the propagating dispersion in the mid-
infrared. a thin emitter and seosor is crucial. Figure 2(a}
showy a typical temporal waveform obtained from a 30 um
{110} ZnTe emitter and 27 gm {110} ZnTe sensor. Weak
structures o the waveform before and after the main peak are
due 10 optical beam and THz beam reflections within the
ZnTe crystals. Since both emitter and sensor are very thin.
the chirp of the 1emporal wuve form due to the propagating
dispersion is minimized. The Fourier transform of the THz
wave form is shown in Fig. 2(b). Since both the emitter and
sensor are ZnTe crystals. there is only one transverse optical
phonon band centered at 5.3 THz. The spectral modulation in
the spectrum iy due (o the multiple reflection of the THz field
in the ZnTe crystals. The dip around |7 THz in the spectrum
15 the response cutoff due tu velocity mismatching. The in-
dex difference between optical group index and midinfrared
index in ZnTe is 0.6. which carresponds to a group-velocity
mismatch of 60 fs in a 30-gm-thick ZaTe crystal.® Accord-
ing to the response cutotf modeling.” the frequency cutotf

Emutter

r
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FIG. 1 Schematic illustration ot the experimentat setup tor the generation
amd sderection o mudintrared THz beam.
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Terahertz Studies of Collision-Broadened Rotational Lines
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response theory which explicitly includes the molecular orientation time during a collision. Due to the broad§
bandwidth of the THz pulses, we demonstrate the validity of this molecular response theory for the far-wingg
absorption of methy! fluoride, chloride, and bromide. The excellent theoretical fit to our measuremen
encompassing the frequency range over which this transition occurs indicates a molecular response time on?
the order of 200 fs. These measurements also permit determination of the line-width dependence on th

rotational quantum number /,

L Introduction

Important information on the collision behavior and inter-
molecular forces is obtained through the width and shape of
broadened spectral lines from optical to microwave frequencies,' ~3

- The near-resonance part of the line shape is mainly determined

Y the collision frequency or time between collisions. However,

the far wings of the resonance lines are strongly influenced by

the interaction forces between molecules which occur during
the cotlision itself,

The analysis of most spectroscopic data s performed using
two line shapes based on two different orientational distributions
after a collision. The line shape of Lorentz* assumes that after
a collision the molecules are orented randomly with respect to
the applied electromagnetic field. This assumption prevents the
Lorentz theory from reducing to that of Debye in the zero-
frequency resonant case. This discrepancy was removed by van
Vleck and Weisskopf, who developed a line-shape theory based
on the assumption that after a collision the molecules are
oriented along the direction of the applied field with a
Boltzmann distnbution. This assumption requires the duration
of the collision be short compared to the period of oscillation
of the field. For the higher frequencies of optical and infrared
transitions, the Lorentzian line shape? provides excellent agree-
ment with experiment. particularly for the central region of the
line. As the frequencies are reduced to those of the microwave
or far-infrared region. and under conditions when a line width
becomes comparable with the transition frequency, the absorp-
tion profile of a spectral line is better represented by the van
Vieck—Weisskopf line shape.5*

® Abstract published in Advance ACS Abstraces Mav {1997

Via terahertz (THz) coherent transients and THz time-domain spectroscopy, we have measured the far-wingf‘“"‘-‘*
absorption line profite of the ensembies of collision-broadened ground state rotational lines of methyl bromidc,"ﬁ;‘
methyl chloride, and methy! fluoride vapors out to more than 200 line widths from resonance, corresponding ﬁ,
to frequency offsets as much as 5 times the resonant frequency. On these far wings the measured absorptionf'f,'@;
is approximately an order of magnitude less than that predicted by the van Vleck—Weisskopf theory. Our $
observations show that as the offset frequency is increased. a transition occurs from the regime of the van 3
Vleck—Weisskopf theory to the regime of the Lorentz theory. These measurements are fit to a new molecular

b

Studies of collisionally broadened line shapes have impact
beyond understanding molecular interactions during collisiots!
for a wide vaniety of problems of practical interest. Th
include applications for electromagnetic propagation and remoté
sensing in the atmosphere where the broad continuum absorption §
from water vapor leads to higher than expected loss.? Thig
continuum absorption is not yet completely understood; ‘
anomalous far-wing absorption and water dimers or larg
clusters have been propased te explain the continuum absorp-
tion."" Determination of accurate line shapes is also importants
for analysis of astronomical data, where spectroscopy is oftet
the only practical method of obtaining information about the
celestial bodies of interest. The wide range of conditions of
these observations, from the extremely low densities of interstel- ;
lar space to high pressures and temperatures of planetary
atmospheres. presents both theoretical and experimental chal
lenges. :

Using the techniques of THz coherent transients and THz'
time-domain spectroscopy (THz-TDS), we have extended such
line-shape investigations to THz frequencies with the goal of °
gaining some insight into the actual collision process itself. Our
tnvestigations are now giving information on the duration of
the strong state-changing collisional interaction since we are
able to sensitively investigate the far wings of rotational lines.

To study the spectral iine shapes of absorption and dispersion,
we measure coherent transient effects in the time domain,!!
which result from the interaction of a short pulse of THz
electromagnetic radiation with the resonant systems.'>~'¢ These’
experiments were based on exciting molecular vapors with freely

propagating subpicosecond pulses of THz radiation and detecting .
the free induction decayv (FTM caradintad ha tha waneee The
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THz Commensurate Echoes: Periodic Rephasing of Molecular Transitions in Free-Induction Decay

H. Harde,"' Seren Keiding,"™ and D. Grischkowsky
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(Received 26 September 1990)

We report the first study of coherent transients excited by uitrafast puises of THz radiation. Using a
newly developed optoclecironic source of weli-collimated beams of subpicosecond pulses of THz radia-
tion to excite N;O vapor, we have observed the subsequent emission from the vapor of coherent THz
pulse trains extending to as tong as | nsec. The origin of these subpicosecond THz pulses {echoes} is a
periodic rephasing, during the free-induction decay, of the more than fifty cohercntly excited rotational
lines with commensurate transition frequencies. From the decay and reshaping of the echoes the
coherent relaxation time 7'; and the anharmonicity factor for the N)O moiecule are evaluated.

PACS numbers: 42.50.Md, 42.50.Kb. 42.50.Qg

Coherent transients resulting from the interaction of
clectromagnetic radiation with resonant systems were
first studied for nuclear and paramagnetic spin systems
at radio and microwave frequencies.' Analogous studies
in the optical regime were initiated with the photon-echo
experiment,® and since that time there have been exten-
sive studies of coherent effects in both the visible and in-
frared regimes.’~> While many of these phenomena are
analogs of effects first observed in spin resonance, some
of them do not have their spin-resonance counterpart be-
cause of propagation effects.

In this paper we report the first experimental and
theoretical study of coherent transients excited by pulses
of THz radiation. This newly accessible frequency range
is important due both to the samples that can be investi-
gated and to the unusual experimental conditions en-
countered with subpicosecond pulses of THz radiation.
Commercially available submillimeter-wave microwave
sources can only be modulated up to 0.2 nsec and can at
most be tuned by 10% of their center frequency. In com-
parison the THz pulses used here are unique in terms of
their pulse duration and corresponding bandwidth. They
essentially consist of a single oscillation and are charac-
terized by a transform-limited white spectrum in the
THz range. This allows entire manifolds of resonance
lines to be excited in the impact approximation. Howev-
er, in contrast to ordinary absorption spectroscopy where
only the spectral amplitudes are measured, and com-
pared to infrared and optical investigations, where
coherent transients are only detected as pulse intensities
or as beat notes on a carrier,*"® our experiments directly
measure the actual electric field of the transmitied sig-
nals. We thereby determine both the spectral amplitudes
as well as the phase of the transmitted components.
Compared to coherence effects for nuclear- and elec-
tron-spin systems,' the work reported here involves sam-
ples many wavelengths in length, so that in addition to
the point response, propagation effects are also impor-
tant. Because the subpicosecond pulses cannot be repre-
senited by a carrier frequency and a time-dependent pulse
envelope, one cannot use the slowly varying envelope ap-

proximation of coherent optics,’ and the concept of pulse
area does not apply.

We have investigated coherent THz transients {rom
N,O vapor. The propagation of a subpicosecond TH:
pulse through such a molecular vapor excites a multitude
of rotational transitions in thé impact approximation and
causes the molecules to reradiate a free-induction-decay
(FID) signal."? Because the N>O molecule has an al-
most constant frequency spacing between the rotationa
lines, a periodic rephasing and dephasing of the entire
ensemble of the more than fifty excited transitions is ob-
served. This situation contrasts to that of waler vapo
with a multitude of incommensurate resonance lines
studied earlier by THz time-domain spectroscopy.
Consequently, after the initial excitation pulse, the
NsO-vapor sample emits a series of uniformly spacec
(39.8 psec) subpicosecond THz pulses (for a relatec
phenomenon of infrared pulses emitted after excitatior
see Refs. 8 and 9). The rephasing process has a close re-
lationship to that of spin and photon echoes. Because o
this and because the frequencies are numerical multiple:
of the fundamental frequency, equal to the spacing be
tween adjacent rotational lines, we term these periods
pulses “THz commensurate echoes.” Because of the ex
perimental system’s exceptionally high signal-to-noise ra
tio, we have measured, with a time resolution of bette
than 0.5 psec, trains of echoes extending to beyond 60(
psec. These echoes decay with the coherent relaxatiot
time 73 while Doppler dephasing can be completel:
neglected, From these observations T; can be directl
determined. As wili be described later in the paper, T
can still be measured when the absorption lines are s
strongly overlapping that the rotational line structure :
no longer observed in the frequency domain. From th
echo repetition rate the frequency separation betwee
the rotational lines is found, and because of the excer
tionally high time resolution of the measurements, th
anharmonicity in the line spacing can be detected a
reshaping of the individual pulses.

The setup used to generate and detect the short pulse
of THz radiation is depicted in Fig. 1{a) and has bee

1834 © 1991 The American Physical Society
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Terahertz coherent transients from methyl chloride vapor

a reprint from Journal of the Optical Society of America B
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A newly developed optoelectronic source for generating well-collimated beams of subpicosecond pulses of
terahertz radiation was used to study coherent propagation effects in a spectrally thick medium of methyl

chloride vapor,

excited manifold of more than 70 transitions.

After the passage of the excitation pulse, we observe the subsequent emission of a coherent
terahertz pulse train in the free-induction decay of the molecular vapor.
are separated by 38 ps, corresponding to the frequency

The individual pulses of the train

separation between adjacent rotational lines of the
An analysis of the data determines the rotational constants
and anharmonicity factors of the two naturally abundant methyl chloride isotopes.

From the decay and

reshaping of the pulse train the coherence relaxation time T; is obtained as a function of vapor pressure.
Our observations indicate a strong nonmonotonic collision broadening and a van Vleck - Weisskopf line shape

of the individual rotational lines,

1. INTRODUCTION

The experimental and theoretical study of coherent tran-
sient effects resulting from the interaction of electro-
magnetic radiation with resonant systems'? was recently
extended to the terahertz frequency range.®* These ex-
periments were based on exciting molecular vapors with
freely propagating subpicosecond pulses of terahertz ra-
diation and detecting the free-induction decay (FID) re-
radiated by the vapers. This newly accessible frequency
range, midway between the frequencies used for spin
resonance and those of infrared and optical studies, is
important both because of the samples that can be investi-
gated and because of the unusual experimental conditions
encountered with subpicosecond pulses of terahertz radia-
tion. The recently developed optoelectronic terahertz-
beam system used in these experiments produces
well-collimated beams of subpicosecond pulses of freely
propagating terahertz radiation.”® These pulses of tera-
hertz electromagnetic radiation can be detected with
signal-to-noise ratios of better than 10,000. Compared
with studies of coherence effects in the radio frequency
and the microwave regimes for nuclear- and electron-spin
systems, the terahertz experiments involved samples that
were of many wavelengths in length, so that in addition to
the point response, propagation effects were also impor-
tant. In contrast to investigations at infrared and opti-
cal frequencies, in which coherent transients are detected
only as pulse intensities or as beat notes on a carrier, %12
the terahertz experiments directly measure the actual
electric field of the transmitted radiation pulse and that
radiated by the coherent response of the sample. This
feature allows for experimental studies with unprece-
dented precision, and both the amplitude and the phase
are measured within the broad bandwidth of the tera-
hertz pulse extending from low frequencies up to 5 THz.

In this paper we extend the terahertz coherence stud-

0740-3224/94/061018-13506.00

ies to methyl chloride, which is a symmetric top molecule
with a large electric dipole moment. This molecule is an
interesting candidate for observation of coherent propa-
gation effects under extreme conditions for which the
vapor is an optically dense sample for the terahertz
radiation. Owing to the high sensitivity and the ex-
cellent signal-to-noise ratio of the measuring system,
additional molecular information can be obtained. Our
measurements indicate that the individual rotational
transitions have van Vleck - Weisskopf line shapes, with
a strong nonmonotonic J dependence for the collision-
broadening coefficient,

The propagation of a terahertz excitation pulse
through methyl chloride vapor simultaneously excites
a manifold of rotational transitions, thereby causing the
molecules to radiate a FID signal consisting of a series
of uniformly spaced subpicosecond terahertz pulses.*
For a similar phenomenon of infrared pulses emitted
after excitation, see Refs. 13-16. Since the methyl
chloride malecule is distinguished by absorption lines
with an almost constant frequency spacing, after the
initial excitation a periodic rephasing and dephasing of
the entire ensemble of mere than 70 excited transitions
accurs during the FID and is manifest as a train of
subpicosecond terahertz pulses with a repetition rate
equal to the frequency separation between adjacent
lines. This situation is quite similar to the mode locking
of lasers. A coherent signal radiated by dipoles coming
into phase and forming a macroscopic dipole moment is
known from spin and photon echoes. Because of this
and the fact that the frequencies are numerical multiples
of the difference frequency between two lines, we term
the periodic pulses terahertz commensurate echoes.”

These echoes carry almost complete information about
the molecular system. From their temporal separation
and pulse shapes we obtain the parameters of the mole-
cule, and from their decay the coherence relaxation time

©1994 Optical Society of America
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Chemical recognition of gases and
gas mixtures with terahertz waves
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A time-domain chemical-recognition system for classifying gases and analyzing gas mixtures is presented.
We analyze the free induction decay exhibited by gases excited by far-infrared (terahertz) pulses in the time

domain, using digital signal-processing techniques.
the waveforms measured for unknown gas species.

The analysis of chemical compositions is a fundamental
issue in molecular spectroscopy. In the far-infrared
region of the electromagnetic spectrum, time-domain
spectroscopy has been facilitated by a novel develop-

ent of pulsed broadband sources. This spectroscopic

hnique, commonly known as terahertz (THz} time-
domain spectroscopy, is based on optoelectronic tech-
niques'? that use photoconductive antennas excited
by femtosecond laser pulses to generate and detect
subpicosecond electromagnetic pulses. The THz
waveforms consist of a single-cycle oscillation of
the electromagnetic field and have spectra covering
frequencies from 100 GHz to more than 2 THz, and
signal-to-noise ratios as high as 10%:1 have been
obtained.?

The impulse character of the THz waveforms has
motivated studies of the coherent transient respense
of resonantly excited gases®® and gas mixtures.® The
coherent transient phenomena show up in the time-
domain spectra as free induction decays’ (FIIVs)
characterized by fast oscillations® and commensurate
echoes® that occur after the impulse excitation. The
FID is a unique time-domain representation of the
absorption and dispersion characteristics of the sample
and serves as a fingerprint of its chemical composi-

. However, despite its time-resolved nature, THz
Qctroscopy has so far been based on conventional
Fourier-transform techniques.

In this Letter we demonstrate a time-domain
chemical-recognition system for the analysis of the
chemical compositions of infrared active gas systems.
We model the action of a resonantly excited gas or
gas mixture by a linear digital filter that reshapes an
incident THz waveform to produce the corresponding
FID. These circumstances strongly resemble the
basic problems of spectral estimation for phonetic
recognition,® and theory and algorithms from speech
recognition systems have been adopted. In particu-
lar, we apply a correlation type of analysis known as
linear predictive coding®' (LPC) to extract and para-
meterize the spectral features of a waveform. A
simple geometric picture permits the use of these
parameters for classification of individual gas species
as well as mixture analysis,

In linear prediction, subsequent values in a time
series of a digital signal, sin), can be generated from
a weighted sum of the past M values:

0146-9592/96/242011-03$10.00/0

A simple geometric picture is used for the classification of
We demonstrate how the recognition system can be used
to determine the partial pressures of an ammoniz —water gas mixture.

¢ 1996 Optical Society of America

M

sin) = Z agsin — k) + eln),
B=1

where e{n) is the residual, and a, are the parameters
of the linear prediction. To illustrate the basic physics
involved we introduce the z transform of Eq. (1)

M
Stz) =Y ayz *Stz) + Ei2), (2)
k=1

where z = expl(i2xf 1) and A7! is the sampling fre-
quency. We find that the signal ${z) is constructed
from the residual E(z) by an all-pole filtering:

S(zy= HizIEz), (3

where

1
1~ -S—-t{l akzik

The LPC coefficients a, contain the information on
the spectral content of the waveform. The advantages
of using LPC for chemical recognition of gases are
twofold: (1) Poles provide an accurate representation
for an underlying power spectrum that has sharp
spectral lines. This is in contrast to Fourier analysis,
in which a signal waveform is expanded into a Fourier
series. Such series can have only zeros, not poles,
and must attempt to fit sharp spectral features with a
polynomial that requires a large number of coefficients.
(2} By using the LPC we can always rely on the
same number of coefficients M, regardless of the
number of resonances excited. This enables us to
use simple geometric pictures instead of complicated
template-matching techniques for the classification of
waveforms.

The optimum values for the LPC coefficients are
calculated from least-squares principles, i.e., we wish
to minimize the total squared residual: T =3 e(n)?.
The analysis yields a system of normal equations'® that
relates the LPC coefficients to values of autocorrelation
function 7, stk)s(k — n) of the time series representing
the waveform.

The parameters from a LPC analysis are treated
as a vector, a = iay,as,...ay), in an M -dimensional
vector space. Vectors representing known gas species
are stored in a codebook, and the codebook is built by

Hizy = i4)

£ 1996 Optical Society of America
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Generation and detection of terahertz pulses from
biased semiconductor antennas
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We propose a simple model based vn the Drude -Lorentz theory of carrier transport to account for the detarls

of the ultrashort terahertz pulses radiated from smail photoconductive semiconductor antennas.

The dynam-

tcs of the biax field under the influence of the space-charge field from the accelerated carriers is inciuded in the
model  We consider in detail the optical system used to image the terahertz radiation onto the terahertz de-

tector, and we calculate the lrequency-dependent response of the detector.
with several different experiments. each focusing on different parameters of the model.

The proposed model is compared
Agreement between

experiment and model is found in all cases. supporting the validuy of this simple and appropriate model.

¢ 1996 Optical Society of America

1. INTRODUCTION

The use of ultrafast lasers to generate subpicosecond
pulses of electromagnetic radiation. terahertz (THz»
pulses, has evolved during the past 5 years into a verv ac-
tive research field. When an ultrafast laser interacts
with a material to generate a de polarization, the polar-
tzation acts as a source for the THz pulses. The de polar-
ization can have its origin in either a simple flow of free
carriers in a photoconductive switch, Py = [jdt, where
is the current density. or from a nonlinear optical y* pro-
cess. Py = 130, —w. wiEtw)E* —w). The resulting
THz pulses generaily consist of onlv a few cycles of the
electric field and consequently have a very high band-
width  Centered around 1 THz with frequencies extend-
ing beyond 5 THz, the pulses have proven to be very use-
ful in time-domain spectrometers and. equally important.
as probes of fundamental carrier transport processes in
the semiconductors from which they originate or as
probes of phonon dvnamics in crystals.

Several reviews exist covering different aspects of the
THz field. The generation of THz pulses from semicon-
ducter surfaces and from large-aperture photoconducting
antennas was reviewed by Zhang'* Grischkowsky re-
viewed the high-bandwidth THz systems that used small
photoconducting antennas and their applications to time-
domain spectroscopy.”! The generation of THz pulses
from semiconductor quantum wells was recently reviewed
by Nuss and Lou,*" and applications of THz spectroscopy
in atomic and molecuiar physics were discussed by us.
Recently. a special issue of the Journal of the Optical So-
ciety of America B covering THz pulses was published.”

In this work we focus on a detailed description of ali the
elements in a standard time-domain spectrometer. from
the THz emitter bv means of the THz optical system to
the THz detector. The THz setup is itlustrated in Fig. 1.
in which the emitter, the THz aptics. and the detector are
shown.  The inset shows the detailed geometry of the
emitter and the detector antennas. With a 100-f3 laser
pulse from a mode-locked Ti:Sapphire laser we generate

0740-3224 96/ 1 102424-135105.00

the THz pulse shown in Fig. 2ra), with its Fourier trane.
form shown in Fig. 2ib).  The weak oscillations an the
trailing edge of the pulse are caused by free-induction de-
cay of pure rotational transitions in the residual H,0 va-
por present in the optical path of the beam. The spectral
resatution is 6 GHz (0.2 em™'1.  The sharp water line-
and the moderate structure in the spectrum are caused by
weak reflections and are completely reproduced from scun
to scan.

The characteristic of a THz system was previousiy de-
scribed by van Exter and Grischkowsky.® We have used
very simple models to describe the different components
of the spectrometer. and we show by comparison with dif-
ferent experiments that the system is very well described
by these simple models. To describe the THz emitters.
we use the simpie Drude-Lorentz model, modified to take

screening effects. From theé caleulations and the expert-
ments it is'evident that the screening process is the kes
factor determining the properties of the radiated THz
pulses. The THz pulses are imaged onto the detector by
lenses and mirrors. Owing to the extreme bandwidth. a
frequency range covering two orders of magnitude, the

tical 5vstem plays an important role in shaping the THz
pulse. AU the detector the electric field of the THz pulse
acis as a transient bias. polarizing free carriers generated
bv a femtosecond laser pulse. Describing the detection
process thus requires a detailed understanding of ul-
trafast carrier transport dynamics. Furthermore, the ac-
tive size of the receiver also plays a central role in evalu-

ating the respanse function of the defector.

2. TERAHERTZ EMITTERS

To illustrate the physical properties of a THz emitter svs-
tem. we consider the THz antenna shown in the inset of
Fig. 1. This particular antenna geometry was first intro-
duced by Grischkowsky et af "1 angd proved to be a very
efficient THz source with high bandwidth. As the emit-
ter chips. we use a high-resistivity chromium-
compensated GaAs substrate wafer (Sumitomo) and use a

© 1996 Optical Society of America
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Electro-optic measurement of THz field pulses with a chirped optical beam

Zhiping Jiang and X.-C. Zhang®
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Using a linearly chirped optical probe pulse in free-space electro-optic measurements, a temporal
wave form of a co-propagating THz ficld is linearly encoded onto the frequency spectrum of the
optical probe pulse, and then decoded by dispersing the probe beam from a grating to a detector
array. We achieve acquisition of picosecond THz field pulses without using mechanical ume-delay
device. We also demonstrate a single-shot electro-optic measurement of the temporal wave form of
a THz pulse. © 1998 Amenican Institute of Physics. [S0003-6951(98)00916-4]

Conventional time-domain optical measurements, such
as THz time-domain spectroscopy in pump/probe geometry,
use a mechanical translation stage 1o vary the optical path
between the pump and probe pulses.' ™ The intensity or po-
larization of the optical probe beam which carries informa-
tion generated by the pump beam is repetitively recorded for
each sequential time delay. In general, this data acquisition
in the temporal scanning measurement is a serial acquisition;
the signal is recorded during the probe pulse sampling
through a very small part of the THz wave form (roughly the
pulse duration of the optical probe beam). Therefore, the data
acquisition rale in this single channel detection is limited to
less than 100 Hz for a temporal scan on the order of tens of
picoseconds.” Clearly, this relatively slow acquisition rate
cannot meet the requirement for real-time measuremenis,
such as time-domain THz spectroscopy of fast-moving ob-
jects or flame analysis. To increase the acquisition rate, par-
allel data acquisition or multichannel detection is required.
One possible method is to extend the novel design of *‘real
time picosecond optical oscilloscopes’ for the local-field
characterization 1o the {reely propagating THz field
applications.® ®

In this leter, we present experimental results of electro-
optic measurement of freely propagating picosecond electro-
magnetic pulses by using a linearly chirped (a linear ramp of
frequency versus lime) optical beam. The temporal wave

. form of a THz pulse is simultancously recorded on the dif-

ferential spectrum profilc of the optical probe beam. By mea-
suring the spectrum difference of the probe beam with and
without pulsed electromagnetic field modulation, temporal
measurement of THz wave form is obtained without a mov-
ing element for the time delay. We also demonstrate a single-
shot electro-optic measurement of a freely propagating THz
puise.

Figure | schemaucally tllustrates the experimental setup
of the electro-optic measurement with a chirped optical
probe beam. The geometry is similar to the convenlional
frec-space electro-optic sampling setup,” except for the use
of a grating pair for chirping and stretching the optical probe
beam, and a grating-lens combination with a detector array
for the measurcment of the spectral distribution.® Two laser
systems arc uscd as the optical source; one is a Ti:sapphire

YElectronic mail: zhangx2@rpi.edu
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laser oscillator (Spectra-Physics Tsunami) with an average
power of 2 W and a pulse duration of 100 fs at an 82 MHz
repetition rate, and the other is an amplified Ti:sapphire laser
(Coherent Rega 9000) with an average power of 0.9 W and a
pulse duration of 200 fs at 250 kHz, The center wavelength
of the Ti:sapphire lasers is about 820 nm with a spectrum
bandwidth from 7 nm (Rega) to 17 nm (Tsunami). The THz
emitter is a 8 mm wide GaAs photoconductor. A polylens of
5 cm focal length focuses the THz beam onto a 4 mm thick
{110) ZnTe crystal. The optical probe pulse is frequency
chirped and tme stretched from sub-picoseconds to over 30
ps by the grating pair. Due to the negative chirp of the grat-
ing (pulse with decreasing frequency versus time), the blue
component of the pulse leads the red component, The fixed
delay line is only used for the positioning of the THz pulse
within the duration of the synchronized probe pulse (acqwi-
sition window) and for temporal calibration.

When the chirped optical probe pulse (approximately 30
ps long) and a THz pulse co-propagate in the ZnTe crystal,
the polarization of different wavelength componenis of the
chirped pulse 1s rotated by a different portion of THz pulsed
ficld through the Pockels effect. The degree and direcuon of
rotation is proportional to the THz field strength and polarity.
After the optical analyzer, the polarization modulation is
converted to the amplitude modulation on the spectrum. The
grating-tens combination is used to disperse and focus the
collimated probe beam on a linear diode array {LDA). The
linear diode array (PI, ST-120) has 1024 pixels with a 14 bit
dynamic range. Similar to the THz imaging experiment,'” the
electro-optic modulation must be operated near the zero op-

L1 E@

taser l

detector
array

y ZnTe F
-+
cmitter

h

F1G. 1. Schematic of experimental setup of electro-optic measurement with
a chirped optical probe beam.

© 1998 Amarican Institute of Physics
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Electrical characterization to 4 THz of N- and P-type GaAs

using THz time-domain spectroscopy

N. Katzeneltenbogen and D. Grischkowsky

IBM Watson Research Center, P.O. Box 218, Yorkrown Heights. New York 10598

(Received 28 February 1992; accepted for publication 2 June 1992)

Using a high-performance optoelectronic THz beam system for time-domain spectroscopy, we
have measured the absorption and index of refraction of - and P-type doped GaAs from low
frequencies to 4 THz. From these measurements the complex conductance was obtained over
the same frequency range. All of the results were well fit by Drude theory.

In contrast to silicon, it is not possible to electrically
charactenze GaAs wafers with simple mechanical con-
tacts, due to the Schottky barrier at the metal/GaAs inter-
face. For such characterization ohmic contacts mmust be
fabricated on the wafer itself. Accordingly, manufacturers
specifications on device-grade GaAs wafers are relatively
imprecise. This is especially true for N-type doping, due to
the lower concentrations required. Therefore, a contactless
method of electrical characterization of GaAs wafers
would be extremely desirable. Previous work has proposed
and demonstrated that far-infrared spectroscopy is a pos-
sible solution.' Pioneering far-infrared absorption measure-
ments have been made on N-type GaAs at several different
free carrier concentrations.” The measured absorption due
to the free carriers agreed with Drude theory on the high-
frequency wing and allowed for an “optical” determination
of the free carrier density and mobility. However, the peak
absorptions measured were only a fraction of that expected
from Drude theory. Later measurements with discrete far-
infrared laser sources showed that these early measure-
ments were severely compromised by scattered far-infrared
light, which placed a limit on the magnitude of the absorp-
tion that could be measured.*

The key parameters charactenzing the dynamics of
free carriers 1n semiconductors are the plasma frequency
w, and the carrier damping rate T =1/7, where r is the
carner collision time. Because w, and [ characteristically
have THz values, measurements spanning the values of
these parameters must be performed in the difficult THz
frequency range.* The experiments described in this letrer
present such measurements on device-grade, V-type and
P-type GaAs wafers, by the newly developed THz time-
domain spectroscopy (TDS) technique.*® Our results
show, for the first time, the absorption and index of refrac-
tion due to the free carriers in GaAs measured over the
peaks of their response and extending from low frequencies
to beyond 4 THz. The fact that the measured {requency-
dependent absorption and index of refraction are mostly
due to the free carriers allows the complex conductivity to
be determined from the measurements over the full fre-
quency range. The results are fit to surprising accuracy by
the Drude theory.

The THz-TDS measurements were performed by mea-
suring freely propagating. THz electromagnetic pulses

840
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transmitted through the GaAs wafer under investigaton.
These transmitted pulses were then compared to the mea-
sured THz pulses with no sample in place. Analysis of the
respective numerical Fourter transforms determines the
frequency dependent absorption and index of refraction.®
The 40-mm-diameter wafers were obtaimed from Sumit-
omo Electric, with the P type specified to be between 0.52
and 0.56 & cm with a zinc dopant, and the N type to be
between 0.1 and 1 €2 cm with a silicon dopant. Because of
the large absorptions, the P-type and N-type wafers were
thinned to 230 and 190 um, respectively.

Earlier THz-TDS measurements on doped silicon wa-
fers were limited to the highest frequency of 2 THz.* Since
then, the frequency range of the optoelectronic THz beam
system, illustrated schematically in Fig. 1(a}, has been ex-
tended by combining a new type transmitter® with a high-
performance SOS receiver.’ As shown in Fig. 1(b), this
system can now generate and measure femtosecond pulses
of freely propagating THz radiation with a signal-to-noise
ratio of better than 1000. An expanded view of this input
pulse [Fig. 1{b}] for the V-type measurements 1s presented
in Fig. 1(c), where on the trailing edge rise and fall times
faster than 160 fs can be observed. These values are con-
sistent with the receiver response time of 150 fs.” The am-
plitude spectrum shown in Fig. 1(d) extends from low
frequencies to 5 THz and 1s obtained by a numerical Fou-
rier transform of the measured pulse of Fig. 1{b}.

Our THz-TDS measurements of the exceptionally high
absorption of the N-type GaAs sample are shown in Fig.
2(a}) along with previous Fourier-transform-spectroscops
{ FTS) measurements on a sample with an equivalent dop-
ant concentration (triangles)2 and discrete measurements
on the same sample with far-infrared laser lines (squares).’
As determined by a Drude theory fit, our sample has a free
carrier concentration of ¥, =78 x 10" /em’, while for the
sample of the earlier works,”* N,=7.1x 10" /cm® Surpris-
ingly, where the absorption is high, these measurements on
similar samples show quite different results. However, the
measurements converge at the highest frequencies where
the absorption is relatively low. As discussed in Ref. 3, we
consider this to be mainly due to the sensitivity of the FTS
measurements to scattered far-infrared light. Compared to
the previous techniques which measure power, an advan-
tage of THz time-domain spectroscopy is that it is a coher-
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Efficient generation of 380 fs pulses of THz radiation by ultrafast laser
pulse excitation of a biased metal-semiconductor interface

N. Katzenelienbogen and D. Grischkowsky

IBM Warson Research Conter, P. Q. Box 218, Yorkiown Heights, New York 10398

(Received 10 September 1990: accepted for publication 12 November 1990}

We have demonstrated a new method of generating pulses of freely propagating THz
electromagnetic radiation. The resuiting 380 fs pulses are the shortest directly measured THz
pulses in free space to date and are more powerful than those generated by Hertzian

dipoles or by resonant dipole antennas. Temporal features as short as 190 fs were observed
on these THz radiation pulses and thereby, illustrate an ultrafast receiver response time.

Recently, there has been a great deal of work demon-
strating the generation of THz radiation via excitation with
ultrashort laser pulses. Modern integrated circuit tech-
niques have made possible the precise fabrication of
micron-sized dipotes, which when photoconductively
driven by subpicosecond laser pulses can radiate well into
the THz regime."? An alternative and complementary ap-
proach has been to extend radio and microwave techniques
into the THz regime through the use of antennas.’™ Other
sources based on various physical systems and effects in-
clude the emission of an electromagnetic shock wave due
to a moving volume dipole distribution, i.e., electro-optic
Cherenkov radiation,'®'! and the electromagnetic shock
wave radiated by a propagating surface-dipole distribu-
tion.'>" Most recently, radiation has been generated by
photoconductively driving the surface field of semiconduc-
tors'*!> and of strained-layer superlattices'° with ultrafast
laser pulses.

In this letter we report a new mechanism of generating
relatively powerful and extremely short pulses of freely
propagating THz radiation. After propagating 88 cm in
free space, these pulses were measured to have a (full
width at half maximum) puise width of 380 fs with no
deconvolution. These are the shortest directly measured,
freely propagating THz pulses in free space to date. This
source is fully compatible with our recently developed op-
toelectronic THz beam system®” and has thereby extended
the frequency bandwidth of this system to beyond 3 THz.
The THz pulse amptitudes are larger than those produced
with our previously used antenna geometry.° Because of
the ultrafast temporal features of these radiation pulses, we
have been able to demonstrate that our ion-implanted,
silicon-on-sapphire receiver can resolve features as short as
190 fs.

The source is based on a recently discovered optoelec-
tronic effect,'” initially used to generate a 350 fs electrical
pulse on a coplanar transmission line by focusing an ul-
trashort laser pulse on the interface {edge) of a positively
biased line. Here, we use the same technique with a dif-
ferent line geometry and an experimental arrangement de-
signed to capture the radiation emitted into the substrate
from the point of excitation.

The configuration used to generate the pulses of freely
propagating THz electromagnetic radiation is shown in
Fig. 1{a), where the coplanar transmission line structure
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consists of two 10-um-wide metal lines separated b
um. The length of the entire transmission line is 20
and the laser excitation spot with a diameter of typical
pm was located at the midpoint. This structure was t
cated using standard liftoff procedures on silicor
sapphire (SOS), GaAs, and [nP tntrinsic, high-resist
wafers. For the SOS wafers the initial metal layer cor
of 100 nm of Ti followed by 500 nm of Al After liftof
gave a resistivity of 10 /mm for a single 10-pm-wide
For both GaAs and InP, the metallization consisted
nm of Ni followed by 10 nm of Ge followed by 80 mi
Au followed by 10 nm of Ge followed by 30 nm o
followed by 100 nm of Au. After this deposition the »
was given a standard anneal to form an Ohmic con
Liftoff was then performed. This procedure gave a resi
ity of 120 Q/mm for a single 10-um-wide line.
Irradiating the metal-semiconductor interface (e
of the positively biased line with focused ultrafast |
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Unidirectional radiation of widely tunable THz wave using a prism coupler
under noncollinear phase matching condition

Kodo Kawase,® Manabu Sato, Koichiro Nakamura, Tetsuo Taniuchi, and Hiromasa lto
Research Institute of Electrical Communication, Tohoku University, 2-1-1. Katahira, Sendai 980-77, Japan

{Received 20 March 1997; accepted for publication 10 june 1997)

A widely tunable THz wave has been parametrically generated and reported recently by us utilizing
a LiNbQ; crystal with a monolithic grating coupler under a noncollinear phase matching condition.
However, the output direction of the THz wave is strongly dependent on the generated frequency
due o the natre of noncollinear phase maiching, as well as the grating coupler. In this letter, a
novel method for THz coupling is proposed using a low dispersion prism to eliminate aimost
completely the THz beam deflection for the entire tuning range. The unidirectional THz wave

radiation was confirmed theoretically and experimentaily for the range of 1-2 THz.

© 1997

American Institute of Physics. [S0003-6951(97)02632-6]

Over the last decade, several techniques involving the
use of photoconductivity and optical rectification have been
developed for the THz radiation.!™ Most studies have uti-
lized ulra-broad-bandwidth characteristics of ferntosecond
optical pulses, so that the generated THz waves possess high
temporal characteristics with the sacrifice of their temporal
coherence.

in contrast to these methods, we have recently demon-
strated a room temperature operated tunable THz-wave gen-
eration introducing a monolithic grating coupler onto a
LiNbO; crystal which was pumped by a (-switched
Nd:YAG laser.”® The process involved is an optical para-
meiric oscitlation {OPO) utilizing the polariton mode scatter-
ing of LINbO, based on the 248 cm™' A|-symmetry soft
mode.” Idler (near-infrared) and THz waves are parametri-
cally generated by the pump, and three wave veclors
{k, .k, .kr;p:pump,i:idler, 7:THz) are noncollinearly phase
matched (NCPM) as shown in the inset of Fig. 1. The gen-
eraled wavelength of idler (A,) is a few nanometers longer
than the pump wavelength (A ,=1.064 xm), and that of the
THz wave (Ay) is more than a hundred times longer than
Ay, so that the wave vectors have a relation |k|,,|>|k,-|
2 |ky|. Consequently, the angle ¢ between the pump wave
and the idler wave is small (~0.8°}, and the angle & between
the idler and the THz wave is relatively large (~65°). Tun-
ability (Ar=150-290 um) is obtained by changing the
angle ¢ between the pump and the idler. As the NCPM con-
dition changes for the wuning, the direcuon angle & of the
generaled THz wave inside the crystal changes. Furthermore,
the THz wave suffers total internal reflection at the crystal-
air interface due to a large refractive index of nonlinear crys-
tals in the THz-wave region {~5.2 for LiNbO,).

[n the former experiments, two Lypes of specially pre-
pared crystals were used Lo avoid the towl internal reflection.
One was with a cut exit at the corner of the crystal so that the
THz wave emerges approximately normal 1o the exit surface’
{angled surface coupler: ASC). Another type was with a
monolithic grating coupler (GC) fabricated on the crystal
surface using a precise dicing saw.™® For ASC, refractive

“Present address: Department of Applied Physics. Tohoku Gakuin Umver-
sity, Japan. Electronic mail: kawase @gcc. tohoku-gaukuin.ac jp
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index dispersion of the nonlinear material (e.g., LiNbO,) and
the change of the phase-matching angle & directly influence
the output direction 8,;,. For GC, the output direction change
is relatively large due to the Bragg condition and the wide
tuning range of the THz wave. The average rates of these
radiation angles change around A ;=200 uzm for both meth-
ods are

Ad,, \ASC
( A;") = —0.017(deg/ um), ()
i Aga'r GC
( m\l) ~0.65(deg /um). (2)

The stable output direction of the THz wave is usually
desirable for many applications. Here we report a new
method to fix the THz-wave direction by employing a semi-
conductor prism coupler (PC) sitting on the y surface of the
LiNbQ, as shown in Fig. 1. Inside the nonlinear crystai, the
angle between the pump and the idler waves depicted n Fig.
1 is given by

] 2

cos =}- - sin” = ———
A= AT ) k)

_ Rk [P~ [k

2 202
I o R b (3}
2n,u o,

where v; and n; (j=p.i,T) are frequencies and refractive

indices for A, respectively, sausfying the energy conserva-
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FIG. |. Experimental cavity arrangement of unidirectional THz wave radia-
tion using Si-prism coupler. The change of the angle ¢1s =0.01", though the
angle & varies up to =1° as the THz wavelengths are tuned from 150 to 250

Am.
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Coherent tunable THz-wave generation from LiNbO; with monolithic

grating coupler

Kodo Kawase, Manabu Sato, Tetsuo Taniuchi, and Hiromasa Ito®
Research Institute of Electrical Communication, Tohoku University, 2-1-1, Karalira, Aoba-ku,

Sendai 980-77, Japan

(Received 23 January 1996; accepted for publication 4 March 1996)

Coherent THz-wave generation is demonstrated utilizing a grating coupler fabricated on the surface
of a LINbO, crystal pumped by a Q-switched Nd:YAG laser. Wide tunability, sharp directivity, and
high efficiency were achieved. © 1996 American Institute of Physics. [S0003-6951(96)00318-X]

During the past several years, THz-wave generation and
detection have attracted much attention from both the funda-
mental and applied points of view. Most studies have utilized
ultrabroad bandwidth charactenstics of femtosecond optical
pulses based on recent progress in iaser technology, so that
the generated THz waves possess high temporal characteris-
tics with the sacrifice of their temporal coherence.' ™

In contrast to recent studies, many research efforts had
been carnied out a couple of decades ago concerning the

. generation of tunable coherent far-infrared radiation based

on optical technology.’~® Among them the efficient and wide
tunable THz generation had been reported in the pioneering
works of Pantell, Puthof, and others in the late 1960s to carly
1970s.7-? This is based upon tunable light scattering from the
long-wavelength side of the A -symmetry soft mode in
LiNbQ;,. The input (pump) photon at near-infrared stimulates
a near-infrared Stokes photon (called an “‘idler’” in this let-
ter) at the difference frequency between the pump photon
and the vibrational mode. At the same time, the THz wave
(signal) is generated by the parametric process due to the
nonlinearity arising from both electronic and vibrational con-
tnbutions of the material. The tuning i1s accomplished by
controlling the propagation direction. Although the interac-
tion is highly efficient, it should be noted that most of the
generated THz waves are absorbed or totally reflected inside
the crystal due to a large absorption coefficient, as well as a
large refractive index in the THz range (=~35.2). To allow the
THz radiation a cut had been made in the comer of the
crystal.”?

It 15 to our surprise that as far as we know no research
has been reported on this novel method since 1976. In this
letter, we report an efficient and wide tunable generation of
coherent THz wave based on the principle of the previous
works, but far better efficiency by introducing the grating
coupler on the LiNbO, crystal surface to coupic out the THz
wave directly to the free air space.

The experimental setup is depicted in Fig. 1. A 3.5-mm-
thick LiINbO, z plate was cut to a dimension of 5((x)
X 10(v)%3.5(z) (mm?}. Two end surfaces of the x plane
were cut parallel, polished, and AR coated at 1.07 um. The
relation between the grating period A and the nth-order ra-
diation angle 8y to the grating surface 1s given by

Ay=cos '{nos 8§ Nhp/A), (1)

“Electronic mail: hiromasa@mnec.tohoku.ac. jp
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where & is the incident angle to the grating, and n; is a
refractive index of LiNbO, at THz. The grating couplers
were fabricated on the y surface by precise machining using
a cutting saw {DISCO DAC-28P/86), whose pilch, depth,
and length were 125 pm, 60 um, and 10 mm, respectively.
The crystal was placed inside the cavity as shown in the
figure, which was resonated at the idler wave using two high-
reflection mirrors, M1 (r=c) and M2 (r=10 m). The
half-area of both mimors were coated, and the pump beam
was traversed at the uncoated portion.

The pump, the resonated idler, and the generated THz
waves were sef up lo be consistent with the noncollinear
phasc-matching condition as shown in the inset of Fig. 1.
The angle between the pump and idler is on the order of a
few degrees. A Q-switched Nd:YAG laser (SOLAR LF113,
1.064 2m) was used as the pump source, whose electric ficld
is along the z axis. Its pulse width, repetition, and typical
pulse energy were 25 ns, 16.7 pps, and 30 ml/pulse, respec-
tively. The idler wave as well as the pump was aligned so as
lo pass through the crystal as close to the y surface as pos-
sible tc minimize the absorption effect to the THz radiation.
THz output was detecled using a silicon bolometer (Infrared
Lab.) operating at 4 K. In order to suppress its response at
near-infrared and midinfrared regions, a Yoshinaga filter was
installed inside. A Schottky barrier diode (SBD) was also
utilized 1o detect the temporal charactenstic of THz waves

FIG. t. [ixperimental setup for the generation of coherent tunable THz
wave. The inset shows the momentum conservation relation among Lhe
pump, near-infrared idler, and THz signal.
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A photoconductive, miniature terahertz source

Richard K. Lai, Jiunn-Ren Hwang, Theodore B. Norris, and John F. Whitaker®
Center for Ultrafast Opnical Seience, University of Miwchigan, Ann Arbor, Michigan 48109-2099

{Received 14 January 1998: accepted for publication t3 April 1998)

We discuss the performuance of 4 micromachined. photoconductive terahertz emitter that is
labncated on low-temperature-grown GaAs. The device is mounted on a pair of single-mode optical
fibers that allows the source to be freely pusitionable. A strong radiation burst is emitted due to the
large magnetic momenl created by the elecwrode. The emitter's small feature size of 300 wm by 300
am with a photoconductive switch area of 30 um by 30 xm suggests its application for terahertz,
time-domain, near-field spectroscopy and imuging. © 1998 American Institute of Physics.

[S0003-6951(98)00724-4]

Sources for freely propagating terahertz {THz) radiation
are important for spectroscopic studies of phenomena such
as carrier and exciton dynamics in semiconductor structures
and for THz emission from phonons and electron cyclotron
oscillations.' ™ Prospects for useful imaging applications us-
ing THz beams have also recently become evident.’ One of
the more common THz generation and detection systems
consists of a pair of photoconductive switches defined by
coplanar trunsmission lines on low-temperature-grown GaAs
{1.T-GaAs) or silicon-on-sapphire (SOS) substrates. One de-
vice then 4cts s an emitter and the other as a detector.” The
picosecond electric dipoles necessary for THz generation are
created by electrically shorting the coplanar lines with an
ultrashort laser pulse. As a result, the accelerating electrons
between the lines emanate a pulse of broadband radiation
into the substrate, with spectral content extending into the
THz regime. The THz pulse duration is determined by the
electron transport and screening dynamics, which is typically
on the order of a picosecond. High-resistivity-silicon or sap-
phire lenses and parabolic mirrors are used for collimating
and focusing the THz radiation. The output radiation is fo-
cused onto the detector, where unother ultrashort-laser pulse
train. lime delayed with respect to the laser emitter pulse. is
employed for photoconductive wating. Focusing of the radia-
tion onte a sumple of interest results in o spatia! resolution of
severdl hundred microns limuted by diffraction. Also. the to-
cused heam dameter can be frequency dependenl over a
large THz bandwidth. On the other hand. & Hexible. treely
positionable poinl source in contact with a sample would
have a resolution of tens of microns. determined by the size
of the photoconductive switch. In this letter. we deseribe the
fabrication and mechanism of the THz generation for such an
emitter.

Recently. an epitaxial-layer. fiber-mounted photocon-
ductive (PC) probe coupted 10 4 JFET source-follower am-
plifier wuy developed to measure guided picosecond electri-
cal signals with high sensitivity.” We now describe a
micromachined THz emitter that is produced using similar
fabrication techniques as those employed for the PC probe.
The device. mounted on a pair of single-mode optical fibers,

MElectrunie mad whitakere engin unuch edu
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has been used to launch free-space THz signals from both
electric and magnetic dipoles.

The emttter was fabricated on a GaAs layer prown by
molecular beam epitaxy at 240 °C and annecaled in sire at
600 °C for |0 min. The carrier relaxation of the LT-GaAs
wus measured by pump-probe transien! absorption to be
about 2 ps. In order to isolate the 1-um-thick LT-GaAs layer
and produce the free-standing PC device, mesa etching,
titanium/gold metallization patterning, and backside etching
have been used.”® The resulting emitter consisted of a 500/
3000 A. Ti/Au. metal-semiconductor-metal (MSM) interdigi-
tated structure with 2 um finger size und spacing resulting i
a switch area of 30 gm by 30 pm. This MSM structure acted
as the PC switch (Fig. 1). Two gold electrodes provided the
bias and ground connections across the PC switch.

A pair of single-mode optical fibers were glued onto the
emitter using ultraviolet-curing cement. One of the fibery
was polished with a 45° bevel to aliow the guided laser
pulses to internally reflect off the core surface to the backside
of the emitter and into the MSM photoconductive switch.
The other fiber provided only mechanical stability. Silver
epoxy was placed along each of the fibers and onto the elec-

FIG. I, Photomicrograph of the THz emiuter betore liftaft from the GaAs
substrate. The emitter is 300 gam by 300 um by | wm and consists of a
TvAw interdigital MSM swilch with finger size and spacing ot 2 um. The
swilch area 1 30 um by 30 um. The lett electrode was connected 1o a de
voltage souree while the night electrode was conaected tw ground.

31060 © 1998 American Institute of Physics
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T-ray tomography

Daniel M. Mittleman,* Stefan Hunsche, Luc Boivin, and Martin C. Nuss
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Raceived March 24, 1997

We demonastrate tomographic T-ray imaging, using the timing information present in terahertz (THz) pulses
in a reflection geometry. THz pulses are reflected from refractive-index discontinuities inside an object, and
the time delays of these pulses are used Lo determine the positions of the discontinuities along the propagation

direction.

We recently described a new imaging modality, based
on time-resolved measurements of picosecond bursts of
electromagnetic radiation in the terahertz (THz) fre-
quency range.' Aithough THz time-domain measure-
ments have been used successfully for spectroscopy,’’
imaging with THz pulses has not been practical ow-
ing to the long (minutes) acquisition times for the
THz waveforms. Qur new T-ray imaging technique is
made possible by reduction of the acquisition time of
a single THz waveform from several minutes to sev-
eral milliseconds, while a signal —noise ratio of >1000:1
is maintained. In the original demonstration,’ no ex-
plicit use of the time-domain nature of the THz pulses
was made, and the images displayed only the trans-
mitted power obtained by integration of the Fourier
spectrum of the THz waveform with a digital signal
processor. There is much more spectroscopic informa-
tion available from the THz waveforms, such as tim-
ing, broadening, and other temporal distortions that
result from the frequency-dependent absorption and
dispersion of the object. These temporal distortions
can be analyzed in real time to yield compositional in-
formation about the sample. For example, we recently
demonstrated real-time recognition of gases and gas
mixtures, using linear predictive coding as a waveform
classification and recognition procedure.®

In this Letter we report on the extension of T-ray
imaging to three-dimensional tomographic imaging by
analyzing the temporal structure of THz waveforms
returned from objects in a reflection geometry. The
return time of reflected pulses directly correlates with
the location of the dielectric interfaces along the propa-
gation direction of the beam. Because the arrival time
of the THz waveforms ean be determined with an
accuracy of a few femtoseconds, i.e., much less than
the pulse duration, the positions of ref lecting surfaces
within the object under study can be determined with
an agcuracy of a few micrometers when successive
reflections are well separated in time. In contrast
with the two-dimensional T-ray transmission images
published earlier,' full volume images of many objects
in the THz frequency range can now be obtained.

The experimental setup is described in detail in
Ref. 4. The beam of THz pulses is incident upon the
sample at nearly normal incidence and comes to a focus
at the sample surface. The beam reflected from the
object is recollimated and then captured by a pick-off
mirror, which directs it to the receiver antenna. The
generation, detection, and real-time processing of the

0146-9592/97/120904-03$10.00/0

In this fashion a tomographic image can be constructed. © 1997 Optical Society of America

THz waveforms are similar to what is described in
the original transmission experiments."* For an ob-
ject with multiple reflecting internal surfaces, the re-
flected waveform consists of a series of replicas of the
input pulse of varying magnitude, polarity, and tem-
poral distortion. We illustrate this, using the example
of a 3.5-in. floppy disk, with the input and reflected
THz waveforms from a single point on the floppy disk
shown in Fig. 1. We obtain waveform (a) by replacing
the ohject with a mirror, and thus the pulse that is inci-
dent upon the sample is represented. The small oscil-
iations that follow the main pulse in thig waveform are
a result of residual water vapor in the beam path® and
do not affect the measurement significantly. Curve
(b), a representative reflected waveform, consists of a
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Fig. 1. (a) Input THz waveform and (b} reflected

waveform from a single point on a 3.5-in. floppy disk.
Each of the reflected pulses identifies a dielectric dis-
continuity along the propagation direction of the beam
normal to the floppy disk, as labeled in the figure.
Curve (c) is the reflected waveform after signal pro-
cessing, as described in the text. Curve (d) is the
refractive-index profile of the medium (right-hand axis),
derived from curve (c) by Egs. (3) and (4) below, Curve
(b) has been scaled up by a factor of 3 relative to
the left (photocurrent) axis and vertically offset for
clarity.
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series of replicas of the input waveform. These cor-
respond to reflections from the dielectric interfaces of
the floppy disk from air to plastic, from plastic to air,
or from surfaces of the magnetic recording material.
The polarity and the magnitude of each reflection are
given by the reflection coefficient at each interface and
are related to the size and sign of the corresponding in-
dex step. The four reflections resulting from the front
and back plastic covers are clearly resolved. However,
the thickness of the magnetic recording material is so
small that the waveforms returned from its front and
back surfaces cannot be distinguished and appear as a
single distorted waveform. In this example the tem-
poral waveforms hardly change shape while travers-
ing the object because the plastic material has little
absorption and dispersion. In a more general situa-
tion, reflected waveforms may be significantly altered
in shape.

In Fig. 1, (¢) is the waveform of (b) after numerical
Fourier deconvolution (i.e., division of the Fourier
spectra of the incident and the reflected wave-
forms, with a low-pass filter to remove noise above
~2.5 THz). Subsequently, low-frequency background
is removed by means of wavelet filtering.” This
procedure produces a sharp spike at a time delay
corresponding to the position of every reflecting inter-
face. Thus it helps to determine more accurately the
positions of the various interfaces. In contrast with
(b} in Fig. 1, the front and back surfaces of the thin
(~120-um) magnetic recording material are clearly
resolved in the deconvolved data (c¢). This is con-
sistent with the expected resolution of L./2, where
L. = 200 um is the coherence length of the THz pulse
in the intervening material. In contrast, when no
other reflections are nearby, we find that the position
of a reflecting surface can be determined with a
precision of only a few micrometers.*

Figure 2 shows a conventional T-ray image of a sec-
tion of the floppy disk obtained in reflection [Fig. 2(a)j
and a tomographic slice [Fig. 2(b)| at a fixed vertical
position. We obtained the conventional T-ray image at
the top by computing the total reflected power, using
real-time processing of the reflected waveforms with
a digital signal processor,'* with the reflected power
translated into a gray scale. The plastic cover with its
various features, the circular recording disk, and the
metallic hub in the center of the disk can be distin-
guished.

In Fig. 2(b) a tomographic T-ray slice of the floppy
disk is shown at a particular vertical position {y =
15 mm}, indicated by the dashed line in Fig. 2(a). For
each horizontal (x) position a reflected waveform is
acquired, processed as described above [curve {c),
Fig. 1], and displayed as a function of delay in this
tomographic image. The amplitude of the processed
waveforms is translated into a gray scale so that each
reflecting surface appears as a stripe. The positions
of the vartous parts of the floppy disk along the
propagation direction of the THz beam, such as the
front and back covers, the magnetic recording disk,
and the metal hub, can be observed clearly in this
tomographic picture. The image also shows some
artifacts of the technique that result from multiple
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reflections among the various interfaces, such as the
features observed behind the {opaque) metal hub, as
well as the apparent discontinuity in the magnetic
recording medium caused by a change in the thickness
of the front plastic cover at x = 12 mm.

Signal processing of the THz waveforms can be used
to extract the layer structure of the medium at any
given (x, y) position. The reflected waveform B(¢) is
related to the input waveform A(f)} by a convolution
with the impulse response g(t) of the layered medium:

M

B, = g,1As. (1)

E=0
In Eq. (1) discrete-time funetions defined by digitiza-
tion with a time step Af [e.g, By = B(kAt)] are used.
M is the number of samples in the digitized waveforms,
1024 in these examples. The impulse response g(t)
is characteristic of the object and does not depend on
the details of the input pulse. The coefficients g, are
determined by the reflection off the kth layer as well
as by the transmission through the preceding layers,
j=1,..., & — 1, once in each direction. The distance
d; between two adjacent layers j and j + 1 is related
to the time separation of the two corresponding reflec-
tions Af =¢t,;,; — £; by

c

on, At, (2)

y position (mm)

optical depth (mm)

1] 10 20 30 40 50 60
X position (mm)

Fig. 2. (a) Conventional reflective T-ray image of the
3.5-in. floppy disk and (b} tomographic image of the same
disk at a constant vertical position, indicated by the dashed
line at y = 15 mm in (a). Darker stripes indicate positive
refractive-index steps (An > 0), and lighter stripes indicate
negative steps (An < 0). The vertical axis (optical delay)
is related to the waveform delay by Eq. {2), neglecting all
refractive-index variations.



A wideband coherent terahertz spectroscopy system using optical
rectification and electro-optic sampling
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{Received 23 May 1996; accepted for publication 7 August 1996)

We present a scheme for exploiting the nonresonant second-order nonlinearities in electro-optic
media to extend the bandwidth of coherent spectroscopy in the far-infrared using ultrafast laser
pulses. Using optical rectification and electro-optic sampling in {110) ZnTe for the generation and
coherent detection of freely propagating THz radiation, respectively, we have demonstrated speciral
sensitivity beyond 3 THz. This was accomplished by achieving phase matching for both optical
rectification and electro-optic sampling over a broad range of THz frequencies. © /996 American

Institute of Physics. [S0003-6951(96)03542-5]

In recent years, remarkable progress has been made in
the development of spectroscopic capabilities for coherent
terahenz (THz) measurements.'? A key ingredient in these
advances is the development of broadband coherent sources
and detectors of THz radiation. Much of the work reported to
date relies on the use of photoconductive elements both as
emitters and detectors.'? While these devices are highly op-
timized in many respects, there are fundamental limitations
in their frequency response associated with the natural time
constants for carrier dynamics.! The ready availability of la-
ser pulses with durations of ~ 10 fs** suggests the potential
for extending the bandwidth of coherent spectroscopy 1o sig-
nificantly higher frequencies. By using materials with an in-
stantaneous optical response for both emission and detection,
it may be possible to capture much of this enormous band-
width. This suggests the use of materials with nonresonant
second-order optical nonlinearities for these applications.

THz radiation may be produced in an electro-optic me-
dium via difference-frequency mixing.“'o The generalion
process may be regarded as the beating of various Fourier
components of the driving optical spectrum to produce an
optically rectified baseband pulse.'” Such a difference-
frequency generation scheme is capable of producing electric
fields with spectral content extending from dc'' to the
mid-infrared.’” For detection of the THz electric field wave
form, this mixing process can be reversed in an electro-optic
medium. Valdmanis ef al.'’ have shown that electro-optic
sampling is a sensitive probe of localized clectric fields in
transmission lines and high-speed circuits. This approach has
recently been extended 1o the coherent detection of freely
propagating THz radiation."'” in this letter, we describe a
wideband coherent THz spectroscopy system using oplical
rectification for the generation of THz radiation and electro-
optic sumpling for the coherent detection of this radiation,
both in {110) ZnTe. The clecro-optic sumpling measure-
ment is performed in a transmission geometry. This geom-
etry allows for the copropagation of the THz and probe
beams over an extended path length while maintaining ul-
trashort response umes. An important consideration which
we address here is the use of phase matching to allow for
greater interaction between the optical and THz pulses in the

“Electronic mail' an23}@ columbia.edu
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nonlinear medium in order to enhance the efficiency of both
the generation and detection processes.

Both broadband optical rectification and electro-optic
sampling have been demonstrated in thin ¥'? media.'"*"* In
order to enhance the sensitivity, longer interaction iengths
are desirable, necessitating appropriate consideration of
phase matching constrainis.'” The phase matching condition
for the optical rectification process {collinear difference fre-
quency mixing) is given by

Ak#w(,w+ (UTHZ)7.’((@‘,“)—‘(((‘0‘['“2):0. (])

where wgy and wry, arc the optical and THz frequencies,
respectively, and @, and (@ + wry,) lie within the spec-
trum of the optical pulse. An equivalent equation can be
written for electro-optic sampling. If we neglect dispersion in
the optical spectral range, we can express the coherence
length [ (=mfAk) as

P — (2)
© wrwl o™ ”Tm|

Here, ¢ is the specd of light and n,,, and nyy, are the optical
and THz refractive indexes, respectively. In inorganic non-
finear optical crystals, the difference between the optical and
THz refractive indexes tends 1o be large, because of the con-
tnbution of low lying phonon resonances to the THz refrac-
tive index. The optical refractive indexes of ZnTe may be
obtained from the equation’’

nl =427+ 301N (A2 - 0,142), (3

where A is the optical wavelength in gm. The far-infrared
(FIR) refractive indexes may be obtained from'®

nE = (289.27— 6/, )/(29.16= fy,). ()

where f (= wrp, /2 ) is in THz. Using Eq, (3), the optical
refractive index of ZnTe al 800 nm is 2.85. Figurc 1 shows
the coherence length as a function of FIR frequency, fyy, .
calculated using Eq. (2).

Birefringence has been employed 10 achieve long coher-
ence lengihs in optical rectification experiments.’"’ However,
the large refractive index difference between the optical and
FIR results in a narrow phase matching bandwidth. Angle
tuning in a noncollinear beam geometry has also been shown

© 1996 American Institute of Physics 2321



Coherent detection of freely propagating terahertz radiation

by electro-optic sampling
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Chengjiu Wu
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(Received 11 September 1995; accepted for publication 31 October 1995)

We report the demonstration of an electro-optic sampling technique that aliows for the delection of
freely propagating terahertz radiation. Coherent sampling is performed in a poled polymer device
that is physically separated from the emitter. The poling electrodes in the sampling clement are
found to have an integrating effect on the incident terahertz field. The shot noise limited minimum
detectable field in the polymer is 100 (mV/cm)/Hz. We discuss methods by which the sensitivity
may be significantly enhanced. © (996 American Institute of Physics. [SO003-6951(96)03502-7]

The use of ultrafast luser sources to generate and delect
freely propagating pulses of coherent far-infrared radiation
has stimulated significant interest in recent years. These co-
herent pulses have been used to examine ultrafast carrier
dynamics in semiconductors’ and to measure the far-infrared
linear optical properties of a wide range of dielectric media.’
The terahertz (THz} bandwidth pulses are typically generated
by exciting radiative current transients in photoconductive
media®"* or producing a nenlinear polarization via difference
frequency mixing in nonlinear optical media.” To date, the
only broadly applicable technique to coherently detect this
radiation requires the use of synchronously gated photocon-
ducting dipole detectors.” While these detectors exhibit ex-
cellent sensitivity, there is a strong speed versus sensitivity
trade-off which is determined by the photoconductive re-
sponse and antenna dimensions.”

Electro-optic sampling” is an auractive alternate up-
proach for the detection of THz radiaton. Significant advan-
tages of this lechnique are the capability of detection that is
limited primarily by the optical bandwidth and the ability to
calibrate the detected electric field. These features have been
exploited in extensive characterization of ultrafast electrical
pulses propagating in ransmission lines and circuits.® * The
technique has also been utilized in measurements where
freely propagating TH2 radiation was generated and detected
within the same device. Prominent examples of this include
studies of Cherenkov radiation in LiTaQ, {Ref. 9) and Bloch
osciliations in GaAs/AlGaAs superlattices.'

in this letter, we demonstrate an electro-optic sampling
technique that allows for the coherent detection of freely
propagating submillimeter wave radiation. In this scheme,
the emitter and detector are physically separated from one
another by a large distance, muking the system well suited
for spectroscopic applications. As an clectro-optic medium,
we make use of a poled polymer. In contrast o traditional
clectro-optic media such as LiTaO " polymers do not suffer

“Electrome ma! an23@ columbia eduy
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from the complication of a large difference in the optical and
far-infrared refractive indexes and absorption in the far infra-
red. Furthermore, the optical nonlinearity in poled polymers
1s expected o have negligible response time. In this work,
electro-optic sampling is accomplished using a thin poled
polymer film in a double pass geometry. The performance of
this configuration, the influence of the poling electrodes, as
well as possibilities for future experiments are discussed.

We fabricated the electro-optic sampling element
(EOSE), shown schematically in Fig. 1, on an R-plane sap-
phire substrate. A high reflectivity dielectric coating centered
at 800 nm was first evaporated onto one side of the substrate.
Two coplanar 5 mmX5 mmX2000 A thick aluminum pads
separated by 50 wum, used for poling, were then photolitho-
graphically defined onto the coating. The polymer used in
this study is composed of 20 mol % 2-N{4-{4-
nitrophenylazo) indolino] ethyl methacrylate (MAY) and me-
thyl methacrylate (MMA), which we designate MAY:MMA,
The chemical structure, synthesis, polymer propertics, and
linear and mnonlinear optical propertics are described
elsewhere.!! The polymer film in the EOSE was 10 gm thick
and poled at its glass trapsition temperature with a ficld of
.0 MV/em.'? A high resistivity silicon (>10 k€ ¢m) hyper-
hemispherical lens® was attached to the sapphire substrate to
focus the THz radiation into the electrode gup.

The experimental setup for generating and detecting THz
radiation is shown in Fig. 2. A 76 MHz mode-locked Ti:sap-
phire laser operating at 800 nm served to generate and detect
the transient submillimeter wave pulses. A collimated 2 mm

Si ball —=
T "7 T]-— sapphire
HR coating —*1-——?-;
\/ o

electrodes

FIG. | Schematic drawing of the elecuro-optic sampling element,

© 1996 American Institute of Physics
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Generation of subpicosecond electrical pulses
by optical rectification

Ajay Nahata* and Tony F. Heinz
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Received February 3, 1998
We deacribe the generation of subpicosecond electrical pulses by optical rectification of ultrashort optical

puises.

The electrical pulses are generated by the second-order nonlinear response of a LiTaO, erystal bonded

to a coplanar transmission line. A bipolar temporal waveform with a width of 875 fa was measured after a
propagation distanee of 1756 um. This pulse width was limited by the response time of the photoconductive

sampler.
propagation. © 1998 Optical Society of America
OCIS codes:  320.5540, 350.5500, 160.5140.

The use of ultrashort electrical pulses is becoming
increasingly important for applications ranging from
high-speed electronics to wideband spectroscopy.
With respect to the latter application, the analysis
of pulse propagation characteristics on transmission
lines offers a powerful approach for spectroscopic
studies of materials.' In this geometry, long interac-
tion lengths are possible, which is of particular value
for probing thin films. Thus there is considerable
incentive to increase the bandwidth of the gener-
ated electrical pulses. The established approach to
producing electrical transients relies on the optical
excitation of photoconductors by femtosecond optical
pulses.?® Other techniques for generating ultrashort
electrical pulses include the use of exciton ionization
in quantum-well structures* and the use of nonlinear
transmission lines.® Although these techniques
have significant utility, they exhibit a fundamental
limitation in response time related to the transient
dynamics of the photoexcited carriers or propagation
characteristics of the device.

The use of nonlinear optical approaches seems well
suited for circumventing these fundamental temporal
limitations. Specifically, rectification of optical pulses
is an attractive technique for generating ultrashort
electrical pulses. Bass and co-workers® first observed
aptical rectification in the form of an induced dc volt-
age across a KDP crystal irradiated by an intense ruby
laser. Generation of nanosecond electrical pulses was
later demonstrated with an ADP crystal as the non-
linear medium.” Two additional techniques involving
the absorption of the optical pump beam by impuri-
ties in polar crystals were found to be capable of gener-
ating intense picosecond electrical pulses® However,
the electrical pulses were limited to durations well in
excess of 1 ps. Although optical rectification in non-
linear optical media has been suggested as a means of
generating electrical pulses of picosecond duration on
transmission lines,>? there has not, to our knowledge,
been any experimental demonstration of this effect,

In this Letter we describe the generation of sub-
picosecond electrical pulses by optical rectification,
using the nonresonant second-order susceptibility of a

(146-9592/98/110867-03$15.00/0

We observed both broadening and amplitude reduction in the temporal waveform owing to

nonlinear medium. The demonstration employs a
coplanar strip-line geometry, shown schematically in
Fig. 1, with a LiTaQj3; crystal superstrate acting as
the nonlinear medium. Because of the nature of the
generation process, we are able to vary the generation-
to-detection distance. Detection of the -electrical
pulses on the transmission line is accomplished by use
of a gated photoconductive switch integrated into the
device.

We begin by examining the behavior of current pro-
duced on a transmission line through optical rectifica-
tion. For this purpose we adapt the classic analysis
of Ward.” For simplicity we neglect all finite response
times and retardation effects in the system. We begin
by considering the charge induced on the transmission
line, g(¢), by a photogenerated dipole. The nonlinear
polarization, Pay, (= Pnp2), is given (in MKS units) by

n3 rasz

Puo(t) = __EE“ (1)

Iopt(t) r

where n denotes the optical refractive index of the
nonlinear medium; ¢, the speed of light in vacuum;
r33, the relevant electro-optic coefficient, and I, (¢),
the intensity profile of the pump pulse. Here we have

LiTaC,
superstrate

Sapphire
substrate

Detection
Fig. 1. Schematic drawing of the device with a coplanar
strip-line transmission line and an integrated photoconduc-
tive switch. A LiTaQ; crystal is bonded onto the device.
Points A-C represent the positions of the pump beam used
in the experiment.

® 1998 Optical Society of America



Generation of terahertz radiation from a poled polymer
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We report the generation of terahertz radiation via optical rectification from a poled polymer using
femtosecond optical pulses. We have measured the refractive index and power absorption in the
terahenz frequency range. The corresponding difference frequency mixing coherence length in the
poled polymer (1 mm at 1 THz) is ~20 times greater than that of LiNbO, (50 gm at 1 THz). The
observed far-infrared electric ficld radiated from a 16 zm thick polymer sample is only 4 times
smaller than that from a 1 mm thick y-cut LiNbO, crystal. We discuss conversion efficiencies for
thicker polymer samples. © [995 American Institute of Physics.

With device speeds consistently increasing, intense
broadband high frequency radiation sources are needed for
the characterization of dielectric materials. Over the last de-
cade, several different techniques involving the use of pho-
toconductivity and optical rectification have been developed
for the generation and detection of terahertz {THz) band-
width free propagating electromagnetic radiation.’~® This lat-
ter process can be understood as difference frequency mix-
ing, in which two different frequencies within the frequency
spectrum of an optical pulse interact in a nonlinear medium
to induce a polarization and radiate at the beat frequency.
The bandwidth of the resulting radiation is limited by the
bandwidth of the optical pulse and lies in the THz frequency
range. Recently, a variety of nonlinear optical materials have
been studied using non-phase-matched optical recti-
fication.”® Among these, the organic single crystal DAST has
been shown to generake the most intense submillimeter wave
radiation.” In general, organic media offer many attractive
properties for nonlinear optical applications. A wide range of
chromophores with donor- and acceptor-substituted moieties
and extended 7 conjugation have been shown to possess
large molecular hyperpolarizabilities. They can be chemi-
cally modified on a molecular scale to alter the dielectric
constant, refractive index, and optical nonlinearity of the dye
species. In polymeric form, these compounds offer many sig-
nificant advantages over single crystals. In particular, they
are readily processable, can be poled 10 induce noncen-
trosymmetry, and may possess nonlinear coefficients greater
than that of lithium niobate.'™""

In this letter, we describe the generation of THz radiation
from a model poled polymer. Using the measured THz sig-
nal, as well as refractive index and absorption measurements,
we discuss the applicability of these materials for intense
radiation sources. The nonlinear medium is a copolymer of
4-N-ethyl-¥-  (2-methacryloxyethyl}amine-4' -nitro-azoben-
zene (MA1) and methyl methacrylate (MMA), which we
designate MA1T:MMA. The samples used in this study con-
tain 16,5 mol% MAIL. The chemical suucture, synthesis,

YElectromie mail: an23@columbiaedu
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polymer properties, and linear, and nonlinear optical proper-
ties are described elsewhere.'?

We fabricated an unpoled sample for linear optical mea-
surements and a poled sample for generation of THz radia-
tion. Both samples were fabricated on Corning 7059 glass
with a 2000 A thick layer of indium tin oxide. We initially
spun cast a 4 um thick fitm of poly(acrylic) acid (PAA, Al-
drich) from a solution containing 25 wt % solids in deionized
water onto each substrate. The nonlinear copolymer was then
cast from a solution containing 30 wt % solids in dimethyl-
(ethyl)ether yielding film thicknesses between 13 and 200
pm. The sample to be poled was capped with another 4 um
thick film of PAA. This upper polymer layer was used to
reduce damage to the MA1:MMA layer during the corona
poling process, while the lower layer for each sample was
used 1o produce a free-standing film, as described below. In
the poled film, dipolar alignment was effected using corona
poling.'*'* The apparatus has been described clsewhere. '
After initially heating the sample 10 the glass transition 1em-
peraure of the MAI:MMA film (F,=132°C), an electric
field was placed across the polymer structure using a corona
voltage of —5000 V and a grid voltage of —3000 V. The
indium tin oxide layer was used as the ground plane. Afier a
30 min poling period at T, the sample was cooted 1o room
temperature in the presence of the field. The voltage was
then removed, effectively freezing the dipole alignment,
Since the PAA layers were highly conductive, we assumed
that the poling voltage was primarily applied across the
MALI'MMA iayer. This effective poling voliage was con-
firmed using an electrostatic volumeter. Free-standing
MA1:MMA films were produced by dissolving the PAA fay-
ers of each sampie in deionized water.

We used a conventional pump-probe experimental setup,
shown in Fig. 1, for generating and detecting the THz radia-
tion. [n the figure, the xyz coordinate system corresponds to
the laboratory frame, while the x'y 'z’ system corresponds to
the molecular coordinate frame. The external incidence angle
@ is defined by a rotation in the y-z plane about the x-axis.
The polar axis (") of the uniaxial nonlincar medium is de-
termined by the dircction of the poling field. The optical
pulses were provided by a cw Ar® laser pumped mode-
locked Ti-sapphire laser (Coherent MIRA) operating at 800

© 1995 American Institute of Physics
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Comparison of terahertz waveforms measured by electro-optic

and photoconductive sampling
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Terahertz waveforms measured by free-space electro-optic sampling and a photoconductive dipole
antenna were carefully compared. We show that the difference between the waveforms could be
explained quantitatively in terms of carrier lifetime and frequency dependent response of the photo-
conductive receiver antenna. © 7998 American Institute of Physics. [S0003-6951(98)00748-7]

Since its invention in the 1980's. photoconductive (PC)
sampling has been widely used to measure the terahertz
{THz) electric field coherently generated by femtosecond
lasers.'? Its high signal 1o noise ratio has enabled many THz
applications  including spmtfoscopy,3'4 imaging,5 and
ranging.® But its speed is limited by the resonant character-
istic of the anteana structure and the finite lifetime of the
photogenerated carriers in the detecior. Recently free-space
electro-optic sampling (FS-EOS) of THz radiation was dem-
onstrated to be an alternative to PC-sampling.” Due to its
high bandwidth and ease of implementation, it is becoming
increasingly popular. Despite the wide use of PC-sampling
and FS-EOS, the waveforms measured by the two methods
have not been compared closely. The comparison has mainly
been limited to the speed and the signal to noise ratio.*® In
this letter, we quantitatively compare the waveforms mea-
sured by these two methods and demonstrate a simple mod-
eling procedure that predicts the PC-sampling waveform di-
rectly from the measured FS-EOS waveform,

FS-EOS detects the polarization change of the probe
beam induced by THz electric field through the electro-optic
{E-Q) effect in the sensor crystal. Because the E-O effect is
almost instantaneous on the THz time scale, especiaily in
compound semiconductors, FS-EOS gives a signal directly
proportional 1o the THz electric field. Although there ure
several effects which could distort measured waveforms. in-
cluding group velocity mismatch (GVM) between copropa-
gating optical probe and THz beams, phonon-polanton cou-
pling and finite probe pulse width, waveform distortion from
these effects iy minimal for the pulse width, crystal thick-
ness, and THz bandwidth used in our experiments.

On the other hapd, measurements with a PC-untenna re-
ceiver generate waveforms which depend not only on the
actual THz electric field ¢(r) incident at the receiver. but
also on the frequency dependent antenna response A (@) and
the carrier lifetime 7, and momentum relaxation time 7.
The collected charge @ as a function of delay 7of the gating
pulse is given by

Q(T):fd!u(l)g(r—ﬂ. {1
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where the induced bias voltage across the photoconductive
gap #(1) is

V(r)*vJ'de(wJE(w)cxp(iwt). {2)

and the time dependent conductance g{(i) is

! : ‘
g“):J d!ll(fr){l #E(lfr )Ir(-}t—;(rfr }Irg‘ (3)

Here, (1) is the temporal intensity profile of the gating pulse
and E(w) is the Fourier transform of e(z}. The finite photo-
current rise time and the current recovery time are repre-
sented by 7. and 7y, respectively.'® The response function
H(w) represents the frequency dependent ratio of voltage
induced at the sampling gap to incident electric field E( w).
where E(w} is assumed to approximate u plane wave at the
receiver. H(w) depends on the coupling of the incident wave
onto the antenna as well as the impedance matching condi-
tions between the antenna and the transmission line in which
it is embedded; hoth of these factors may be {requency de-
pendent. As reported in the following, for our experiments
an 4 short dipole antenna without substrate lens. we find a
flat frequency response [H(w)=1] gives a good fit to our
data: i.e.. (1) is directly proportional to the incoming elec-
tric field profile. This is io marked contrast to the well-
known jw frequency dependence of a short dipole transmit-
ting antenna. The flat frequency response cun be explained as
follows. Because the overall length of the dipole antenna s
much shorter than the shortest wavelength of the incoming
electric field, the electne field E(w) (for any given @) is
spatially uniform across the antenna times a trequency inde-
pendent constant. Therefore, the induced open circuit volt-
age. Vo (@), is just E(ew) multiplied by the length of the
antenna.'' The actal voltage across the gap, V, . when there
1% a transmission line feed connected to the antenna, can be
calculated from the following voliage divider expression V,
=V, Z,/(Zy+2Z,), where Z, and Z, are the impedances of
the ransmission line and antenna, respectively. The radiation
impedance of our short dipole is small in the frequency re-
gion of interest between tens of GHz and 2 THz. {At very
low frequency the antenna reactance becomes large and this
leads o a zero de response.) When Z, is small compared to
Z,. V, cun be approximated by V. Therefore. il the meu-
surement is limited 10 the THz runge where the wavelength

3184 ® 1998 American Institute of Physics



THz spectroscopy and source characterization by optoelectronic
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We demonstrate a new type of THz optoelectronic interferometer, by fully characterizing a
recently developed THz source to beyond 6 THz, and by measuring the absorption
coefficient of high-resistivity GaAs from 1 to 5 THz. The two source THz interferometer is
driven with two 4 mW beams of 60 fs dye-laser pulses and produces interferograms

with exceptional signal-to-noise ratios.

Recently, many new optoelectronic sources of freely
propagating THz radiation have been demonstrated.
Commoen to all these sources has been the problem to prop-
erly characterize the emitted THz radiation with receivers
of limited bandwidths. The broadest bandwidth receivers
have used ion-implanted, silicon-on-sapphire (SOS), pho-
toconductive switches. In general, the limiting response of
photoconductive receivers will be determined by the rise-
time of the photocurrent itself, if they are not constrained
to lower frequencies by their THz optical properties or
electrical circuitry. For an ultrafast ion-implanted SQOS re-
ceiver, this limiting photoconductive rise time has been
experimentally determined to be 190 fs,'s giving an ulti-
mate response time of 150 fs.

An alternative method of source characterization,
which bypasses the problems of receiver bandwidth, is
based on interferometric techniques using a power detec-
tor. This approach was first demonstrated for THz radia-
tion sources by Greene er ai,!® They measured autocorre-
lation signals with a full width at half maximum (FWHM)
of 230 fs for the THz radiation pulse from laser-created
carriers accelerated by the surface field of a photoconduc-
tive semiconductor.' In their approach, they used a single-
THz radiation source, illuminated by 10 Hz repetition rate,
amplified, 100 fs pulses from a colliding-pulse, mode-
locked (CPM) dye laser, together with a Martin-Puplett
interferometer and a liquid-helium-cooled bolometer.

Here, we report an alternative interferometric ap-
proach, which uses unamplified, 100 MHz repetition rate,
CPM dye-laser pulse excitation of a two-source interferom-
eter. Via this approach, together with fast, scanning-delay-
line averaging, we obtain orders-of-magnitude improve-
ments in the signal-to-noise ratio of the measured
interferograms. Consequently, we were able to demon-
strate the applicability of the technique to spectroscopy by
measuring the absorption of GaAs to S THz. We used the
newly developed THz radiation source,' based on the pho-
togeneration of carriers within trap-enhanced electric
fields,'” to produce radiation to beyond 6 THz. With this
THz source, we measured a 230 fs FWHM autocorrelation
signal and an average power of 30 nW for 4 mW of laser
power. These results extend earlier characterizations of
this source by broad-band photoconductive recejvers %

The optoelectronic THz configuration [Fig. 1{a}] is
identical for both sources, and has been described earlier;'?
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the coplanar transmission-line structure consists of two 1(
pm-wide metal lines separated by 80 um, fabricated o
high-resistivity GaAs. Typically, 100 V are applied acros
the lines. Illuminating the edge of the positively biased lin.
with focused (5 um diam) ultrafast laser pulses produce
synchronous bursts of THz electromagnetic radiation. 2
CPM dye laser provides the 623 nm, 60 fs excitation pulse:
in two beams with average powers of 4 mW at the excita
tion spots.

The optoelectronic interferometer is illustrated in Fig
L{b), where the two identical THz radiation sources art
depicted. It is important to notice that the interferometer i
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FIG. 1. {a) Configuration used to generate the freely propagating pulses

of THz radiation. {b) Two-source THz optoelectronic interferometer
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High average-power THz radiation from femtosecond laser-irradiated InAs
in a magnetic field and its elliptical polarization characteristics

Nobuhiko Sarukura,® Hideyuki Ohtake, Shinji lzumida, and Zhenlin Liu
Institute for Molecular Science (IMS), Myodaiji, Okazaki 444-8585, Japan

{Received |0 December 1997; accepted for publication 8 April 1998)

The THz-radiation power trom bulk InAs irradiated with femtosecond optical pulses is significantly
enhanced and reaches 650 uW in a 1.7-T magnetic field with 1.5-W excitation power. The
THz-radiation power is related almost quadratically both to the magnetic field and excitation laser
power. We have also found that the power of the THz-radiation from an InAs sample in a magnetic
field is over one order of magnitude higher than that from GaAs. Additionally, a dramatic change
of ellipticity is observed. and the spectra of the horizontal and vertical polarization components are
found to differ. © /998 American Institute of Physics. [S0021-8979(98)09313-X]

Various THz-radiation sources have been intensively
studied including photoconductive switches radiated with
ultrashort optical putses.'™ two different color cw lasers.” or
parametric oscillators.” The average power of optical short-
pulse excited THz-radiation source was at most mW level,
mostly limited by the electric breakdown of the photocon-
ductive antennas. For applications to sensing or imaging®
and time-resolved spectroscopy in the far-infrared rcgion.q
an intense. compact. and simple light source is required.
Zhang er al. reported quadratic dependence of the laser in-
duced THz-radiation on the magpetic field." There was also
a report of Landau-levei contribution.!’ In this communica-
tion, we report the significant enhancement of THz-radiation
power from semiconductors irradiated with femtosecond op-
tical pulses. The power reaches 650 4W in a |.7-T magnetic
ficld with [.5-W excitation power. This is the highest aver-
age power ever achleved tn THz radiation @t around a i00-
MHz repetition rate. A J060- 4 W average power was oblained
even using a4 compact |-T permanent magnet. Moreover. we
found un interesting change of ellipticity of the magnetic
field.

The experimental setup tor the THz-radiation emilter in
a magnetic field iv shown in Fig. 1. A mode-locked Tinap-
phare laser delivered 70-ts pulses at 300 nm with un 30-MHz
repetitton rate usmg |.5-W average power for the excitation.
The sample was nondoped bulk lnAs with o (LO() surface.
The conduction type of nondoped bulk InAs was slightly #.
and the carrier density of this InAy was 3.0% 10" ¢m ™ The
InAs sampie itself is highly reflective. unlike transparent
GaAs. The reflectivity of the THz radiation was measured to
be approximately 70% for & 45 degree incidence angile.
Therefore. the THz radiation was totally generated in the
reflection direction. This highly reflective nature of InAs is
preferable tor the THz-rudiation enutter in two points. First,
it ehminates the redr surface reflection of the radiation that
normalty produces interferometric structures in the spectrum
Second. it enhances TH2 radiation due to the reflection tfrom

the irradiated surtuce itself, A hguid-helium-cooled InSh bo-

“Electmme manl samuer i e g
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lometer with sub-nW sensitivity (QMC Model QFI/2BI) was
provided for detection. The advantage of the bolometer for
this measurement is the easiness of the collection of the
beumn and the lack of timing or optical delay contol. The
InAs saumple was placed 45° 10 the magnetic field, and the
excitation laser was parallel to the magnetic field. The exci-
tation laser irradiated the sample with a 2-mm diameter spot,
This sufficiently large excitation area is advantageous for
reducing the diffraction effect and decreases the possibility
of damaging the emitter even for such high average-power
excitation. [n this geometry, the THz radiation was detected
even without the magnetic field, similar to GaAs in Ref. 12,
[n this case, the mechanism of the THz radiation was attrib-
uted to the carrier motion in the surface depletion electric
field.'*"* The THz-radiation power dependence on the exci-
tation power was measured in a [.7-T magneuc field as
shown in Fig. 2. The rudiation power exhibits almost qua-
dratic dependence on the excitation power. and saturation of
the THz-radiation power was observed when excitation
power excecded 500 mW. For cw Tisapphire luser excita-
ilon without mode focking at the sume wavelength. the same

1.7-T .
Electric " .
N polarizer
i or
InAs {100} -g- —
£ ; Polarizin

800-m 5 TH2-radiation Mlchetso?\
70-4sec Interferometer,
optical
pulse -—

Horizontal
polarization of excitation

FIG. 1 The experimenial setup tor THz-radiaton emilter in a magnetic

teld & mode-Tocked Tiapphire laser delivered T0-fs pulses at 800 nm tor
excitation. The sample was nondoped bulk lnAs with a (1(0) surface. A
hguud-helium-cooled nSh bulometer with calibrated senstivity was pro-
viged for detecion. The InAs sample was placed at 457 10 the magnetic
held, and the excitation laser was parallel 1o the magnetic held. The max-

mum Nehl ub e eledine magnet was 1.7 T, and the magnetic tield can alw
tweapphied i the apposite directioa. For the polarization-resotved spectral
Aeasdrement, s wire-zrud polanzer was nsested inte the vptical path,
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THz-radiation Generation from an Intracavity Saturable Bragg Reflector

in a Magnetic Field

Nobuhiko SARUKUR A, Hideyuki OHTAKE, Zhenlin LiU*, Taro ITATANI?, Takevoshi SUGAYA!,

Tadashi NakaGawa! and Yoshinobu SUGIYAMA?
Institute for Moiccular Science {(IMS). Myvodaiji, Okazake 4+4, Japan
LElectrotechnical Loboratory (ETL). Umezono I-1-4. Tsukuba 305, Japan

(Received October 2. 1997: accepied for publication December 2, 1997)

We have demonstrated a new method 1o generate intense THz-radiation, up (o a sub-microwalt level from a saturable Bragg
reflector in a magnetic field. The sawrable Bragg reflector is substituted in place of the end mirror in a femtosccond mode-

locked Ti:sapphire laser pumped by an ali-solid-staic green laser.

KEYWORDS: THz-radiation, intracavity, saturable Bragg reflector, magnetic field

The THz radiation emitted from various devices has been
studied intensively'™ for the time-resolved spectroscopy in
the THz-frequency region or various imaging applications.®
An intense, compact, simple light source is required for all
of these applications. There was a breakthrough in mode-
locking techniques for solid-state lasers some years ago.” %
Among these techniques, the use of semiconductor saturable
absorbers is attractive for mode locking because they are in-
expensive and compact, and can be designed to operate over
a wide spectral range.* !9 A saturable Bragg reflector (SBR),
developed by Tsuda er al.,'® is a nonlinear mirror utilizing
a thin-film semiconductor. We previously reported on direct
THz-radiation generation from a mode-locked Ti:sapphire
laser with an intracavity SBR.'" THz-radiation from GaAs
was reported to have a quadratic dependence on the mag-
netic field.'” We also discovered a significant enhancement of
THz-radiation from [nAs with magnetic field.'® In this paper,
by combining these two ideas together, we describe a further
enhancement in THz-radiation generation from an SBR in a
mode-locked Ti:sapphire laser on applying a magnetic field.

An SBR should provide other Rnctions besides that of a
saturable absorber for mode locking, as demonstrated in our
previous paper.'" The single quantum well is known to emit
THz-radiation,” and the quanwm well in the SBR is located
in the field-enhanced position in the Bragg reflector structure.
Therefore, the SBR structure has an advantage over the simple
quantum well structure for the generation of THz-radiation.
[f the SBR was introduced into a mode-iocked laser cavity, a
higher optical peak power inside the cavity will yield higher
THz-radiation power. OQur SBR was the same sample that we
previously used for the 1-GHz mode locking of a Ti:sapphire
laser'*) and the intracavity THz-radiation gencration, '

The mode-locked Tissapphire laser containing the SBR,
described above as an nwracavity Tz emiter, is shown in
Fig. I. The SBR is placed in the taser cavity instead of
the end mirror, and another high reflection mirror for fold-
ing the cavity was also installed for the fine adjustment.
A 1-T compact (10x 10x20cm®) permanent magnet placed
close to the SBR provides the field parallel to the surface
and the harizontal plane. Except for the SBR used as a
THz-radiation emitter, the remaining configuration of the
laser cavity is essentially the same as in a mode-locked
Ti:sapphire laser with a saturable absorber.® The saturable

"E-mail address: 2lu@ims ac jp

absorber dye for self-start mode-locking was 1,1°.3,3.3",3'-
hexamethylindo-tricarbocyanine iodide (HITCI) in ethylene
glycol. The Ti:sapphire laser cavity consists of a six-mirror
cavity with an additional focus for a dye jet, a 1% output
coupler for monitoring femtosecond pulse formation, and a
pair of high-dispersion SF6 Brewster prisms with 26 ¢cm sep-
aration. A continuous-wave (cw) all-solid-state green laser
(spectra-physics millennia X) was operated at 10 W for pump-
ing the mode-locked laser. The autocorrelation trace and the
spectrum were monitored with a rapid-scanning autocorrela-
tor and an optical spectrum analyzer. 130 fs pulses, assuming
a sech? pulse shape as shown in Fig. 2, were obtained with a
6.0 nm spectral width at 800 nm, yielding a nearly transform-
limited time and bandwidth product of 0.36. The average and
peak output powers inside the cavity were 8 W and 610 kW
(103 MHz repetition rate), respectively. The peak power of
the optical pulse irradiating the SBR exceeded 25 MW/cm?,
assuming a | mm beam diameter. The THz-radiation was
emitted in the transmitted direction. Without the magnetic
field. no radiation was detected in this geometrical configura-
tion or for the (100) surface of the SBR. The spectrum of the
THz-radiation which peaked around 0.8 THz was cbtained by
Fourier transformation of the autocorrelation of the radiation
from a polarizing Michelson interferometer (Graseby Specac)
as shown in Fig. 3. The interferometer was evacuated to avoid
the possible absorption of water vapor in the air. With the
wire-grid polarizer. the THz-radiation was confirmed to be

Millenni Saturable
flenia Absorber
(HITC} o Prism
SBR Pair
\ Ti:sapphira {SF6)
1-T
Permanent
Magnet Chopper siit
THz
radiation Autocorretalor
Ve ’
‘L. -;.'_..3 Optical
T : Lock-In Spectrum
m— ! Amplilier Analyzer
Fourier
Fafeians Fast
I o .
Interferomeéter  |nSbh Photadiode

Bolometer

Fig. 1. The experimental setap of 3 mode-locked laser with sn intracaviy
SBR v a magneuc field as a THz-radiation emitter.



Real-time electron cyclotron oscillations observed by terahertz techniques

in semiconductor heterostructures
D. Some and A. V. Nurmikko

Division of Engineering and Department of Physics. Brown Universuy, Providence, Rhode [stand 02912

(Received § March [994; accepted for publication 2 November 1994)

We demonstrate the application of oploelectronically generated terahertz electromagnetic transients
1o real-time detection of coherent oscillations by free electrons in modulation doped semiconductor
heterostructures, due to the cyclotron resonance. The damping of these oscillations gives a direct
measure of the electron dephasing which can be compared with scattering rates obtained from de
transport measurements. © 1994 American Institute of Physics.

Among the limited repertoire of techniques available to
characterize the high-frequency response of mobile electrons
in a semiconductor, far-infrared spectroscopy of the cyclo-
tron resonance (CR) has been used to elucidate electronic
interactions with the host system and its excitations. The CR
lineshape may be analyzed to determine quantum scattering
and quasiparticle lifetimes.'? including their dependence on
Landau level filling factor in the integer and fractional quan-
tum Hall regime in high mobility GaAs heterostructures.
Additionally, it is possible to induce coupling of the CR to
other available modes of excitation, such as intersubband
transitions,” resonant longitudinal optical (LO) phonons.f’
pola.mns.T and magnt‘:to—pl;ﬂsmons.ﬁ The conventional ap-
proach for performing CR spectroscopy is based on Fourier-
transform infrared (FTIR) spectroscopy utilizing a broad-
bund infrared source. or far-infrared molecular gas lasers.
which may be cw or pulsed typically on a (sub-) microsec-
ond time scale.

[n this letter, we report the application of optoelectroni-
cally generated and detected, frecly propagating, coherent
terahertz {THz) etectromagnetic (EM) transients to the study
of CR for free electrons in high mobility GaAs quantum
wells. in real time with subpicosecond resolution. An initial
report showed the feasibility of detecting two-dimensional
(2D) electrons in quantum wells (QW) by this techmque.”
We have now been uble to fully resolve the electric field
ascillations due to coherent cyclotron motion of electrons in
our sumples, the duration of which may be considerably
longer than the exciting THz pulse. The decuy of these os-
cillations. while quite different from. e.g.. the free-induction
decay of excitons. yields a measure of the electron phase
refaxation times which we briefly compare with those ob-
tained from transport experiments. Notably. we are also able
1o measure the quasiparticle relaxation time at zero magnetic
field as a function of the Ferma energy (£7). which is quite
difficult by conventional techniques.

We focus here chiefly on one sample containing a GuAs/
(ALGa)As single heterojunction {SHJY. modulation doped
with n,=6.7% 10" ¢m ° electrons with a4 mobility
w=27x10% em’/V s at T=4 K. A semitransparent NiCr pate
way deposited on the sample surfaces and indium dots were
alloved into the epitaxial layers to contact the electron gas
vhmically. Application of a reverse bias depletes the electron
gas. lowering the Fermi energy (E 00 a full bias of 5V wiil
completely depopulate the quantum well. As described be-
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low, varying the gate bias is useful in the differential tech-
nigque employed by us. Our experimental apparatus consisted
of u THz generation and detection system similar to that
described in recent literature’® employing a Ti:sapphire
mode-locked laser and photoconductive coplanar stripline
antennas based on GaAs (emitter) and silicon-on-sapphire
(receiver). The setup incorporated a 3 T superconducting
magnet housing the samples, immersed usually in a super-
fluid helium bath at 7=2 K.* The THz radiation is focused
onto the sample and recollimated with polyethylene lenses.
Free-standing wire grid polarizers ensure that the incident
and detected electric fields have the same polarization direc-
tion.

The impulse of broadband THz radiation, E,(1), is inci-
dent on the electron gas in the sample (top trace in Fig. 1),
which then reradiates an induced field E4(f}. The resulting
total field E, (1} = E (1) + E o4{1) is time resolved by the de-
tection system. By allemating the reverse bias on the NiCr
gate between values of 0 and 5 V at a rate of | kHz, we
modufate the electron population between n, and zero. This
modulation is used in conjunction with a fock-tn amplifier to
detect a differentiat THz signal which is proportional only to
thut component of the total transmitted electric field which
priginates from the two-dimenstonal electron gas (2DEG)

[le. E 0]

/A\ incident pulse Eoit) {x 1/20} 1
e e ———————
AN S ‘
2 T=150K t=0.7ps

T=100K t=t.4ps
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FIG [ Temperatare dependence of real-ume electron cyclotron vseillauoas
ma 2D eiectron gas au 831 T teom T=2 10 150 K. The inadent TH/
pulse is showa tor comparison. Fhe dashed bines represent the fisted convo-
lusions of the acidenl pulse wilh 2 dynamic conductivity ¢ "7 cosla, 11,
resulting in the estimated dephasing times given. The wave torms are offset
verucally tor clariy
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Far infrared spectroscopy with subpicosecond electrical puises

on transmission lines

R. Sprik, 1. N. Duling, Ill, C.-C. Chi, and D. Gnschkowsky
[BM T. J. Watson Research Center. P. Q. Box 218, Yorktoun Hewhis, New York 10598

{ Received 30 April 1987; accepted for publication 18 June 1987)

Optically generated and detected clectrical pulses on transmission lines in the subpicosecond
range have frequencies extending up to | THz, thereby cavering the far infrared region of the
spectrum from 0 to 30 cm ™ '. We have studied the propagation of these short pulses through a
section of the transmission line covered with erbium iron garnet which shows distinct
absorption lines in the far infrared at low temperatures (2-30 K). The absorption and
dispersion of the garnet modify the shape of the pulse, and the absorption spectrum is obtained

by Fourier transforming the propagated pulse shape.

Recently optoelectronic techniques have been used to
generate and detect subpicosecond electrical pulses on co-
planar transmission lines.'” The frequency bandwidth of
these short electrical pulses ranges up to | THz and covers
an interesting part of the far infrared energy spectrum {0-30
em "', A > 330 gm) in which can be found the gap frequen-
cies of superconductors, magnetic excitations, and the far
infrared modes in lattices and molecules. This situation, plus
the fact that the earlier observations showed that the subpi-
cosecond pulses broadened to only 2.6 ps after propagating 8
mm on the transmission line, encouraged us to consider
spectroscopic applications of these guided wave clectrical
pulses.

The recent use of superconducting transmssion lines
showed that by observing pulse reshaping as a function of
propagation distance, the frequency-dependent absorption
and dispersion of the line could be obtained. The absorption
sharply increased at the frequency associated with the break-
ing of the Cooper pairs int the superconducting niobium met-
al lines.” In this letter we demonstrate that this time domain
optoelectronic technigue can be more generally used for far
infrared spectroscopy by covering a section of the transmis.
sion line with an absorbing material and studying the conse-
quent reshaping of the transmtted pulse. We demonstrate
the feasibility of this spectroscopic method by measuring the
magnetic resonances in erbum iron garnet (ErlG) and
studying the temperature dependence of the frequencies
between 2 and 30 K. The particular choice of ErlG was guid-
ed by the fact that this system 1s known to have sharp absorp-

tion resonances tn the currently accessible spectrat range of

the techmique and was readily available to us.

The optoelectronic generation of short eiectrical pulses
is based on the temporary shorting of the charged transmis-
sion line by carners excited tn the photoconductive material
{ion-implanted Si on sapphire} underneath the lines with a
short laser pulse. The mimimum electrical puise width.
which 1s measured by the same electro-optic techmique. ap-
pears to be himited by the lifetime of the photoexeited carn-
ers in the photoconductive material.' Figure 1 shows the

" Permanent address: Natuurkundig Laboratonium, Universitent van Am-
sterdam. Vaitckemerstraat 65, 1618 XE Amsterdam, The Netherlands,
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experimental arrangement, the coplanar transmission line,
and the focused spots of the laser, where the electrical pulse
is generated by focusing the exciting beam between the hines
(“sliding contact™) and detected after propagation by the
sampling beam focused on the gap. By scanning the time
delay between the exciting beam and the sampling beam one
measures the pulse shape. Both beams are derived from the
same laser, a prism-compensated, colliding-pulse, mode-
locked, dye laser producing 70-fs pulses at a repetition rateof
100 MHz.* The exciting beam is chopped at 2 kHz and the
resulting photocurrent signal is detected as a function of
time delay with a lock-in amplifier, whose output is stored in
a computer for further processing.
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" REFERENCE FREQ ' ’
_ I
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FIG. | Schematic diagram of the experimental arrangement together witl
the coplanar transmussion line configuration.
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Measurement and analysis of terahertz radiation from bulk semiconductors

M. Li, F. G. Sun, G. A. Wagoner, M. Alexander,® and X -C. Zhang®
Physics Departmens, Rensselaer Polytechnic [nstitute, Troy, New York 12180-3590

(Received 30 January 1995; accepted for publication 18 April 1995)

We report the recent measurement and analysis of the transmitted and pseudoreflecied optically
induced terahertiz (THz) beams emitted from a semiconductor wafer under femtosecond laser
tllumination, where the static electric field is either parallel or perpendicular to the surface. In
general, the amplitude of the transmitted THz field is different from that of pseudoreflected THz
field, except at the Brewster angle. © 1995 American Institute of Physics.

When iliuminated by femtosecond laser pulses, where
the photon energy lies above the optical absorption band
edge, a semiconductor wafer will emit pulsed submillimeter-
wave (THz) radiation, via ultrafast photocarrier transport, in
both the transmitted and pseudoreflected directions.’? The
Maxwell equations can be used to provide a semiclassical
theoretical description of the electrodynamics underlying the
radiation phenomena.'~ Pulsed THz radiation can be used to
coherently probe the ultrafast electronic properties of
semiconductors.™® However, due to the technical difficulties
associated with THz beam measurements, the potential of
this technique has not been fully exploited. For example, a
detailed comparison of the amplitude and polarity of the
transmitted and pseudoreflected THz beams has not yet been
reported.

In this letter, we present the results of our recent mea-
surement and analysis of the amplitude and polarity of both
the wansmitted and pseudoreflected THz beams, generated
through the optical injection of carriers into the static electric
field associated with a semiconductor surface. We find that
the ratio of the peak transmitted THz signal relative to the
peak pseudoreflected THz signal is simply given by the fol-
lowing: 1%, depending on the direction of the field relative
lo the surface, where r is angular dependent Fresnel reflec-
tion coefficient of the THz field at the semiconduciot/air in-
terface. Therefore, the amplitude of the wransmitted THz field
is different from that of the pseudoreflected THz field, except
at the Brewster angle. Based on this straightforward analysis,
we are able to explain the anomalous THz emission from
metal/semiconductor interfaces.

In an unbiased wafer, the surface depletion field is di-
recled normally, where in a wafer under transverse bias, the
surface ficld is 1angeniial to the surface. In these two cases,
the carriers injected into the field region will accelerate along
the field direction, thereby emitting a THz pulse. As a result
of the particular field alignment. both the polarity and ampli-
tude of the emitted radiation will differ between the biased
and unbiased cases. Figure 1(a) schematically illustrates the
polanization and propagation of optically induced THz beams
from an unbiased semiconductor surface, where photocarrier
transport is perpendicular the surface. A generalized Snell’s
law relates the three angles, with: sin{4, )=sin(¢}")
=n,, sin{&})). Within the wafer, the optically induced dipole

"Rome Luboratory. Hanscom Air Force Base, MA 01731
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layer near the surface generates radiation in the forward di-
rection along c’,‘ and in the backward direction along ( 7
- c',') [gnoring the surface field conuibution, Fig. [{b)
shows the THz beams from a planar biased wafer. In each
case, the radiation in either direction satisfies the far-field

dipole radiation equation:

E=mr><(rx;?), U)
where j is the retarded photocurrent density at surface and it
follows the surface static field direction. In the unbiased
case, shown in Fig. 1(a), because photocarrier transport is
along the surface normal, the forward- and backward-
radiated THz pulses have opposite polarities. When photo-

9, (@)
e
e/ —

Epseudo-reﬂecled

(b}

E

transmitted

FIG. 1. The polarizavon of forward-radiated, backward-radiated. reflecred
backward-radiated. ransmitied and pseudoreflected THz radiation with pho-
tocarrier transport {a}) perpendicular and (b) parallel to the surface.
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Ultrafast electro-optic field sensors
Q. Wu and X.-C. Zhang®
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{Received 21 November 1995; accepted for publication 15 January 1996)

We report our recent study of ultrafast electro-optic field sensors for the coherent measurement of
freely propagating subpicosecond pulsed electromagnetic waves (THz beams). The sensitivity and
bandwidth of these electro-optic sensors are comparable with the conventional ultrafast
photoconductive dipole antennas. The simplicity of the detection geometry and capability of optical
parallel processing make these sensors suitable for real-time 2D subpicosecond far-infrared
imaging. © 1996 American Institute of Physies. [S0003-6951(96)01312-3]

Over the last ten years, generation, propagation, and de-
tection of ultrafast electromagnetic pulses have been the “hot
topics” in many research groups in the ultrafast optics and
electronics communities.! Their pioneering work has made
significant contributions o the scientific understanding of ul-
trafast phenomena and produced a wide variety of
applications.> " In particular, the subfield of far-infrared
time-domain spectroscopy has seen the development of sev-
eral new techniques for the generation, propagation, and ul-
trafast detection of terahertz bandwidth electromagnetic
radiation.'™'® These versatile techniques are essential for
characterizing ultrahigh speed electronic materials, devices,
and systems, as weil as for exploring and understanding fun-
dameatal physics in the far-infrared spectral range.

To date, the measurement of terahertz pulse is primarily
being carried out using ultrafast photoconductive antennas
and far-infrared interferometric techniques. In this letter, we
present our recent work on ultrafast electro-optic field sen-
sors for the coherent measurement of freely propagating THz
beams. As an extension of our previous work on electro-
oplic ficld sensors,'” the sensitivity of these ultra-wide-band
field sensors is improved to be comparable with the ultrafast
photoconductive dipole antennas currently used. We also
present the results of two detection geometries and the use of
several different electro-optic crystals.

The generation and detection of terahertz beam via pho-
tocarrier transport and Pockels effect in this pump/probe sys-
tem is similar to one we used previously,'” except that the
velocity of the optical beam reflected from the right facet of
the LiTaO, crystal in the projection of the THz beam propa-
gation direction matches that of the traveling THz field. Fig-
ure | schematically illustrates the side view of the sensor
head geometry for a counterpropagating detection. When a
THz beam iltluminates the electro-optic LiTaQ, crystal with
its polarization parallel 1o the crystal ¢ axis, the index of
refraction 1s modulated via the Pockels ceffect. A fs optical
puise with its polarization 45° to the crystal ¢ axis probes the
ficld-induced change in the index of refraction. To convert
the field-induced phase retardation into an intensity modula-
tion, the probe pulse is analyzed by a compensator and a
polarizer, then detected by a photodetector.'’ During this ex-
periment, we used a mode-locked Ti:sapphire laser (Spectra-
Physics, Tsunami) which provides 130 fs optical pulses at

“Flectronic matl zhangx2rpiedu
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800 nm with an 82 MHz repetition rate. The average power
of the optical pump beam and probe beam is about 1 W and
100 W, respectively. An unbiased GaAs wafer attached on a
metal-coated glass (ITO), triggered by femtosecond pump
pulses, radiates the THz pulses.'® In the LiTaO; crystal, the
angle between the THz beam and interacting optical beam
reflected from the window facet is about 71°, so that the
velocity of the optical beam projected in the THz beam
propagating direction matches that of the raveling THz field.
The interaction leagth of optical probe beam and THz beam
in the crystal is about 200 zm. Figure 2 displays a measured
transient waveform with the unbiased GaAs emitter 15 cm
away from the LiTaO, sensor. This nearly velocity-matched
condition reduces the walkoff effect, and yields a signal-to-
noise ratio (SNR) better than 100 from a single scan with a
0.3 s ume constant.

The detection configuration in Fig. 1 is similar to that
used in the conventional geometry of photoconductive dipole
antenna based systems and is widely used in time-resolved
far-infrared spectroscopy. However, since the THz beam and
optical beam are incident from opposite directions, if an ar-
ray of optical beams is used instead of one single beam, as in
the case of an imaging application, this configuration would
not be convenient. To overcome this limitatuon, we have
tested an experimental setup where the optical and THz
beams propagate collinearly in the electro-optic crystal. A
similar system has been used recently for the measurement
of high power THz beams.'® Figure 3 iliustrates this collinear
configuration. A 1 in. pellicle beamsplitter which is transpar-
ent for the THz beam directs the optical probe beam along
the THz beam. A lens (f=1 m) is placed in oplical probe
beam path, but no lens is used for the pump beam and THz
heam. The diumeter of the unfocused THz beam and the

Silens LiTaQ,

‘f aser
»
- __

THz pulse

v1

FIG. 1. Electro-optic field sensor with counterpropagating terafertz and
optical beams. The electro-optic crystal is attached to the silicon leas.
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Electro-optic detection of THz radiation in LiTaOj3, LiNbO; and ZnTe

C. Winnewisser,® P. Uhd Jepsen, M. Schall, V. Schyja, and H. Helm
Fakultar fur Physik, Albert-Ludwigs-Universitat, D-79104 Freiburg, Germany

(Received 6 January 1997; accepted for publication 10 April 1997)

Freely propagating THz pulses are detected in electro-optic (eo) crystals by monitoring the phase
retardation (PR) of an infrared femtosecond probe pulse. This technigue permits the determination
of the temporal shape of the THz pulse in the subpicosecond time domain. We present
measurements in LiTaQ;, LiNbO;, and ZnTe and compare their signal performance as eo crystals
with theoretical calculations for the PR signal. ZnTe shows the best performance for eo detection.
© 1997 American Institute of Physics. [S0003-6951(97)01523-4]

A vanety of techniques for the detection of freely propa-
gating electro-magnetic pulses in the subpicosecond time do-
main, so-calied terahertz. (THz) pulses, have been developed.
These include the method of optically gated photoconductive
antennas,’' interferometric techniques with helium cooled
bolometers,” pyroelectric detectors,” and electro-optic (eo)
detection.*’

. The motivation for eo detection of THz pulses is based

on the advantage of a nearly flat frequency response (low
dispersion) for certain eo-sensor crystals in the far-infrared
region.®¥ Furthermore the eo detection promises the possi-
bility of spatially resolved THz imaging without the need to
spatially scan the object. This technique was proposed
recently*® and as a first step Wu et al. succeeded in detecting
the spatial profile of a THz beam.”

Pioncering experiments on eo sampling inside LiTaQ,
and LiNbQ, crystals have been carried out by Auston et al.
and Valdmanis ef al."™'! Work conceming eo detection of
freely propagating THz pulses has been reported only
recently.*!? Our previous work®™'? has been concemed with
eo detection using LiTa0O, as a sensor eo crystal and the
denvaton of a formula for the phase retardation (PR} in-
duced in a copropagating probe pulse. In the present letter
we have extended our earlier studies to LINbO, and ZnTe as
co-sampling crystals. For experimental details the reader is
referred o Ref. 6.

The eo detection of the THz pulses is based on the linear
eo effect (Pockels effect). The electric THz field strength
medifies the refractive index ellipsoid of the eo crystal. Thus
the index of refraction n; becomes n,=n(Eqy,), where i
represents one of the principal axes x,y,z. If the THz beam
propagates along the ; direction different phase shifts, ¢,
and ¢, result for the electric field components of the elec-
tric field strength £, and £, of an optical probe beam, which
also propagates along the z direction. The differential PR
experienced by the probe beam due to the THz field over a
distance dz is denoted by Sé=¢, — ¢, .

Of the three crystals studied here LiTa0O; and LiNbQ,
are uniaxial crystals. We aiso investigated ZnTe (110} which
ts an isotropic crystal with zinc blende structure.

In Figure 1 the different orientations of the eo crystals
relative to the Epy, polarisation are illustrated. The actual PR
due to the THz field depends on the crystal orientation:

{i) b-cut case: The differential PR is given by'":
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l w 5 N
Sdtud T)= 5 ;(narll_”;rB)ETﬂz(T)‘dZ
=ChEydT) dz, (1)

where T is the relative time delay betweeen the THz pulse
and the probe pulse, r|; and ry; are components of the
electro-optic tensor, C, is a constant appropriate for the
b-cut crystal orientation, and w is the optical probe beam
frequency. There is an additional, static PR term due to the
natural birefringence of the &-cut crystal of

w
5¢na:=;(ne“no)dzn (2)

which gives a background signal, which cannot be cancelled
by orientation of the crossed polarizers.
{ii} c-cut case: The differential PR may be written as:

W
8l )= myrpEu(T)-dz=CbrulT) dz. (3)

In the case of a ¢-cut crysial the probe beam does not sufler
a static PR, but has a smaller C-factor and therefore a
smaller overall PR magnitude ¢y, .

{iii} ZnTe (110) cut: In this case no intrinsic PR occurs
in the crystal and the differential PR due to the THz field
strength may be written as

eg—crystal

detector

Polarizer

FIG. 1. vo detection setup. The optical probe pulse and the THz pulse
propagate along the z axis. The optical probe beam is linearly polarized at
PB=45% and the THz field strength E4,, is parallefl to the v axis. For b-cut
crystals the following counditions hold: n,=n,=ny and n,=n, For a
c-cut crystal: n,=n,=n, and n, =n;.
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Two-dimensional electro-optic imaging of THz beams

Q. Wu, T. D. Hewitt, and X.-C. Zhang®

Phvsicy Department. Rensselaer Polytechnic Institute. Troy. New York 12180-3590
(Received | May 1996; accepted for publication 11 June 1996)

We report on a novel electro-optic sampling system for real-time terahertz (THz) imaging
applications. By illuminating a 6 X8 mm?® ZnTe crystal with a 300 W optical sampling beam and
detecting the beam with a digital CCD camera, we achieved time-resolved images of pulsed
far-infrared radiation emitted from an unbiased GaAs wafer. At the focal point of the peak
far-infrared field, the THz beam diameter is approximately 0.75 mm (full width at half-maximum).
The temporal and spatial resolutions of this imaging system are mainly limited by the laser pulse

duration and the diffraction limit of the THz beam, respectively.

Physics. [S0003-6951(96)03834-X]

The use of terahertz (THz) beams for imaging applica-
tions was first demonstrate by Hu and Nuss.' Far-infrared
images (t-ray imaging) of tree leaves, bacon. and semicon-
ductor integrated chips were demonstrated as examples of a
variety of applications. Because their imaging system used a
single photoconductive dipole antenna as the detector, the
samples to be imaged were scanned in two dimensions, rela-
tive to the fixed beam, during the measurement. As a result,
the acquisition time of an’'image was typically on the order of
minutes, depending on the total number of pixels and the
lowest THz frequency components of interest.” Although it is
highly desirable to further improve the data acquisition rate
for real-time imaging through the fabrication of a focal plane
antenna array, such a device would be hindered by technical
issues such as high optical power consumption and limits on
the antenna packing density.

Recently, a free-space electro-optic sampling technique
for the characterization of THz beams was
developed."" featuring diffraction-limited spatial resolution,
femtosecond temporal resolution, THz frequency bandwidih,
mV/cm field sensitivity, and signal-to-noise ratio {(SNR) bet-
ter than 10 000." Advantages intrinsic to electro-optic detec-
tion include nonresonant frequency response (dc o THz),
large detector area (~cm’), high scan rate, and linear dy-
namic range {~160 dB)." The excellent performance of the
single detector measurcments in a collinear geometry has
shown great promise for real-time two-dimensional (2D}
imaging.” Electro-optic detection is capable of mapping a
time-resolved THz (far-infrared) image onto an optical beam,
for which array detection such as CCDs and digital-signal-
processing technologies are well developed.

In this letter, we report the first real-time 2D imaging of
a THz beamn from a table-top electro-optic sampling module.
We demonstrate the conversion of a time-resolved far-
infrared image inte a tme-resolved optical image using a
ZnTe sensor and a high performance digitul CCD camera. A
tull frame readout time of 0.133 s for 384 X288 pixels makes
this a true ‘real-ume’

coherent

measurement. The average readout
optical power is 300 #W, with a temporal resolution of 50 fs,
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and submillimeter spatial resolution, corresponding to THz
wavelengths.

Figure ! schematically iliustrates the experimental ar-
rangement for free-space electro-optic THz imaging. The ba-
sic operating principles and experimental details of collinear
electro-optic sampling have been described previously.® Fun-
damentally, this system is based on the linear Pockels effect
in electro-optic crystals where a pulsed microwave signal
acts as a transient bias to induce a transient polanzation in
the sensor crystal. This polarization induces a birefringence
that is then probed by a synchronously pulsed laser beam,
and finally converted to an optical amplitude modulation
via optical polarization analysis. The laser source is a
Ti:sapphire laser with a pulse duration less than 50 fs, and an
unbiased GaAs wafer is used to generate pulsed electromag-
netic radiation.” Parabolic mirrors were used 1o focus the
THz radjation on a 0.9 mm thick, 6X8 mm>{110} oriented
ZnTe crystal. An optical readout beam with a diameter larger
than that of the THz beam probes the eleciric field distribu-
tion within the crystal via the Pockels effect. The 2D feld
distribution in the sensor crystal is converted nto a 2D op-
tical intensily distribution after the readoul beam passes
through a crossed polarizer, and the optical image is then
recorded by a digital CCD camera. The imaging area of the
CCD camera (8.4%6.3 mm?) is comparable (0 the area of the
ZnTe sensor (6X8 mm*), and no focusing optical element
was used between the sensor and the camera. There are no

aralyzer CCD camera

THz beam pellicle ZnTe

polanzer
readout beam
Por. . o

Computer

FIG. |. Experimental setup for the conversion of a far-infrared (THz) imagy
into an optical image as measured by a CCD camera.
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Free-space electro-optics sampling of mid-infrared pulses

Q. Wu and X.-C. Zhang?

Physics Depariment, Rensselaer Polytechnic [nstitute, Troy, New York 12180-3590
{Received 16 May 1997, accepted for publication 7 July 1997)

We report on the coherent detection of ultra-broadband mid-infrared electromagnetic pulses using a
3)-pm-thick ZnTe electro-optic sensor. The detected frequency spectrum exceeds 37 THz,
extending from microwave to the mid-infrared. The frequency response can be further improved by
reducing the sensor thickness to 10 um. © [997 American Institute of Physics.

[S0003-6951(97)02536-9]

Despite the rapid advance of terahertz optoelectronics in
the recent decade, the frequency region above 10 THz has
yet been accessible for coherent detection. Whereas Katzen-
llenbogen et al. reported a frequency response of 6 THz from
their photoconducting dipole antenna (PDA),' the record was
recently pushed to 7 THz with a much broader 3-dB

bandwidth® in 2 GaP-based free-space electro-optic sampling .
. (FS-EOS) system. However, because of the Reststrahlen re-

gion near 11 THz, a GaP sensor is unlikely to reach 10 THz.
This is generally the case for most electro-optic (EQ) sensor
materials since the frequency of the fundamental TO phonon
resonance in GaP is one of the highest known of many semi-
conductor EO crystals.

The possibility of extending FS-EQS into the mid-
infrared region is nevertheless favored by the following fac-
tors. First, most semiconductor EO materials are transparent
in the frequency region between phonon resonance (far-IR)
and the electronic resonance {near-IR); Second, it is reason-
able to assume an instantaneous nonlinear response and a
constani electro-optic coefficient across the mid-infrared re-
gion for covalent semiconductor EO crystals, where the
dominant nonlinearity is electronic in origin; And the last, 10
fs lasers, which now proliferates rapidly, can readily provide
a sampling bandwidth {FWHM} of as high as 44 THz.

The generation of broadband mid-infrared radiation
through optical rectification was recently demonstrated by
Bonvalet et al.” In their experiment, an incoherent detector
{HgCdTe) and interferometric technique were empioyed to
characterize the mid-infrared pulses. The spectrum of the
generated radiation, as they noted, spanned beyond the de-
tection bandwidth of the HgCdTe detector. Futthermore, due
o the dispersion of GaAs, which has an index of n(5 um)
=3.2978 and n(25 um)=3.058,* the spectral phase of the
mid-infrared pulse in fact cannol be assumed constant even
for their (00-gan-thick GaAs emitter. Incoherent detector
based linear correlation technique was therefore unable o
provide an accurate characterization of the ulura-broadband
radiation. FS-EOS, as a coherent detection technigue, be-
comes alractive when combined with an ultra-broadband
mid-infrared source.

In this letter, we report the use of electro-optic sensors
for coherent characterization of mid-infrared terahertz beams
with a bandwidth up i0 37 THz. This represents a significant
improvement over the previous record of 7 THz," and also
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FIG. 1. Schematic of expenmental setup. A/4: achromatic quarter wave
plate; WP: Wollaston prism.

confirms the broadband rature of the radiation generated by
optical rectification.

Figure | schematically illustrates the experimental setup
of the FS-EQOS detection system. The 12 fs Ti:sapphire laser
{Kapteyn-Murnane Labs) delivered an average power of
nearly 500 mW at a center wavelength of 800 nm. A 0.45-
mm-thick (110)-onented GaAs was used as an emitter and 4
30-zm-thick (110} ZnTe crystal as an EO sensor. 350 mW of
the laser power was focused on the GaAs emitter by a gold-
coated off-axis parabolic mirror with 4 5 cm effective focal
length. The broadband THz radiation generated from the
GaAs emilter by optical rectification” was collimated and
then focused on the ZnTe EO sensor by a pair of f/0.6 off-
axis parabolic mirrors. The laser probe beam was combined
to collinearly travel with the THz beam through a 2-zm-
thick pellicle, which had a negligible effect on laser pulse
width and THz beam. The EO modulaton induced by the
ultrafast Pockels effect was detected by using a pair of bal-
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FIG. 2. Tempora! waveform of the THz radiation measured by s 30 um
ZnTe sensor. The shortest oscillation period is 31 fs.
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7 terahertz broadband GaP electro-optic sensor

Q. Wu and X.-C. Zhang®

Phvsicy Department, Rensselaer Polvtechnic nstitute, Trin. New York 12180-3590

{(Received 10 December 1996: accepted for pubtlication 31 January 1997)

We report a broadband coherent terahertz detection system using GaP as a free-space electro-optic
field sensor with a demonstrated 3 dB bandwidth of 3.6 THz, useful bandwidth of 7 THz, and a
pulse width of 185 fs. These figures represent new records in the coherent detection of free-space
THz radiation. Sensor response as a function of crystal thickness and copropagation velocity
mismatch dispersion in the THz regime is studied. © /997 American Institute of Physics.

[S0003-6951(97)01714-2]

The spectral region of submillimeter waves have tradi-
tionally lacked suitable sources and detectors. Although bet-
erodyne techniques are routinely used lo access the micro-
wave regime, and recent advances in Schottky varactors have
extended the upper limit of heterodyne detection up to |
THz.! incoherent detection remains common at higher fre-
quencies. Recently, THz time-domain speclroscopf has
opened up this important spectroscopic region, and ultra-
broadband coherent optoelectronic detection methods con-
tinue to see rapid improvement. At present. the highest re-
ported frequency response of a photoconducting dipole
antenna has been 6 THz.> However, the resonant nature of
dipole structure seriously limits the detection bandwidth and
spectral response. In contrast, recently developed free-space
electro-optic sampling (FS-EQS)*™® provides an alternative
method for the coherent detection of THz transients which
overcomes manty of the inherent limitations of antenna based
systems. Among the various electro-optic materials we stud-
ied, ZnTe has shown the highest field sensitivity near 2 THz
(Ref. 7) due to its excellent optical-group-velocity/THz-
phase-velocity matching within the tuning range of Ti: sap-
phire lasers 3 However, because the first transverse optical
(TO) phonon resonance of ZnTe lies at 5.3 THz. the disper-
sion and absorption associated with this resonance limits the
high frequency response of ZnTe sensors to 5 THz.”

In this letter, we report an all-optical terashertz generation

. and detection system with a record bandwidth of 7 THz. The

ultrabroadband THz radiation is generated via optical recti-
fication from {110} orented GaAs, and coherently detected
via FS-EOS using a (110} GaP sensor.

GaP is an indirect (£, = 2.3 eV) zincblende semiconduc-
tor having its first TO phonon resonance near 11 THz.'
Figure 1 shows the optical group index and THz phase index
of GaP. The data (solid lines) were calculated from Ref. 10,
and the expennmental data {open circles) were measured us-
ing 100 fs laser pulses. The slight difference between the
calculated and herein experimentally measured optical group
indices may be due to different growth conditions leading to
different impurity concentration. Because of the optical and
THz dispersion. a given optical wavelength witl only be ve-
locity matched to a certain THz frequency. As an example,
810 nm is matched to 6 THz. The response function ot the
sensor isthus entangled by the frequency-dependent velocity
mismatching.

To study the frequency response of the EO sensor. we
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consider a simple case of a monochromatic THz wave,
exp(fQlr) and a delta-functionlike optical pulse centered at
Ay. After the puise and THz wave have copropagated
through a sensor of thickness d, the accumulated GVM time
is :

1, (hg) = n{{))
Q):_}_"—'_ﬁd, ()

[&

where #,(hy) is the optical group index. n({}) the THz
phase index, and d the crystal thickness. In this analysis, we
explicitly neglect contributions from multiple reflections in
both optical and THz beams. The resulting EO modulation of
the optical pulse induced by the THz wave is proportional o
d as well as the time average of the electric field across the
GVM time &(). It has the form as:

.f(”.) J’&Q}Pll.ﬂ!.’dr

G = =
() S 1y

2)

P T

BRI
where ({01 =2[n({)+ 1] is the Fresnel transmission coef-
ficient. G((Y) thus determines the frequency response func-
tien of the EO sensor. Although it appears that the EO signal
is proportional (o the sensor thickness, |G(Q)] criticaily de-
pends on d. as shown in Fig. 2. A trade-off clearly exists
between broadband response and long interaction length. If
the thickness of GaP is reduced to 50 um. the frequency
response can further extend to beyond 9 THz. Knowing the
frequency response G({1), it 15 straightforward to calculate
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FIG. | Opucal group index #,iA, and THz ni (1 1in GaP.
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Broadband detection capability of ZnTe electro-optic field detectors

Q. Wu, M. Litz® and X.-C. Zhang

Physics Department, Rensselaer Polytechnic Institute. Troy. New York 12180-3590
{Received |5 December 1995; accepted for publication 14 March 1996)

We present our measurements of the broadband detection capability of copropagating electro-optc
ZnTe field detectors for the characterization of free-space puised e¢lectromagnetic radiation. To
demonstrate ultrawide detection bandwidth. radiation from both gigahertz and terahertz bandwidth
pulsed microwave sources has been characterized. The high frequency limitation of the sensor is the
first TO phonon resonance (5.31 THz). The ultrashort temporal resolution is demonstrated by the
detection of a 177 fs {full width at half-maximum) pulse generated via THz optical rectification in
(1D GaAs. © 1996 American Institute of Physics. [S0003-6951(96)01521-5]

In the ultrafast optoelectronics community, one of the
major concerns about the extension of conventional electro-
optic sampling techniques from local field measurements to
free space applications is the field sensitivity. In general,
electro-optic sampling as performed in the characterization
of local fields cannot offer a comparable signal-to-noise ratio
(S/N) to that achieved via photoconductive sampling, such as
through Auston switches. In the past, most of the activities in
THz beam detection were conducted using photoconductive
dipole antennas,' ™ while much less effort was directed to-
ward the development of free-space clectro-optic sampling
applications.

Recently, we reported the use of a counterpropagating
electro-optic sampling system”!'" 10 measure subpicosecond
THz pulses. We used a LiTaO; crystal tip attached to a sili-
con lens to measure the freely propagating pulsed microwave
radiation. Due to the short microwave—optical interaction
length in the crystal tip, the S/N ratie in this geometry was
well below that of conventional photoconductive antennas
under comparable conditions. However, signal detection was
greatly improved when the system was switched to a co-
propagating geometry.'' In this configuration, a S$/N ratio
>10 000 has been achieved even when the microwave beam
was unfocused on the detector. A copropagaling geometry
has also previously been used for the detection of high power
THz pulses.'” The sensilivity, detector area, and stability for
the field detectors in the collinear electro-optic sampling
technique are comparable or better than the ultrafast photo-
conductive antennas.

The superior performance capabilities of eleciro-optic
sampling techniques in wansient local feld measurements
result from the ultrawide detection bandwidth of the sensor
crystal. Similarly, in free-space electro-optic sampling sys-
tems. since there are no conducting elements or wiring asso-
ciated with the crystal detector, the bandwidth should be hm-
iled only by the dielectric response of the electro-optic
crystal. In this letter, we report the first experimental inves-
tigation of the broadband detection capability of copropagat-
ing electro-optic sampling for the characterization of freely
propagating pulsed electromagnetic radiation. Specifically
we have tested the sampling system using several pulsed
microwave emitters where the central emission frequency
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ranged from ens of gigahenz to several terahertz. Our results
demonstrate the ultrawide detection bandwidth capabilities
of these systems.

Figure 1 schematically illustrates the experimental setup
of a free-space copropagating electro-optic sampling system,
This system is similar to the copropagating geometry we
used prt:viously.l ! The field detectors are (110} oriented
ZnTe crystals of various thickness ranging from 0.25 to 1.5
mm. ZnTe has a comparable electro-optic figure of merit
(n'r/€) 1o that of LiTaQ;, without the limitations associated
with intrinsic birefringence and a reduced sensitivity by ther-
mal fluctuations.

We tested several photoconductively gated pulsed mi-
crowave emifters, including cm-size photoconductive tapped
antennas (transient current source), unbiased (100} GaAs wa-
fers with Brewster angle incidence (transient photoconduc-
tive source), and {(111) zinc-blende wafers with nommal inci-
dence {optical rectification source). These emitters provide
microwave pulses with a pulse duration from approximately
150 fs 10 65 ps. The shortest microwave pulses arc generated
from THz optical rectification ({111} zinc-blende crystal}
while the longest pulses are from large-end photoconductive
lapped antennas.

The first set of emitters we tested were the photoconduc-
tive twin-line center-fed antennas. These antennas had (wo
Cu conductors each resembling an Alpine-type hormn. A
Gans photoconductor with approximately a | mm gap was
clecurically contacted o a uniform transmission-line section.
The length of the open ends of these emitters was on the
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FIG 1
sampling fieid detector,

Experimental setup of the copropagating [ree-space electro-optic
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Electrically pumped tunable terahertz emitter based on intersubband

transition
Bin Xu* and Qing Hu

Department of Electrical Engineering. Computer Science and Research Laboratory of Electronics,
Massachusents Institute of Technology, Cambridge, Masachusetts 02139

Michael R. Melloch

School of Electrical and Computer Engineering. Purdue Universitv. West Lafayette. Indiana 47907
(Received 10 April 1997; accepted for publication 24 May 1997)

An electrically pumped three-level system was designed and fabricated using an AlGaAs/GaAs
multiple quantum well structure. Under appropriate biases, the structure emits terahertz (THz)
radiation. as a result of diagonal (or interwell) intersubband transition. The emission spectra were
resolved using an external Fourier wransform infrared spectrometer. The center frequency of the
emission was voltage wnable. The emission spectra and the power-voltage relation showed clear
evidence that the middle level was depopulated by fast longitudinal optical-phonon scattering, thus,

a population inversion between the two upper levels is feasible.

Physics. [S0003-6951(97)02530-8]

The terahertz (THz) frequency range (1-10 THz, or 30-
300 um wavelength) is among the most underdeveloped
electromagnetic spectra, mainly due to the lack of compact,
coherent solid-state sources. Conventional interband laser di-
odes can only be operated at frequencies above their energy
gap, which is > 10 THz even for narrow-gap lead salt mate-
rials. Long-wavelength tasers based on intersubband transi-
tions were first proposed more than two decades ago,’ and
several more detailed design analyses were reported in the
last decade.” ® The successful development of intersubband
lasers (or quantum-cascade lasers) operating at mid-infrared
frequencies (3-5 pm and 8—12 pm wavelengths) was only
recently achieved *'" Despite this great success, major ob-
stacles remain for the development of THz intersubband la-
sers, even though the intersubband emission was first ob-
served 1 this  frequency range.“ The narrow subband
separation corresponding to THz frequencies (4-40 meV)
makes selective injection and the removal of electrons diffi-
cult. The long wavelength aiso requires new methods of
mode confinement. Optical pumping is highly selective in
populating specific subbands,'*'" but its drawback is low
efficiency. In this letter, we report our investigation on an
elecuically pumped, intersubband three-level THz emitter
using multiple guantum wells (MQWs}.

The intersubband emission stucture was grown using
molecular beam epitaxy (MBE) on an n' GaAs substrate.
The active region is clamped by two 0.4-gm-thick n * con-
tact layers (n=2x10'"" ¢m’). and it consisted of ten nomi-
nally identical modules of MQWs  made of
Al (Gay 7As/GaAs heterostrucwures. Each module contained
three quantum wells with widths of 6.8 nm. 6.5 nm, and 8.8
nm; and barnier thicknesses of 2.6 nm, 2.0 nm, and 4 8 nm,
respectively, as shown in Fig. 1{a). The 8.8-nm well was
S-doped a1 the center with a doping level of
09x 10" em®. This doping was used to avoid the space
charge cffect under injection. Each module is a three-level
systern, with £, £, and £ levels located in the 8.8-nm,
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6.5-nm, and 6.8-nm wells, respectively. Under a proper bias,
which is ~60 mV/module, these three-level systems were
cascade connected. Figure 1(a) shows the band diagram, sub-
band positions, and squared magnitude of the wavefunctions
at this bias {corresponding to £=18.9 kV/cm) as a result of
self-consistent numerical solution of the Schrodinger and
Poisson equations. The ground level £/ of an earlier stage is
aligned with the upper level £, of the following stage: Thus,
E; can be selectively populated through resonant tunneling.
Furthermore, the separation between £, and £ was slightly
>36 meV [which corresponds to the lengitudinal optical
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FIG. { (2} Numencally calculated band diagram, subband levels, and
squared magnitude of wavefunctions of two cascade connected triple-
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Generation of femtosecond electromagnetic pulses from semiconductor

surfaces

X.-C. Zhang, 8. B. Hu, J. T. Darrow, and D. H. Auston
Electrical Engineering Department. Microelectronics Sciences Laboratories, and Center
for Telecommunications Research. Columbia University, New York, New York 10027

(Received 18 October 1989; accepted for publication 19 December 1989)

We have generated electromagnetic beams from a variety of semiconductors. When a bare
semiconductor wafer was illuminated by femtosecond optical pulses, electromagnetic waves
radiate from the surface and form collinear diffraction-limited electromagnetic beams in the
inward and outward directions. The amplitude and phase of the radiated field depend on
carrier mobility, the strength and polarity of the static internal field at the semiconductor

surface.

Several novel techniques have been developed recently
to generate broadband electromagnetic pulses in free space
by ultrafast laser pulses. These techniques include the use of
high-speed photoconductors as fast current sources for radi-
ating antennas,'~* and rectification of optical pulses in crys-

Is by electro-optic Cherenkov radiation.® Newly developed
large aperture planar photoconductors radiate a directional
electromagnetic pulse which can be steered by varying the
angle of incidence of the optical beam.” The electro-optic
Cherenkov radiation extracted from an electro-optic crystal
in free space has a superior pulse duration and bandwidth.®
These electromagnetic beams have been used in submilli-
meter wave and far-infrared spectroscopy.”

In this letter we report a technique to generate femtose-
cond electromagnetic pulses from the depletion layers of
semiconductor surfaces. T@
diated field depend on carnier mobility and the strength and
polarity of the static internal field at the semiconductor sur-
face.

Figure | shows the sample illuminated by an unfocused
optical beam with the outward radiated field £,(0) and
transmitted radiated field £ (#). The opucal excitation
source used here 1s a balanced colliding pulse mode-locked
{CPM) dye laser which produced an output pulse energy of
L.. 2 nJ at a repetition rate of 100 MHz and a 70 fs pulse
duration at 4 center wavelength of 620 nm. The optical beam
was split into two beams (30%/70% ) by a beamsplitter.
The stronger beam, used for the oprical excitation, was mod-
ulated by a mechanical chopper at a 2 kHz rate: the weaker
beam passed through a variable time delay stage and was
used for the temporal measurement. The semiconductor wa-
fer used as a transmitter was illuminated by the unfocused
optical excitation beam. A dipole antenna fitted with a sap-
phire lens was used to detect the electromagnetic beam. This
antenna has been used to characterize electro-optic Cheren-
kov radiation and its structure has been described previous-
ly."" The time-delayed laser beam was focused on the dipole
anienna with a 5 x microscope objective, and the measured
signal from the antenna was amplified and averaged by a
current amplifier and a lock-in amplifier.

Figure 2 schematically itlustrates a band diagram of
semi-insulating InP with photocarriers near the wir/semi-
conductor interface. The surface state of a semi-insulating

101 Appi Phys. Lett 56 (11), 12 March 1990
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InP is near the conduction-band edge. As a result of Fermi
level “pinning™ at the interface, both the conduction band
and valence band bend downward and form a depletion layer
of width {, near the interface. When an ultrafast laser pulse
illuminates a bare semiconductor surface with the photon
energy greater than the band gap, photons are absorbed, cre-
ating electron-hole pairs. The built-in static field drives the
two kinds of carriers in opposite directions—the electrons to
the surface and the holes to the wafer. The free carriers are
swept across the depletion width {,, the photocurrent flows
in, and a dipole layer builds up. The rise time of the photo-
curgent is on the order of the laser pulse duration, and gener-
ally the decay time is the transit time of free carriers crossing
the depletion layer (assuming the carrier lifetime is longer
than the carrier transit time}. The transient current in the
depletion layer radiates electromagnetic waves. The estimat-
ed bandwidth of radiation is over 1 THz and is independent
of the free-carrier lifetime of the semiconductor. The inward
and outward directions of the radiation beams are diffrac-
tion limited, and they satisfy generalized Fresnel laws. The
outward radiation field is collinear with the reflected optical
beam, and the inward radiation field emerges from the sam-
ple after microwave absorption in the wafer and Fresnel's
loss at the boundary.

Figure 3 shows the waveform of the radialed field froma
semi-insulating InP, detected by the dipole antenna in the
outward direction (45° relative to the normal) with a 4 mm
nominal diameter laser beam. A single cycle of 2.4 ps is esti-
mated between two adjacent minima. The measured band-

Reflected optical beam

& Transmitted fieid
QOutward field

Semiconductor

Incident optical beam

F1¢ 1. Electromagnenic beams generated from seniconductorsurlace The
erdent opticad beam. the outward radiated Reld £ and inward radiated
tield sanisty the generahired Fresnel laws
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Here is a list of other groups involved in THz-TDS. Some are directly involved in advanced
instrument development and characterization, while others are using it strictly as a source for
far-infrared spectroscopy. This is a partial list, in no particular order. It is taken from Dan
Mittleman’s home page

(http.//www ece.rice. edu/~daniel/Miitleman htmt).
There are direct links to the groups listed below on his home page. It is worth while to visit
this home page.

Martin Nuss, Bell Labs, Lucent Technologies

Igal Brener, Bell Labs, Lucent Technologies

Xi-Cheng Zhang, RPI

A number of people at the CUOS, University of Michigan, including Phil
Bucksbaum, Ted Norris, and John Whitaker.

Jeff Bokor, University of California, Berkeley

Joe Orenstein, University of California, Berkeley

Tony Heinz, Columbia University

Brian Kolner, UC Davis

Frank Hegmann, Univ. of Alberta

Center for Terahertz Science and Technology, UCSB

Dan Grischkowsky, Oklahoma State University has an interactive THz lab tour!
John Federici, NJIT

Andy Weiner, Purdue University

Norbert Scherer, University of Chicago

Robin Hochstrasser, University of Pennsylvania

Stephen Ralph, Georgia Tech (nascent web page)

Dan van der Weide, Delaware

Beth Parks, Colgate University

Ultrafast Optoelectronics Lab, Univ. of Maryland

Picometrix, Inc.

Molecular Optoelectronics Corporation

Toni Taylor, Los Alamos

Ted Heilweil, NIST Gaithersburg

Charles Schmuttenmaer, Yale University

Shun Lien Chuang, U. of Minois, Urbana

Bob Guenther, Duke University

Elliot Brown, DARPA Electronics Technology Office

S. R. Andrews, Bath University, UK

Dan Some, Weizmann Institute

Frank De Lucia, Microwave Laboratory, Qhio State University
Hermann Harde, Hamburg

Jochen Feldmann, Munich

Martin Koch, Braunschweig

Martin Wegener, Karlsruhe

Rene Beigang, Kaiserslautern, in German

Heinrich Kurz and Peter Haring Bolivar, Aachen

Karl Unterrainer, University of Innshruck

Hartmut Roskos, Frankfurt

Ssren Keiding, Aarhus, Denmark

Jurgen Kuhl, Max-Planck Institute, Stuttgart

Ingrid Wilke, University of Hamburg

Hanspeter Helm, University of Freiburg

Klaas Wynne, Femtosecond Research Ctr., Strathclyde UK, as well as
GODOT, a European consortium of THz groups.

ENSTA, Palaiseau, France (does the English version work yet?)

M. Tani, Kansai Research Center, Kobe, Japan

Institute of Solid State Electronics, Technical University of Vienna
Jean-Lounis Coutaz, University of Savey, France

Joungho Kim, Korea Advanced Institute of Science and Technology
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Characterization of an Optoelectronic
Terahertz Beam System

MARTIN van EXTER anp DANIEL R. GRISCHKOWSKY, SENIOR MEMBER, IEEE

Abstract —We describe the performance of an optoelectronic THz
beam system. The (ransmitier operation is based on the repetitive,
subpicosecond laser excitation of a Hertzian dipole antenna embedded
in a charged coplanar line. With this transmitter electromagnetic beams
of 1/2 cycle THz pulses at a repetition rate of 100 MHz are produced.
The associated opioelectronic receiver is gated in synchronism with the
excitation of the transmitter by subpicosecond pulses from the same
laser source. With this receiver, the 10 nW beams of THz pulses were
observed with a signal-to-noise ratio greater than 10000:1. Several
sources contributing to the noise of the receiver are discussed, together
with ways to reduce them. With an integration time of 125 ms, a
signal-to-noise ratio of 1 is obtained for a THz beam with an average
power of 10 ~'* W, The receiver operates in the sampling mode and has
a time resolution of 0.5 ps.

I. INTRODUCTION

N A SERIES of recent papers, the features and appli-

cations of a new high-brightness pulsed THz beam
system have been reported [1]-{4]. The highest perfor-
mance version of the system is based on repetitive, subpi-
cosecond optical excitation of a Hertzian dipole antenna
[3]-[5] embedded in a charged coplanar transmission line
structure. The burst of radiation emitted by the resulting
transient dipole is collimated by a THz opticai 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 exception-
ally tight coupling between the transmitter and receiver,
while the excellent focusing properties preserve the subpi-
cosecond time dependence of the source.

As mentioned previously [2]-{4], the combination of
THz optics with the synchronously gated, optoelectronic
detection process has exceptional sensitivity for repeti-
tively pulsed beams of THz radiation. With lenses and
mirrors it is possible to direct a large fraction of the
radiation, emitted during the excitation of an optoelec-
tronic device, onto a distant device. The transmitted
waveforms have been measured with subpicosecond reso-
lution and with signal-to-noise ratios of more than
10000 1. This result was obtained with a repetition rate

Manuscript received October 18, 1989; revised June 25, 1990. This
work was supported in part by the U.S. Office of Naval Research.

M. van Exter was with the 1BM Watson Research Center, P.O. Box
218, Yorktown Heights. NY 10598. He is now with the Huygens Labora-
tories, Postbus 9504, 2300 RA Leiden, the Netherlands.

D. R. Grischkowsky is with the 1BM Waison Research Center, P.O.
Box 218. Yorktown Heights, NY 10598.

IEEE Log Number 9038470,

of 100 MHz, an integration time of 125 ms, and ar
average power of 10 nW in the THz beam.

In this paper we present measurements and analysis ¢
the total emitted power, the beam collection efficiency
and the limiting noise properties of the THz receiver. It
particular, we show how the combination of THz optic:
with the optoelectronic, subpicosecond, synchronous gat
ing of the receiver allows for the measurement of inciden
THz beams with peak powers far less than the inciden
room-temperature thermal radiation i the same fre
quency range. Methods to further improve the perfor
mance of the receiver are also discussed.

The exceptional sensitivity is due in part to the higl
performance of the THz optics. Via two stages of collima
tion a THz beam with a frequency-independent diver
gence of 25 mrad is obtained from the THz transmitter
The THz receiver with identical optical properties collect
essentially all of this beam. The resuiting tightly couple:
system of the THz transmitter and receiver gives stron
reception of the transmitted pulses of THz radiation afte
many meters of propagation.

Another reason for the exceptional sensitivity is tha
the optoelectronic gating changes the effective resistanc
of the receiving antenna from 22 M in the off state t
550 € in the on state. The gating window of the on stat
lasts for approximately 0.6 ps. The duty cycle of 0.6 % 10°
is given by the ratio of the 0.6 ps gating time to the perio
of the 100 MHz sampling rate. Consequently, the averag
resistance seen by a current amplifier directly connecte
to the receiving antenna is about 7 M (L. Therefore, wit
respect to the current amplifier, the receiver has a hig
impedance together with a subpicosecond response.

A final important feature of the detection method
that it is a coherent process; the electric field ot a repe!
tive pulse of THz radiation is directly measured. Becaw
we synchronously detect a repetitive signal, the tot
charge (current) from the signal increases linearly wi
the number of sampling pulses, while the charge (curres
from noise increases only as the square root of the nu!
ber of pulses.

II. EXPERIMENTAL SETUP

The setup used to generate and detect beams of shi
pulses of THz radiation is presented in Fig. 1. The trd!
mitting and receiving antennas are identical, each consi
ing of the metallic pattern shown in Fig. l(a) [3}, wh

0018-9480 /90 /1100-1684$01.00 ©1990 IEEE
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ULTRAFAST DIPOLE ANTENNA

(a)
TRANSMITTE TERAHZ BEAM RECEIVER
= =t =
v AT LN !
| A L4 LA,
(s 17 3 I Y Th !
H PARABOLOIDAL —= H '
' MIRROR i |
f t ! i
1 | ! |
! 1
! SILICON LENS ! 1
s ____gq.RCE CHIP DETECTING CH!_P__T_ _:
LASER EXCITATION LASER DETECTION ;
BEAM BEAM
(b)
Fig. 1. {a) Ultrafast dipolar antenna. (b} Schematic diagrams of the

TH2z transmitter and receiver.

has been fabricated on an ion-implanted silicon-on-sap-
phire (SOS} wafer. The 20-um-wide antenna structure is
located in the middle of a 20-mm-long coplanar transmis-
sion line consisting of two parallel 10-pm-wide, 1-pm-
thick, 5 {/mm aluminum lines scparated from each
other by 30 um. A colliding-pulse mode-locked (CPM)
dye laser produces 623 nm, 70 fs pulses which are focused
onto the 5-um-wide photoconductive silicon gap between
the two antenna arms. This 100 MHz periodic excitation
causes pulsed, subpicosecond changes in the conductivity
of the antenna gap. When a dc bias voltage of typically
10 V is applied to the transmitting antenna, these changes
in conductivity result in pulses of electrical current through
‘he antenna, and conseguently bursts of electromagnetic
radiation are produced. A large fraction of this radiation
1s emitted into the sapphire substrate in a cone normal to
the interface [2] and is then collected and collimated by a
diei. _.ric lens attached to the back side (sapphire side) of
‘he SOS wafer [1]-[4].

For the work reported here, the dielectric lenses were
mnade of high-resistivity (10 k{-cm) crystalline silicon
vith a measured absorption of less than 0.05 cm™' in our
‘requency range. The use of silicon gave significant im-
orovement over the sapphire lenses previously used [1]-[3],
ilthough the 10% mismatch in dielectric constant be-
'ween the silicon lens and the sapphire wafer causes a
Jight reflection. The center of the truncated 9.5-mm-
ilameter silicon sphere {lens) is 2.0 mm above the ultra-
st antenna located at the focus of the lens.

After collimation by the silicon lens, the beam propa-
;ates and diffracts to a paraboloidal mirror, where the
Hz radiation is recollimated into a highly directional
eam. Although the 70 mm aperture paraboloidal mirrors
tave a 12 cm focal length, a 16 cm distance was used
etween the silicon lenses and the mirrors to optimize the
‘esponse of the system at the peak of the measured
pectrum. While the high-frequency components of the
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THz pulses remain reasonably well collimated, the very
low frequency components quickly 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 (10-70 mm) proportional to the wave-
length were obtained; thereafter, all of the frequencies
propagated with the same 25 mrad divergence. The com-
bination of the paraboloidal mirror and silicon lens (THz
optics) and the antenna chip constitute the transmitter,
the source of a 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 THz radiation induces a transient bias voltage
across the receiving antenna, directly connected to a
low-noise current amplifier. The amplitude and time de-
pendence of this transient voltage are obtained by mea-
suring the collected charge (current) versus the time delay
between the THz pulses and the CPM laser pulses that
periodically gate the sensitivity of the receiver. The detec-
tion process with gated integration can be interpreted as a
subpicosecond boxcar integrator.

II. MEASUREMENTS

A typical time-resolved measurement is shown in Fig.
2(a). The clean pulse shape is a result of the fast action of
the photoconductive switch at the antenna gap, the
broad-band response of the ultrafast antennas, the
broad-band THz optical transfer function of the lenses
and paraboloidal mirrors, and the very low absorption
and dispersion of the silicon lenses. The measured pulse
width of only 0.5 ps (FWHM) is only an upper limit to the
true pulse width, because no deconvolution has been
applied to the measurement to take out the response time
of the antenna gap. The value of 14 mV was established
as a lower limit for the peak transient voltage across the
gap; this was done by determining the required dc voltage
for a photocurrent in the receiving antenna equal to the
measured average current at optimum delay. The words
lower limit indicate that the measured current results
from a convolution of the transient voltage with the
transient conductivity of the gate. In this regard, notice
that the FWHM of the central spike is only 0.5 ps wide,
compared with the 0.6 ps pulse width of the integrating
gate, A deconvolution results in a peak transient voltage
of 35 mV, which is about 2.5 times larger than the simple
estimate mentioned above. The associated electrical pulse
generated on the coplanar line by the excitation of the
transmitting antenna is typically measured to be 1.0 ps in
duration and close to 1 V in amplitude. Taking into
account the response time of the measurement, the pulse
on the line is considered to have a pulse width of about
(0.7 ps with a rise time of the order of 0.3 ps and a longer
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Fig. 2. (a) THz pulse measured by scanning the time delay between
the optical gating pulses and the incident THz pulses, while monitor-
ing the current induced in the THz receiver. (b} Amplitude spectrum

of the measured pulse shape. (c} THz puise on a 100 times expanded
vertical scale.

_fal! time determined by the 0.6 ps carrier lifetime in
implanted silicon [7].

In Fig. 2(b), the Fourier transform of the measured

signal (Fig. 2(a)) is shown to stretch from about 0.1 to 2.0
THz. This represents only a lower iimit 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
b_f: proportional to the length of the antenna, i.e., propor-
tional to the separation between the two lines of the
coplanar transmission line. For extremely low frequencies
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Fig. 3. Measured THz pulse with a 10% times reduction (compured
with Fig, 2(a)} of the THz beam power.

the size of the paraboloidal mirrors will also limit the
efficiency, For the high-frequency limit the efficiency of
the antenna is strongly reduced when 1/2 the wavelength
(in the dielectric) of the emitted radiation is no longer
large compared with the antenna length. This frequency
for our 30 pm antenna is 1.5 THz, so that the observed
signal and corresponding spectrum are somewhat limited
by the antenna response, which has dropped by 50% at
this frequency. The high-frequency part of the spectrum is
also limited by the finite rise time of the currenat transient
and the nonideal imaging properties of the THz optics.
In Fig. 2(c), the time-resolved signal is shown on a
vertical scale that has been expanded by a factor of 100.
The structure observable after the main pulse is repro-
ducible and is due to reflections of the electrical pulse on
the transmission line, reflections of the THz pulse from
the various dielectric interfaces, and absorption and dis-
persion of water vapor [4] in the 1| cm path outside the
vaportight box placed around most of the setup. The
observed noise in front of the main pulse is about 1.3 X
107" A rms for an integration time of 125 ms, corre-
sponding to an integration bandwidth of 1 Hz determined
by a 12 dB/octave filter. An identical noise value is
obtained when the far-infrared beam is completely
blocked. The signai-to-noise ratio in this 4 minute scan is
more than 10000:1. Another 4 minute scan is shown in
Fig. 3, for which the intensity 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 ex-
pected 400. The discrepancy indicates a slight nonlinear-
ity due to the onset of saturation, related to the fact that
the electrical puises 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 1.0x107°.
However, despite this enormous reduction in power, the
peak amplitude is still more than 30 times larger than the
rms noise. Based on calculations presented in the next
section we believe that the average power in the THz
beam during this measurement was about 10~ W. If the
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agreement with the previously derived value of 1t nW
from the point of view of the transmitter,

An alternative analysis makes use of the concept of
antenna impedance, defined as the ratio of the emitted
power over the mean square of the current. In this
respect it is important to notice that the current is con-
stant along the antenna structure, which makes it a more
efficient emitter than the related center-fed antenna [11].
The interface increases the antenna impedance and we
find a value of 12 Q at 0.6 THz for our situation. From
the transmitter point of view, a peak current of about
1.8x 1072 A is pulsed through the antenna. If we assume
that the current and emitted power were concentrated in
a narrow band around 0.6 THz, then the emitted peak
power would simply be /2R, and the average emitted
power would be about 17 nW, a number that includes the
aforementioned 15% coupling efficiency into the THz
beam and the 0.6X10~* duty cycle. From the 35 mV
induced voltage at the receiving antenna, one can derive
an average incident power of 4.5 aW in a similar way. It
was only a rough approximation to assume that all radia-
tion was concentrated around the 0.6 THz peak of the
spectrum. When we take the proper frequency integra-
tions into account together with the corrections men-
tioned above, we arrive at 11 nW for the emitted power
and 3.5 nW for the received power at the receiving
antenna. Taking into account the 30% reflection at the
silicon lens, the value obtained from calculations at the
receiving antenna gives 5 nW incident on the silicon lens.

Another useful parameter is the ratio of the voltage
induced in the receiving antenna to the current in the
transmitting antenna. This frequency-dependent ratio is
called the mutual impedance [11], {12]. For perfect cou-
pling the mutual impedance should equal the impedance
of the (identical) antennas [12]. From our measurements
we extract a mutual impedance of about 3 ) at 8.6 THz,
corresponding to 25% amplitude coupling between the
transmitter and the receiver for this frequency.

By reasoning from both the transmitter and the re-
ceiver point of view, we calculated the average power in
the far-infrared beam to be about 11 nW and 5 nW or
7 nW, respectively. For the purposes of the discussion to
follow, we consider the average transmitted power in the
THz beam to be 10 nW, and we believe that this value is
within a factor 2 of the actual value. This average power
is comparable to that of conventional thermal sources
[13], but the peak power of our source is orders of
magnitude larger,

V. Noise N THE RECEIVER

In this section we will present an analysis of the noise
of the THz receiver. The following noise analysis is gener-
ally applicable to any type of photoconductive switch,
although the actual numbers will depend on the type of
device. If we were to destroy the directionality of the
receiver by removing the paraboloidal mirror and the
add-on silicon lens, the noise characteristics of the an-
tenna/switch would in fact be unchanged. However, the
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sensitivity of the receiver for the THz beam would be
drastically reduced.

Experimentally, we measured the receiver noise with a
frequency analyzer (Hewlett Packard 3585B) connected to
the output of a low-noise current amplifier (Ithaco 1211},
The amplifier was in turn connected to the receiving
antenna via the terminating coplanar transmission line.
This arrangement allowed the investigated noise to be
separated from the small pickup of harmonics of the fine
current. An alternative approach was to measure the
fluctuations on the output of the lock-in amplifier that
was also connected to the current amplifier (CA). These
fluctuations were then converted to an rms current at the
input terminals of the current amplifier and could thus be
compared with the noise floor (in dBm) measured with
the spectrum analyzer.

In the absence of the CPM laser beam, the noise of the
first receiving antenna chip investigated was 1.5 107"}
A rms for a 125 ms integration time on the lock-in (—73
dBm, with the CA at a setting of 107" V/A and a
bandwidth of 10 Hz). That this value was due to the
thermal Johnson noise, also called Nyguist noise, could be
demonstrated by replacing the antenna chip by an ordi-
nary resistor of identical value (0.7 M2). The easiest way
to reduce this noise is to strip the silicon from the areas
of the chip that are not illuminated by the laser during
normal operation. Such an antenna chip with stripped
silicon showed a much increased resistance of 22 M in
the off state. For this antenna the noise measurement
gave about 3.9 107" A rms (125 ms), being only slightly
affected by the much lower, open-ended current noise of
the CA of 1.5X 10 ™ A rms.

When a 6 mW laser beam was focused on the antenna
gap, the noise increased to 2.2x 107" A rms (125 ms) for
the first antenna chip and to 1.3x 107" A rms for the
second stripped antenna chip. For the second chip we
could show that the amplitude of the additional noise was
proportional to the square root of the laser power. A
likely candidate for this additional noise is the Johnson
noise arising from the thermally driven random motion of
electrons. Each laser pulse temporarily reduces the resis-
tance between the two lines of the terminating coplanar
transmission line. During the 0.6 ps switching time the
resistance is typically about 550 {). The integrated ther-
mal noise power scales with the average conductivity,
which in our situation is reduced from 22 M} to about
7 M. Thus, we would expect this noise to be 4.8 107"
A rms (125 ms, | Hz). However, at 6 mW the measured
noise power was equal to the Johnson noise of a 1 M{}
resistor and not that of the measured average resistance
of 7 M{). Consequently there must be additional noise
sources, some of which are described below. The mea-
sured antenna noise can also be interpreted as a random
effective voltage and charge transfer at each shot of the
laser. The 1.3x 107" A rms (125 ms) noise level corre-
sponds to a shot-to-shot effective voitage of 4.2 mV. This
value seems to be very large, but results only in a charge
transfer of 4.6 x 10~ '* C or roughly 30 electrons per shot,
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Time-domain spectroscopy of molecular vapors with subpicosecond pulses
of THz radiation

H. Harde*, D. Grischkowsky
IBM Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598

A newly developed optoelectronic beam system generating subpicosecond pulses of THz
radiation was used for time-domain studies of N;O vapor. After the excitation the molecules
were observed to radiate coherent transients on the free-induction decay originating from the
periodic rephasing of coherently excited rotational absorption lines. Numerical simulations
of the terahertz pulse propagation through the sample, based on the linear dispersion theory,
exactly reproduce the measured pulse structures. Additional calculations of terahertz pulses
tnteracting with OCS and HCN vapor are presented.

I. INTRODUCTION

While in recent years spectroscopy with ultrashort pulses was restricted to optical and infrared
frequencies, with the newly developed terahertz heam sources. producing subpicosecond pulses
of terahertz radiation (van Exter et al 193%a. Zhang et al 1990). a new {requency range is
becoming accessible for time domain spectroscopy and the studies of fast transients. At IBM
an optoelectronic terahertz transmission and detection svstem has been developed and used for
measurements of dielectrics and semiconductors { Grischkowsky et al 1990a) as well as high T.
substrates (Grischkowsky et al 1990b). Also molecular vapors of H: O {van Exter et al 1989h) and
N,O (Harde et al 1991a, Harde and Grischkowsky 1991b) have been investigated with this setup,
The teraHz pulses are unique in terins of their pulse duration and corresponding bandwidth.
They essentially consist of a single oscillation and are characterized by a transform-limited white
spectrum extending to bevond 2 THz. The radiation is well collimated into a low-divergence
beam and can be detected with a signai-to-noise ratio of hetter than 20.000.

In this paper we report an experimental and theoretical study of time-tesolved terahertz
spectroscopy of N,O vapor. where we refler 1o some of the results presented in an earlier
publication (Harde and Grischkowsky 1991h). and we add numerical simulations of the pulse
propagation through OCS and HCN vapor. These molecules with a similar structure to N.O but
with farger electric dipole moment are interesting candidates for studies of propagation effects
through optically dense media. Terahertz pulses passing thraugh one of these vapors excite a
multitude of pure rotational transitions in the impact approximation and cause the molecules to
reradiate a free-induction-decay (FII)) signal that consists of a series of well defined ultrashort
pulses (for similar observations in the infrared see. Forster et al 1971, Heritage et al 1975, Woerner
et al 19RO, and Bratengeier er al 1989). These pulses have their origin in a periodic rephasing
of the equally spaced rotational lines. For N,Q vapor we lave measured trains of coherent
transients extending to hevond 600 ps which are compared with theoretical simulations that
we derived from calculations based on the linear dispersion theory, Owing to the exceptionally
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high time resolution of the measurements. a reshaping of the individual pulses in the train can
be observed which in the case of N,0 and OCS originates from the anharmonicity it the line
spacing. For HCN vapar a strong reshaping and even new formation of the emitied pulse train
is calculated which is due to dispersive propagation effects.

2. EXPERIMENTAL SETUP

The optoelectronic terahertz radiation source Tgy_&_:l’j;‘_rglﬁ ;EMH';EM';_- _"E_E__I_Cf"!i%
and detection system is shown in Figure I and ¢ A T RN
has been already described by van Exter et al €T franapoLoiOAL * aron csu,l Y “E
(1989a). For the case here, a transmitting an- ! m? : |
tenna with bow-tie geometry was used. {abrica- i SILICON LENS 1 :
ted on an intrinsic, high-resistivity gallium arse- AU 3 ? DETECTING CHP "7 )
nide wafer. The antenna is driven by photocon- Beam o oAnon BEaw oM

ductive shorting the biased 5um wide antenna

gap with 70 fs pulses coming at a rate of 100 P! Experimental setup of the teraliertz hean

MHz in an excitation beam from a colliding- systeni,

pulse mode-locked dye laser. The generated THz radiation is collimated by a silicon lens and
paraboloidal mirror and directed towards the receiver, where it is focused onto an ultrafast
receiving antenna, which uses a micron-sized dipole structure on an jon-implanted. silicon-on-
sapphire wafer. The electric field of the teraliz pulses across the receiving antenna gap is
sampled by shorting the gap with the 70 fs optical pulses of a detection beam and monitoring
the current versus the time delay between the optical excitation and detection heam. For the
measurement with N,O vapor a gas cell of 38.7 cm length with high resistivity silicon windows
is placed into the beam.

3. N;O-MEASUREMENTS

When the terahertz pulses propagate through |
the vapor they will be reshaped due to the ab-
sorption and dispersion in the sample. These
changes can be directly observed by comparing
a transmitted pulse with a reference scan. ta-
ken without vapor in the cell. Such a measu-
rement is displayed in Figure 2a. The pulses
are detected with a time resolution of hetter
than 0.2 ps and a signal-to-noise ratio of more

]
than 20,000. They consist only of a single us- T " "
cillation and their numerical Fourier transforin 4r

B

AVERAGE CURRENT (nA)
o]
— ﬁ—‘]—f'——w—‘*—r—f

)

corresponds to a smooth amplitude spectrum (b)
extending up to 1.5 Tlz (see also dashed curve
in Figure 5Ha}.

When the cell is filled with 200 h*a of N50 va-
por. the output changes to that shown in Figure - 1
2h. Within the broad spectral tange covered -2 .

by the terahertz pulses the NoO molecule has © 40 82 120
TIME DELAY (ps)

AVERAGE. CURRENT (nA)

a multitude of equally spaced rotational lines
which can be excited simultaneously in the im-
pact approximation. Consequently. a periodic Fig 2. (a) Measured terahertz pulse without va-
rephasing and dephasing of the entire ensemble por i the celland (bj with 800 hPa of
of more than 50 transitions occurs during the N2 O vapor
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4. THEQRY

An accurate theoretical description and simulation of the measurements requires the solution
of the coupled Maxwell-Bloch equations, which under certain conditions can be solved by
introducing the pulse area concept. As the terahertz pulses are characterized by a bandwidth
comparable with the frequencies of the spectral distribution, it is not appropriate to describe
them by a carrier and a time-dependent envelope as is nsually done in the infrared and visible
regions. This precludes the use of the pulse area concept for pulse propagation effects, and also
the slowly varying envelope approximation cannot be applied for pulses essentially consisting
only of a single cycle.

However, under our experimental conditions we can assume a linear response of the sample to
the exciting pulses. Then the Maxwell-Bloch equations reduce to that of linear dispersion theory
(see, e.g., Allen and Eberly 1975}. The interaction of the electric field with the medium then
is best described in the frequency domain by means of the dispersion Ak(w) L and amplitude
absorption a(w) L/2 over the sample length L. A pulse £(z,t) propagating in z-direction through
the medium can then be calculated by

[+ =]
E(Z,f}:/ E(w)E—i(wl—kgz]eiAk(w):)e—%a{u.-)zdw (1)
where E(w) is the spectral distribution of the input pulse. The absorption coefficient of three-
atomic linear molecules on a single rotational transition from J — J + | and with Lorentzian
lineshape is given by

_plopth By &t —hB I+ 1T Ay
o) = e U e Cr o + (wy /2P @

with the transition frequency wy /27 = 2 8o (J + 1) ~ 4 Do (/ + 1)3 Here, 3, is the linewidth,
B, the rotational constant of the vibrational state and Dy the centrifugal stretching constant.
k; and n represent the wave vector and refractive index in the sample far from any material
resonance and p is the gas pressure. fp the fraction of molecuies in the lowest vibrational state,
¢ the electric dipole moment, kT the thermal energy, h Planck's constant, and ¢ the speed of
light. For the change of the wave vector it is found:

_pfonth By L?
Ak {w) = Brneceg kT

J 41 e hBe SR T *"J“*' ] :
e (g = <) + (30,72 )

The absorption and dispersion over the whole spectral range of the teraHz pulse is obtained by
summing Eqs.(2) and (3) over all transitions within this spectral width.

5 NUMERICAL STMULATIONS OF THE PULSE PROPAGATION

Our numerical calculations of pulse propagation were performed as follows. The measured
reference pulse, shown in Figure 2a. was chosen to be the input pulse to the vapor. Its numerical
Fourier transform E(w) was muitiplied by the amplitude absorption and dispersion which were
calculated from Eqs.(2) and (3} using the known molecular constants. The inverse numerical
Fourier transform then gives the predicted output pulses. If such a calculated pulse is fitted to
the measurement in Figure 2b. where the spectral linewidth. here assumed to be identical for all
transitions, is used as the only free parameter, on a double piot the different curves cannot be
further distinguished. From the fit the self-pressure broadening of N, O vapor can be accurately
determined (Harde and Grischkowsky 1991b). The calculation reproduces the measurement in
pulseshape and absolute amplitude, for the exciting pulse as well as the commensurate echoes
remarkably well. This is demonstrated by the comparison in Figure 4 between theory (- - -)
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and experiment (—-).

Here. the change of the echo-shape is well simulated with a stretching

constant of Dy = 5.3 £H:, as known from the literature. The background oscillations on the

measurement result from the residual water.

Due to the excellent agreement between mea-
surements and calculations for the N.Q we can
also expect to obtain reliable results for the
simulations of the pulse propagation through
OCS and HCN vapor. The OCS molecule is
distinguished by a frequency spacing between
adjacent lines of 2By = 12.2 GH: with an an-
harmonicity of only Dy = 1.3 k#H:, while HCN
has a spacing of 88.6 GH - and a stretching con-
stant of about 80 kHz. The calculated absorp-
tion spectra for 133 hPa of OCS and HCN are
displayed in Figure 5a and 5b respectively. A
terahertz pulse propagating through OCS va-
por excites the entire manifold of absorption li-
nes with rotational quantum numbers of up to
J = 100. The Fourier transform spectrum of the
input pulses is shown as the dashed curve in Fi-
gure 5a. Because the anharmonicity is related
to the third order of J. even with the small stret-
ching constant of OCY a significant reshaping of
the echoes which is only due to centrifugal de-
phasing can be calculated. This is illustrated
bv Figure 6 showing the seventh echo of the
emitted train. while the first echo appearing at
32 ps after the excitation pulse has the same
shape as displaved in Figure da. For this caleu-
lation a pressure of 13,3 hPa and a self-pressure
broadening of 87 M H:/hPa was assumed.

The rotational spectrum of HON extends 1o lar
ger frequencies than the specrrum of the jupa
pulses wsed in our simulations, In this case only
the {owest 16 transitions are exceited by the tera.
hertz radiation and contribute to the radiated

pulse train with a pulse separation of 113 ps.
Since the width of a spectral line s proportio-
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Fig 6. Caleulated shape of the Tl echo for 133
hPa of OCS vapor

nal to the pressure. the absorption on line-center is independent of the pressure. This peak
absorption (see Figure 51 is for HON more than two orders of magnitude larger that of QCS
and NoO (a,,,L/2 = 06). assuming the same propagation length of 3%3.7 em through the cell.
Therefore, already at low pressures strong echoes cian be observed. as this is demonstrated in
Figure Ta for a propagating pulse through 133 h % vapor of HCN.

For a peak ahsorption greater than nnity the vapor hehaves as an optically thick sample and
prapagation effects become naticible. So.at the fine center the absorption is already saturated
and causes an additional spectral broadening which in the time domain is manifest as a faster
decay of the measured pulse train than expected from the coherence relaxation time. In Figure
7a the observed damping is only attributed 10 this absorptive effect, while that contribution
due to collisional dephasing with 7% = 2/3. = 6.2 ns, cannot be observed on this time scale,
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Abstract-——The use of terahertz pulses for imaging has opened
new possibilities for scientific and industrial applications in the
terahertz frequency range. In this article, we describe the tech-
!lology necessary to perform tershertz “T-ray” imaging, novel
Emaging techniques, and commercial applications of T-ray imag-
ing.

I. INTRODUCTION

HE TERAHERTZ, or far-infrared, region of the elec-
tromagnetic spectrum is of critical importance in the
ctroscopy of condensed matter systems, gas phase analysis,
hd vibronic spectroscopy of polar liquids. In the past, tera-
hertz spectroscopy has been hindered by the low brightness
of incoherent far-infrared sources and poor sensitivity of
bolometric detectors. But with the advent of terahertz time-
domain spectroscopy (THz-TDS) [1], [2]. [3). these difficulties
are overcome in a radical way. THz-TDS is based on elec-
tromagnetic transients generated opto-electronically with the
help of femtosecond laser pulses. These teraheriz transients
are single-cycle bursts of electromagnetic radiation of typically
less than 1-ps duration. Their spectral density spans the range
from below 100 GHz to more than 5 THz. Furthermore, the
brightness of the THz transients exceeds that of conventional
thermal sources, and the gated detection is orders of magnitude
more sensitive than bolomeltric detection.

The many advantages of the terahertz time-domain tech-
nique have resulted in rapid proliferation among researchers
interested in studying properties and physical phenomena of
materials in the far-infrared frequency range. On the other
"nd, prospects for commercial applications of this technology

Five been unclear so far, mostly due to the sophisticated
femtosecond laser equipment needed. Within the last two
years, the availability of semiconductor-ciode-pumped solid-
state lasers is transforming fermtosecond lasers into compact,
wall-plug efficient and highly practical Light sources that are
often not larger than an electrical power supply.

On another front, advances in the efficiency ol terahenz
transmitters and receivers and improved optical designs have
led to the extension of terahertz time-domain techniques
to real-time imaging (4], [5). {6]. This terahertz “T-ray”
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technology combines imaging, real-time acquisition of tera-
hertz waveforms and advanced signal processing techniques
to obtain far-infrared images of objects and matenals. In
many cases, T-Ray images can also distinguish chemical
compositions of the object. These features of T-ray imaging
have generated interest in commercial applications in diverse
areas as moisture analysis, quality control of plastic parts.
packaging inspection, and trace gas analysis and monitoring.
Now, with practical and cost-effective femtosecond lasers
arriving on the market, vT-ray applications have the potential
to become cost effective in the commercial arena.

This paper attempts an overview of the features and capabil-
ities of T-ray imaging, and the many potential applications that
this new technology has in science, industry, and manufactur-
ing. We will also discuss novel imaging techniques such as
the terahertz Hall effect and T-ray tomography, which extends
T-ray technology to three-dimensional imaging.

[I. CHARACTERISTICS OF T-RAYS FOR CHEMICAL IMAGING

The potential for imaging applications using Terahertz “T-
ray” pulses results from a number of charactenistics. Terahertz
waves penetrate most dry, nonmetallic and nonpolar objects
like plastics, paper, cardboard and nonpolar organic sub-
stances. In the case of dielectrics, the absorption is governed by
optical phonons and depends on the polarity and the optical
phonon resonances of the material [7]. On the other hand.
metals are completely opaque to T-rays, and polar liquids
such as water strongly absorb in this frequency region [8]. [9].
In the gas phase. most polar molecules have very sharp and
strong absorption lines in this frequency range, which refiect
the unique rotational or ro-vibrational spectra of the absorbing
species [L0], {11}

Terahertz pulses cover a broad frequency range from under
100 GHz to several terahertz. Because the teraheriz time-
domain technique measures these pulses in both amplitude
and phase. the complex dielectric function (both arnplitude
and phase) can be obtained for the material under investigation
when comparing input and output waveforms. A particularly
useful feature of the THz-TDS technique is that this spectro-
scopic information manifests itself directly in the time-domain.
Fig. 1 shows how different materials modify the teraherz
waveforms in characteristic ways. On the top [Fig. ita)l.
the terahertz waveform after propagation through a 10-mm-
thick piece of stycast is shown, together with the input pulse
idotted). The transmitted waveform shows significant “chirp.”
indicative of the strong frequency-dependent refractive index
of stycast. Fig. 1(b) shows the same waveform afler propaga-
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the terahentz beam. In fact, a cotlimated beam with frequency-
independent beam diameter and without wavefront curvature
cannot be obtained using this substrate lens design [22].

These problems can be avoided by modifying the substrate
lens design. Use of hemispherical substrate lenses, for which
the antenna is located at the center of radius of the lens,
completely eliminates all diffraction and total internal reflec-
tion effects as no refraction occurs at the lens-air interface.
However, the cone angle of the terahertz emission can be
quite large, so that optics with very large numerical aperture
is required to subsequently collimate the beam. An excellent
compromise is the aplanatic hyperhemishperical substrate lens.
In this design, the dipole is located at a distance A from the
tp of the lens given by

hzﬂ(l-f-i)
n

.where R is the radius of the lens and n is its refractive index.
Like the hemispherical lens, this lens design has no spherical
aberration or coma and, when using silicon as a substrate
lens material, no chromatic aberration throughout the terahertz
range [23]. Using this lens design, we obtain collimated
terahertz beams with essentially no frequency-dependent beam
diameter, and achieve diffraction-limited focusing to a 300-um
focal spot at a center frequency of ] THz.

D. Signal Acquisition

The traditional method for acquiring terahenz waveforms
has relied on a photoconductive sampling technique, in which
the delay of one of the gating puises is swept relative to that
of the other, and the average photocurrent generated in the
receiver is measured as a function of the delay. The resulting
signal is the convolution of the terahertz waveform with the
temporal shape of the photoconductive sampling gate. Most of
the time, the signal is acquired with a lock-in amplifier, and

ne of the gating beams (or the terahertz beam) is modulated
with a chopper wheel. Since this requires a lock-in time
constant in the range of tens to hundreds of milliseconds, the
sweep time of the delay is quite slow, on the order of hundreds
of milliseconds per data peint. At this rate. it takes several
minutes to acquire a single 1024-point terahertz waveform.

In order 1o obtain images, where the entire waveform is
measured and analyzed at each pixel, this acquisition time
must be reduced dramatically. To accomplish this, the slow
stepper motor that provides the optical delay is replaced with
a scanning optical delay line (ODL). The ODL (Clark-MXR)
used in our experiments, a retro-reflecting mirror mounted
on a galvanometric shaker, provides roughly 3 cm of optical
path delay on each sweep, and can sweep at up to 100 Hz.
With this device, the lock-in amplifier and the chopper wheel
are no longer necessary. Dispensing with the noise fltering
provided by the tock-in detection does degrade the signal-lo-
noise somewhat, but allows for much faster acquistion times.
As a result, the noise is larger by a factor of between 20
and 100 compared to the slow scan using lock-in technigues.
But this 15 more than compensated by the vanous transmitter,
receiver, and optics improvements described above. Fig. 4

shows a waveform measured with a single sweep of the ODL;
in Fig. 4(b), the amplitude spectrum of this waveform is shown
on a semi-log scale. Each of the 1024 points in this waveform
was acquired in roughly 25 microseconds, and the result has
a signal-to-noise of approximately 1000, as seen by the noise
baseline above ~3 THz. Much of the residual noise in this data
arises from power fluctuations in the femtosecond laser, which
in turn can be traced to plasma instabilities in the argon-ion
pump laser [24]. By moving to an all-solid-state laser system
like 2 Cr:LiSAF laser, this noise source can be effectively
eliminated. Thus, it should be possible to measure up to 100-
THz waveforms in a second, with a signal-to-noise in each that
approaches the one that has been previously reported using
slow scanning methods.

IV. T-RAaY IMAGING

The above descriptions of various aspects of the THz-
TDS apparatus, when taken together, represent significant
improvements in the portability, reliability, and cost of the
system, as well as the overall quality of the terahertz signals.
For these reasons, it is now feasible to consider “real-workd”
applications of terahertz imaging. As described below, a
number of applications, in an extremely diverse array of fields,
may benefit significantly. For some problems, THz-TDS may
be the only technology available to address the issue, while
in other cases, it may be that aliemative technologies are
simply too expensive, inefficient, or impractical. Although the
following discussion explores a number of potential uses of
terahertz imaging and touches on examples in each of these
areas, it is by no means an exhaustive list.

As mentioned in Section I, the industries and applications
areas discussed here are quite wide ranging; they are dictated
by the characteristics of the terahertz radiation. Many of the
applications under consideration rely on either the extreme
sensitivity to water or the ability to propagate through common
packaging materials, or both. All of these abilities can be
combined with the imaging capabilities. [n many applications,
a reflection geometry wiil be of substantial advantage, or may
even be required. Although much of the work reported so far
relies on transmission imaging, it should be emphasized that
imaging in reflection is quite feasible, and even affords some
additional advantages, as discussed below.

Also important is the ability to detect and identify most
polar molecules in the gas phase. This application relies on the
broad bandwidth of the radiation. and the fact that, as in the
mid-infrared, many molecules have characteristic “fingerprint”
absorption spectra in the terahertz region. This has been
exploited in the development of an automated real-time gas
monitoring system {23]. This system may be a powerful
complement to the established gas monitoring devices which
are based on FTIR 1echnology. and which rely on the mid-
infrared “fingerprint”” ahsorption spectra of such gases as CO.
CO, and methane. These gases are not highly pelar, and
therefare do not show significant absorption in the terahern
region. Conversely. polar molecules such as ammonia and HCI
absorb quite strongly. with characteristic features within the
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bandwidth of the terahenz pulse. but are more difficult W
detect using other optical means.

In the following paragraphs. we will discuss a number of
applications of T-ray imaging to illustrate these classes of
applications.

A. Terahert; Imaging of Moisture

The simplest type of image one can generale in & trans-
mission imaging setup is one in which the transmitted power
determines the nature of the image. In our system, this
is accomplished using the digital signal processor, which
performs a fast Fourier transform of the waveform in real time,
and integrates the magnitude of the resulting power spectrum
over a certain spectral range. Because of the diffraction-
limited focus at the sample, integration over only the high-
frequency part of the terahertz spectrum will improve the
spatial resolution; conversely, integrating exclusively over
the low-frequency portion minimizes the effects of scattening
osses, which rise as the fourth power of the frequency [26].

A good example of this is shown in Fig. 5, which shows
a terahertz transmission image of a leaf from a common
houseplant. The color scale is determined by the amplitude
of the transmitted terahertz power, which in turn is related
to the amount of moisture present at each point on the leaf.
(The dashed box across the figure refers o the measurements
of Fig. 6, discussed below.} This image illustrates the extreme
sensitivity of this technique to water content. In this frequency
range, water absorbs quite strongly. Recently, Keiding and
co-workers [8] measured the absorption coefficient of liquid
water, using THz-TDS in a reflection geometry. Their value
of @ ~ 230 ecm~! at v ~ 1 THz has been confirmed by
transmission measurements, and is in reasonable agreement
with molecular dynamics simulations [9]. This value has direct
implications for the ultimate sensitivity of terahertz imaging
o changes in water content. With a signai-to-noise of 100:1
in the measured electric field. the minimum detectable water
concentration is given by n -+ ~ 10'% cm™%, where n is the

ensity of water molecules and r is the length of the path
raversed by the terahertz beam in the material. In a material
with a thickness of 1 mm. this implies a detection limit of less
than 10~% of liquid density.

This extreme sensitivity to water content can be exploited in
measurements such as those illustrated by Fig. 5. Indeed. this
is of great interest as a method of measuring the water content
of leaves on living plants. Currently. there is ne accepted.
nondestructive procedure for measuring the leaf water status
of a transpining plant. Research in the field of plant water
relations has been limited to point-in-time observations that
provide average values across the tissue being studied [27].
Muitiple spatial and repeated temporal observations have been
required to account for the dynamic movement of water
through the plant and for spatial vanation in water status in
individual leaves. Using terahenz imaging, it is possible to
account for inhomogeneitics in the sample by performing a
spatially resolved measurement. Because these measurements
are inherently nondestructive, repeated measurements may be
made on the same tissue, thereby providing for the study of

ihe

s
1

[=1

Photocurrent (nA)
[~} wn
[ P O

w

-10
15 T T T T T
0 [ 15 20 15 30
Delay {picoseconds)

(a)

Amplitude {arb. units)

Frequency (THz)

(b}

Fig. 4. {a) Terahertz waveform measured in a single scan of the ODL; (b
Magnitude of the Fourier transform of the waveform in (a), on a semi-log
scale. The noise baseline is roughly 1000 times lower than the peak signal. The
oscitlations which follow the main pulse, and which appear as medulations
on the spectrum, are a result of water vapor in the beam path, and do not
significamly affect the signal-to-noise estimates in the text.

water flow dynamics. A demonstration of this application is
shown in Fig. 6. in which the amplitude of the transmitted
terahertz radiation is shown as a function of horizontal position
across a leaf, at various delay times after the plant was watered.
The approximate location on the leaf of these line scans 1s
shown by the dashed box in Fig. 5. In Fig. 6, the variations
observed as a function of position on the leaf, which are
repeated at each delay time. reflect the different ransmission
coefficients through different parts of the sample. These result
primarily from the stem structure; as seen in Fig. 5, the region
of the line scans intersects the primary or central stem, as well
as a number of subsidiary stems on either side. As a function
of time after watering, the transmission decreases by several
percent. indicating that water is absorbed inio the leaf on a
time scale of hours. Experiments such as this can be used
o further understand the early warning signs of plant water
stress, and may be valuable aids in irrigation management for
a wide range of crops.

B. Terahertz bmaging for Quality Control

Spatially resolved measurements ol the terahertz Lransmis-
sion coefficient may also be used in package inspection or
quality control applications. Evidently, since many packaging
materials such as plastic and cardboard are transparent to
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Fig. 5. Teraherz image of a leaf from a common houseplant. Coleus. The
false color scale is correlated with water content, with darker green indicating
more water. The dashed box indicates the approximate position of the line
scans of Fig. 6, as described ir. the text
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Fig. 6. Terahenz line scans along a line that transects the center of the leat.
as shown by the dashed box in Fig. 5. The modulation in each line scan resuits
from the stem structure of the leaf. Each scan is labeled according to the tme

(in munules) after the plant was watered. Decreasing terahertz transmission
results from water intake into the leaf tissue.

terahertz radiation, it is quite simple to image through these
materiats and detect the contents. In many industries, X-ray
imaging is currently used for such tasks. T-ray imaging may
be a desirable alternative simply because of the health and
safety issues involved with ionizing radiation. Because of
the low energies of the photons involved and the extremely
low intensities generated, T-rays present virtually no safety
concerns, particularly if the femtosecond laser pulses are
delivered to the terahertz switches via optical fiber. The
extreme sensitivity to water content proves important in these
types of applications as well. Although numerous methods
exist for measuring the water content of moisture-sensitive
products, essentially no method exists if the measurement must
be performed through a cardboard or thin plastic package.
Preliminary tests on samples such as shrink-wrapped food
products indicate that the amplitude of the refiected terahertz
pulse is a good measure of the moisture content of the surface
layer of the product.

Fig. 7 illustrates another use of terahertz imaging as a
quality control monitor. This figure shows the terahertz image
of @ manufactured part. representative of innumerable mold-
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Fig. 7. Terzhenz image of a molded composite plastic piece, as described in

the text, The image clearly shows the presence of a roughly circular ~2-cm
void in the internal foam-filled region.

fabricated plastic piece-parts. This part consists of two parallel
black plastic sheets, with a rubberized foam padding between
them. In the manufacturing process, the foam is sprayed
between the plastic sheets, holding them together when it dnies.
However, occasionally bubbles or voids develop in the foam,
sometimes as large as an inch in diameter or more. Detection of
these voids is a significant quality control issue, and no simple
method currently exists. X-ray transmission does not provide
a high contrast between the plastic-rubber foam and the air:
in addition, health and safety issues preclude the use of X-ray
diagnostics here. Ultrasound analysis is effective only with the
use of an index-matching fluid. while other probing techniques
such as magnelic resonance imaging are too expensive and
cumbersome. Probing the parts with microwaves would work
quite nicely. except that it would be difficult to detect voids
significandy smaller than the wavelength of the radiation used.
Since. in this case. it is desirable to detect voids smaller
than one centimeter in diameter, this effectively eliminates
conventional microwave analysis from consideration.

The terahertz imaging technique exploits the fact that the
rubber foam flling has many tiny air pockets, which act as
goad scattering sites for radiation in the 0.5-mm wavelength
range. Of course, the solid plastic surfaces on the front and rear
of the sample are fairly transparent to the terahertz radiation,
As shown in Fig. 7, the terahertz image clearly locates the
void, simply by observing an increase in the transmission
through the sample wherever a smaller length of foam is
traversed. Terahertz imaging is extremely sensitive to small
voids or other morphological variations which may occur
inside solid plastic or plastic composite parts. It may seem
somewhat fortuitous that the foam rubber in this particular
example consists of scatiering sites ideally suited for the
wavelength range spanned by the terahertz pulses. It should
be emphasized that one could detect voids of this sort without
relving on such a coincidence by observing the fransir time
of the terahertz pulse through the material, rather than the
transmitted ampiitiede. The combination of the amphtude and
phase information measured in THz-TDS make for a very
powerful tool for guality control measurements.
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C. T-Ray Tomography

Because the technique of THz-TDS relies on a coherent
detection scheme, in which the electric field of the terahernz
pulse is measured explicitly, the detected waveforms typically
contain far more information than simply the power trans-
mission coefficient of the sample under study. Changes in
the phase of the measured waveform also can frequently be
correlated with important properties of the sample. As a crude
measure of phase changes, one may simply monitor the change
in the arrival time of the peak (or first zero crossing) of the
terahertz waveform. Changes in this arrival time as a function
of position on the sample indicate changes in the optical path
iength of the terahertz beam, relative to the femtosecond beam.
This may result from either changes in the thickness of the
sample as it is scanned transversely across the terahertz beam,
or changes in the refractive index, or both. The change in
arrival time At is given by At = 2 [n(z)dz, where n{z)
is the refractive index seen by the terahertz beam along is
optical path, and where the integral is along the path. An
qlusuation of this technique is shown in Fig. 8, in which

small gas flame has been imaged in transmission. In this
experiment, the ionized molecules which make up the flame
may have a significant absorption at certain frequencies within
the spectrum of the pulse [28], but the gas density is so low
that this effect cannot be observed. However, the flame heats
the air locally, which changes the refractive index along the
terahertz optical path n(z). A crude estimate of the magmtude
of this effect would assume that the refractivity of air varies
inversely with temperature. If the flame has a thickness of
roughly 5 mm, this would iead to a shift in the transit time of
the terahertz pulse by ~3 fs for a flame of 1000 °C [29]. Each
contour in Fig. 8 represents a shift of 5 fs in transit time.
One can imagine performing time-of-flight measurements
in a reflection geometry similar to those described in the
transmission experiment above [30}. Fig. 9 shows the modified
beam path for reflection geometry, in which the terahertz
beam focuses at the sample, and is reflected at near normal
incidence. This presents a situation which is quite analogous
optical coherence tomography (OCT). a technique which has
achieved considerable success in recent years in such fields as
opthamology and developmental biology. In an OCT device, a
short coherence length light source is split into two beams; one
is reflected off of the sample and the other off of a reference.
The two are then correlated to provide information about the
reflectivity of the sample [31], [32]. Distance measurements
are possible because a correlation signal is only measured
when the path length of the reference arm is equal to that of the
sample arm, within the coherence iength of the light source.
As a result, the ultimate spatial resolution achieved in depth
(i.e.. the propagation direction of the reflected beam) is limited
by the coherence length of the source. As illustrated above, the
terahertz tomographic measurement is not limited in the same
way. The coherence length of a terahertz pulse is determined
by the pulse duration, which is on the order of several
hundred femtoseconds. However, the measurement of the
flame presented above is sensitive o temporal shifts as small as
5 fs. This sensitivity stems from the phase-sensitive nature of
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Fig. 8. Terahenz image of a small gas flame. This image is formed by
measuring the transit time of the terahertz pulse through the flame, and
encoding shifts in this time in false coler. Each contour corresponds to a
5-fs shift in the time delay, which results from local heating of the air, as
described in the text. The gas nozzle is visible in black at the bottom center
of the figure.

the measurement, and from the fact that each terahertz pulse
is a single cycle of the electromagnetic field. It is possible
to measure the zero-crossing of an electric field much more
accurately than the peak of an intensity autocorrelation. Using
this simple idea. it is possible to measure changes in either
refractive index or thickness with extremely high accuracy.
For example, one can detect. in transmission, a single sheet of
paper added to a stack: in reflection, it is possible to achieve a
depth resolution of approximately 1 ym. The limitation in this
measurement is simply the accuracy with which the optical
scanning delay line repeats its position on each scan.

The idea of T-ray tomography is illustrated in Fig. 10, which
is a T-ray image, taken in reflection, of a ball-point pen. A
pen is an ideal sample for demonstration of this technique,
because it consists of a number of smooth, well-separated
dielectric interfaces. The vertical axis is parallel to the long
(cylinder) axis of the pen, while the horizontal axis of the
figure corresponds to depth inside the pen. Fig. 11 shows the
input and output waveforms. The output waveform Fig. 11(b)
consists of a series of reflected replicas of the input waveform.
Each refiection originates from one of the eight dielectric
interfaces, either from air to plastic or from plastic to air,
formed by the two concentric plastic cylinders which form
the pen. These eight surfaces are observed, tomographically,
in Fig. 10. This technique is particularly interesting hecause,
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Fig. 9. Schematic of the setup used for terahenz reflection images. The
terahertz beam is incident on the sample at near normal incidence, and is
focused onto it with a confocal parameter of ~| cm.

in a case such as this where the reflecting surfaces are
reasonably well separated in space, each reflected pulse may
be isolated in time. and analyzed for spectral information. In
other words, each successive reflection contains chemical ot
spectral information about the additional layers traversed. This
idea is illustrated in a rudimentary way in this example; from
simply noticing the altemating polarity of the eight reflected
pulses Fig. 11(b), one can immediately determine the sign of
the refractive index change at each interface. One can also
note in Fig. 10 that the rear plastic walls in the upper portion
of the figure are not visible; this results from the shadow cast
by the ink, an excellent absorber of terahenz radiation, inside
the inner cylinder.

D. Terahertz Tomography for Burn Diagnostics

A technique such as terahertz tomography may be of great
interest in a wide range of applications. One example, which
presents somewhat more of a challenge in interpretation than
the example illustrated above. is in the area of burn di-
agnostics. While the strong water absorption precludes the
use of terahertz radiation in most biomedical research areas,
those which are particularly concerned with surface (¢.g.
dermatological, comeal, etc.) issues may find the unique
properties of these submillimeter waves to be of interest.
In particular, it may be possible to obtain quantitative and
highly sensitive measurements of bum depth using terahertz
tomography.

The noncontact measurement of burn depths and severiues
using photonics is a topic of considerable interest [33], {34].
In this field, it is not uncommon to use uncooked chicken
breasts as a model for tissue, in order to gain some rudimentary
understanding of the tissue—radiation interaction. A chicken
hreast is burned in several spots with a soldering iron: the
severity of the tissue damage 15 varied simply by controlling
the duration of the burn. The entire sample is then covered

Fig. 10. Teraherz tomographic image of 2 bic pen. The vertical axis of the
figure is paralle! to the long tcylinder) axis of the pen, while the honizontal axis
of the figure corresponds 1o depth into the pen. The terahertz pulse is incident
from the left. The eight dark lines correspond Lo the eight dielectric interfaces
(either from plastic-to-air or air-to-plastic) encountered by the pulse as it
propagates through the pen. The upper right portion of the image is obscured,
because these surfaces were shadowed by nk inside the inner plastic cylinder.

with a thin (~1 mm) slab of polystyrene, which serves two
purposes. First, it keeps the sample flat and stationary during
the measurement. Second, the terahertz pulse reflected off
of the outer surface of the polystyrene (i.¢., the air-plastic
interface) serves as a reference pulse, both in amplitude and
in delay time, for the subsequent reflections from the tissue
underneath. Fig. 12 shows the reflected pulse trains measured
at four different points on the sample. The upper pulse train
[Fig. 12(a)] corresponds to a measurement of healthy tssue.
Here. it is observed that a second pulse, reflected from the
interface between the polystyrene and the healthy tissue,
follows the reference pulse and closcly resembles it. The
remaining three pulse trains correspond (o measurements of
areas with increasing bum severities, Evidently. the pulse
reflected from the plastic-tissue interface no longer resembles
the reference pulse. Indeed. it appears that, in the case of the
most severely damaged tissue, there may be a third reflection
a few picoseconds after the second. This may arise from a
refiection at a (buried) interface between tissue with no water
and tissue with some substantial water content. Clearly. these
reflected pulses contain a great deal of information about the
dielectric properties of the damaged tissue. Disentangling the
details of this information and correlating it with physiological
variables will require a good deal of effort. and many more
experiments. Nonetheless, this data demonstraies a powerful
new technique and a potentially valuable diagnostic tool 1n
biomedical opuics.

E. The Terahertz Huil Effect

An example of an application of terahertz imaging in which
both the amplitude and phase of the transmitted wave are used
to form an image. 15 found in the tield of semiconductor water
characterization [35]. A powerful tool 1 the characterization
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Fig. 11. Terahenz waveforms {a) incident on, and (b} reflected from the bic
pen shown in. The small oscillations which follow the main pulse in (a) are a
resull of residual water vapor in the beam path, and do not significantly affect
the measurement. A reflected pulse from each of the eight dielectric interfaces
can be observed in (b). The polarity of the reflected pulse immediately allows
one (o determine the sign of the change in refractive index at each interface.

of doped wafers is the Hall effect. This effect, in which an
applied voltage induces a transverse voliage in the presence
of a large dc magnetic field, is commonly used to measure
matenal properties of any conducting sample. Indeed, it is the
method of choice for measurements of dc properties in thin
doped epitaxial layers of semiconductors. A measurement of
the Hall parameters is equivalent to measuring the full complex
nductivity tensor of the sample. From this measurement,
th the mean carrier density and the carrier mobility can be
determined. However, it is necessary to contact the sample at
four points. The results must be considered as a spatial average
over the region contained within the four point contacts.
As always in such experiments, contact resistance must he
carefully controlled, and can easily lead 10 spurious results.
It is possible to extract the same information using the tera-
hertz field as the applied electric field in the Hall experiment. A
schematic of the experiment is shown in Fig. 13. The samples
consist of a 1-pm-thick layer of either n- or p-doped GaAs,
epilaxially grown on a ~0.5 mm undoped GaAs substrate. In
the presence of a magnetic field pointing paralle! (o the beam
propagation direction (2), the applied teraherz field (atong r)
induces a current (also along ) which in trm induces a Hall
field, oriented in the transverse direction (along §). This Hall
tield radiates a terahenz field which is coherent relative to the
inpul terahertz beam, but which is polarized orthogonally 10
it. A measurement of the amplitude and phase of this radiated
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Fig. 12. Terahertz waveforms reflected from various spots on a piece of raw
chicken breast: {a) reflection from healthy tissue, (b) tissue which had been
burned for § s, (c) 10 s. and (d) 20 s. The intial puise is reflected from a
thin plastic overlayer, and can be used as a reference for both delay time
and amplitude. as described in the text. The distortions o the reflections from
the burned areas could be used to extract quanutative information about the
dielectnc properties of the damaged tissue.

beam can be used to determine the conductivity tensor of the
sample. In practice, the incident field is polarized at 45”to the
vertical axis, and both the vertical () and horizontal (1) fields
are measured simultaneously, with two orthogonally oriented
detectors. This phenomenon is refated to the early work of
Chambers and Jones [36], although in somewhat different
physical limits. More recently, a technique using millimeter-
wave near-field imaging with similar capabilities has been
reported (37].

In the absence of a magnetic field (or in the absence
of a sample), the polarizing beamsplitter can be adjusted
s0 that these two measured fields are approximately equal.
Then, when the magnetic field is applied to the sample, the
two waveforms should be quite different, as the Hall effect
transfers energy between the two orthogonal waves. Fig. 14
shows the spectra of .r- and j-potarized terahertz waveforms
without a magnetic field, with a magnetic field of ~1.3 T.
and with the same magnetic field in the opposite direction.
This serves as a clear demonstration of the terahertz Hall
effect. These two terahenz waveforms can be used to calculate
both the carrier density and carrier mobility directly. using the
semiclassical Drude theory.
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Fig. 13. Schematic of the setup used for terahertz Hall effect measurements,
showing permanent 1.3-T magnet. free-standing wire grid polarizing beam
splitter, and two receivers operating in parallel for simuhaneous detection of
two orthogonal polarizations.

The Drude model describes fairly accurately the behavior
of the carriers in moderately doped semiconductors [38], [39].
Within this formalism, the magnetoconductivity tenser has two
independent values, the diagonal (7. ) and off-diagonal (o, )
element. These are related to fundamental parameters by the
relations

| —twr .
Crr = Q- ‘
i TN - w4 (w2
W T
Trr = ) 7 ‘¥ (2
7o ((i —wT)* + (Lu,.'r)-) )

where w. i5 the cyclotron frequency, proportional to the
magnetic field, ag is the de conductivity, oo = Nep, and
7 is the Drude scattering time. Here, .V is the carrier density,
and u is the mobility, given by i = er/m". Of course. the
off-diagonal element vanishes as B — 0. since the magnetic
ficld provides the transverse coupling in the Hall effect. In
this experiment, the doped layer is much thinner than one
wavelength, so for the purposes of the propagation this is a
surface charge layer. Thus, the experiment measures the sheer
conductivity, and the carrier density which appears in oy 13
the sheer carrier density {40]. The quantities in (1) and (2)
can be related to the input terahertz fields. measured with
no sample in the beam, by taking into account the reflection
losses al both ends of the sample and the (small) absorption
and dispersion effects in the thick undoped substrate. and by
using the tabulated values of n{w) and a{u) for mtrinsic
GaAs |7]. By so doing. the two terahertz fields can be
used (0 independently determine absolute numernical values

.. (b)yB>0

Amplitude spectrum (arb. units)

Frequency {THz)

Fig. 14, Terahertz waveforms transmitted through a n-doped sample. of the
type described in the text. The nominal doping density for this sample was
19 x 10'"em™3. The input terahertz field is polarized ar 45°; the two
curves correspond to the horizontal (solid) and vertical (dashed) components.
in (a), no magnetic field is applied, and the two measured components are
approximately equal. while in (b) a field of ~1.3 Tesla is applied to the
sample in a direction paraltel to the terahertz beam propagation. In tcy the
same field is applied in the opposite direction. The transfer of energy betwern
the orthogonat components of the field is evidence of the terahertz Hall eifect

for the carrier density N and the mobility . This entire
calculation can be performed rapidly enough that it can be
incorporated into the imaging software, thus permmtting real-
time imaging of these two important material parameters.
inhomogeneities in both N and = can be imaged with a
spatial resolution of ~250 pm. roughly an order of magnitude
better than the best four-point probe measurements, Fig. 15
shows two such images, one for each of .V and g, generated
with an n-GaAs sample with a nominal doping density of
1.9 x 10'7 cm~3, as determined by growth conditions. With
these techniques, in sifu noncontact characterization of the
uniformity of semiconductor wafers should be possible.

F. Time-Domain Waveform Analvsis

The implementation of fast scanning and real-time data
acquisition in THz-TDS has focused attention on new ways
of analyzing and processing waveforms. In particular. fast
and efficient algorithms are important for chemical recognition
systems [25]. where spectroscopic information is processed in
real-time with the aim of determining the chemical composi-
tions of an object. For real-time recognition systems, such as
in speech recognition {12]. a common stragegy is to perform
a signal compression, i.e.. 10 paramcterize the characteristic
response. and to use these parameters in 2 subsequent pattern
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Fig. 15.

Terahertz images of the sample from Fig. (4, generated as described in the text, Variations in the doping density are shown in (a), while (b} shows

inhomogeneities in the carrier mobility. In each case, the legends show the relation between the color scale and the calculated parameter values.

classification scheme for the recognition of spoken words,
Along the same vein, we will in the following discuss some
recent approaches in real-time waveform analysis based on
signal compression.

The application of digitai signal processing technigues [41]
in linear spectroscopy involves the modeling of the sample re-
sponse by linear time-invariant digital filters. In this approach
the characteristics of the sample’s response is transferred to
the digital filter. The most general linear filter takes an input

aveform, r(t), and produces an output waveform. y(t). by
‘Ie formula

RY)

hY
y(f}:ZbJJ‘(ffjA)+Zrtky(f—A'A) (3}

=0 k=

where ay and b, are constant filter coefticients. and N s
the sampling interval. To get some physical insight of the
filtering processes we derive the frequency response of the
transfer function. H{:}. corresponding to the time-domain
filter described by (3)

N .
Z;:n”): !
| *Ea}il”lf 4

exp{/2xr fA} and [ s the frequency. The nu-

Hiz) = 1)

where = =

meraior represents a finite tmpulse response Alter (FIR), and
describes a polynomial filtering in = ! and hence contains the
zeros of the flter. The denominalor corresponds 1o an infinite
impulse response filtering (1IR). and descnbes the poles of the

filter. In order 1o reduce the complexity of an analysis we wili
often restrict to use either a pure FIR {a; = 0) or a pure
IR filter (b, = 0) depending on the characteristic response
exhibited by the sample. In case of sharp resonances, the IIR
filter has proven useful [25]. whereas samples that exhibit a
smooth frequency response ts more appropriately modeled by
the FIR filter.

The optimum values of the filter coefficients can be deter-
mined directly from the time-domain signal using a correlation
type of analysis. The time-domain analysis i based on least-
square principles. In this approach. one must minimize the
squared sum of the difference between the measured signal and
the signal generated from the filtering process. The analysis
vields a system of linear equations [41] that relates the flter
coefficients to vatues of the cross- and autocorrelation of the
sampled waveforms. The system of equations can be solved
using matrix inversion. For the pure FIR filtering this type of
analysis resembles the memory function analysis that has been
recently introduced to THz-TDS [42]. [43]. In case of pure [IR
tiltering. the analysis tnvolves only the autocorrelation of the
measured signal. and consequently all phase information is
iost. Hence. the HR filter is only capable of estimation the
power absorption spectrum. The use of a pure [IR filtering
for parameterization of a digital signal is often referred 10 as
linear predictive coding |34],

The IR ftter is efficient for predicting sharp spectral fea-
tures, which makes it particularty well suited for the analysis of
THz-TDS wavetorms which have interacted with polar gases.







