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ABSTRACT

This final technical report summarizes research activities during
the period August 1, 1988 to September 30 1991 under contract #F49620-88-C0109, "Electro-optic Generation and Detection of Femtosecond
Electromagnetic Pulses". Key accomplishments during this period are: [1]
The successful demonstration of a new technique for generating subpicosecond electromagnetic pulses using large aperture photoconductors to
produce directional and diffraction-limited beams of terahertz radiation; [2]
The development of a new electrically-controlled phased array of
photoconducting antennas for producing steerable terahertz radiation; [3]
The extraction of femtosecond electromagnetic pulses from an electro-optic
crystal following their generation by electro-optic Cherenkov radiation, and
their subsequent propagation and detection in free space; [4] The
measurement of subpicosecond electrical response of a new organic electrooptic material (polymer); [5] The observation of terahertz transition
radiation from the surfaces of electro-optic crystals.
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A. RESEARCH OBJECTIVES
The following objectives were stated in the original contract with regard
to research on the electro-optic generation and detection of femtosecond
electromagnetic pulses:
[1]

To explore the use of new electro-optic materials in addition to lithium
tantalate.

[2]

To devise techniques for coupling the Cherenkov radiation cone out of the
crystals.

[3]

To extend the technology to low temperature environments.

[4]

To generate high amplitude electric field pulses.

[5]

To explore new applications for materials measurements.

B. SUMMARY
The accomplishments obtained in the pursuit of the planned research
objectives in the period of August 1, 1988 to September 30, 1991 are as follows: [1]
We have successfully demonstrated a new technique for generating
subpicosecond electromagnetic pulses using large aperture photocond':ctors to
produce directional and diffraction-limited beams of terahertz radiation. The
direction of the terahertz radiation can be optically-controlled by tanging the
incident angle of the optical beam. A study of the power scalin_ properties
suggests that scaling to MegaWatt peak powers is possible in aperture up to 25
cm 2 . We have also tested a large variety of semiconductors as the
photoconductors to optimize the radiation. [2] The devetopment of a new
electrically-controlled phased array of photoconducting antennas for producing
steerable terahertz radiation. This device allows us to steer the terahertz
radiation by varying the spatial distribution of the bias voltage across the array.
[3] The development of a new optoelectronic technique to characterize the
surface and interface electronic prope-ties of semiconductors through the
measurement of the surface field by optically induced femtosecond
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electromagnetic radiation. This technique can be used for the measurement of
the amplitude and direction of the surface static field, doping type and dopant
concentration, transient carrier mobility, and even crystal symmetry. [4] The
extraction of femtosecond electromagnetic pulses from an electro-optic crystal
(LiTaO 3 ) following their generation by electro-optic Cherenkov radiation, and
their subsequent propagation and detection in free space. [5] The measurement
of subpicosecond electrical response of a new organic electro-optic material
(polymer). A 760 femtosecond risetime electrical transient (corresponding to a
bandwidth of 460 GHz) is observed from a poled side chain polymer film via
electrooptic sampling technique. [6] The observation of terahertz transition
radiation from the surfaces of the electro-optic crystals.
C. STATUS OF THE RESEARCH EFFORT.
1. New Materials and Techniques.
Substantial progress has been made in the area of the investigation cf
new materials and techniques for generating and detecting femtosecond
electromagnetic pulses. Work in these areas will be summarized under the
following headings:
a. Organic Electro-optic Materials.
We have investigated the electrical transient response of an organic
electro-optic polymer for the detection of ultrafast electrical pulses. This is the
continuation of the research with Drs. James Yardley and Paul Ferm of the
Allied Signal Corporation to investigate the properties of new organic electrooptic materials. Measurements have been made of the ultrafast electro-optic
response through electro-optic polymer films. These films, which were
prepared at Allied Signal, were the copolymer of 60% methylmethacrylate
(MMA) and 40% methacrylate-bound disperse red 1 dye (MA1). We used the
standard elecro-optic sampling technique to measure the transient response of

the polymer film. A GaAs photoconductor which connects with a coplanar
transmission line was used to generate a electrical transient with a risetime
comparable with the optical excitation pulse duration. A poled polymer film
was placed on the top of the transmission lines which has a 20 mm line width
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and gap space between the lines. The electrical signal was measured through
the birefringence change of the polymer film while an electrical transient
propagates above the film. Both reflection and transmission geometries for the
detection were used in the sampling technique. We have measured the
femtosecond electro-optic response and sensitivity of these poled side chain
polymer films; a 760 femtosecond risetime electrical transient has been
observed by using electro-optic sampling techniques. This ultrafast transient
demonstrated the viability of these polymer films for use in ultrafast devices
with bandwidth beyond 400 GHz. The measured 760 femtosecond risetime is
currently limited by the device structure which uses 20 pm wide transmission
lines. Due to the fact that the hyperpolarizability in a polymer film mainly
from an electronic origin rather than from an ionic origin, a faster electrical
response is expected by using an optimized structure.
We have also measured the second order nonlinear coefficient r 33 . A
value r 3 3 of 14 pm/volt has been found in our electro-optic polymer, this value is
about half of that from a LiTaO 3 crystal.
The main interest in polymers as an electro-optic probe material will be
to take advantage of their other material properties. Low dielectric constant
will cause less loading of the transmission line. Submicron to micron
thicknesses allow for shorter optical transit times. By minimizing the
interaction time between the electrical transient and optical pulse, the
transient can be recorded with finer temporal resolution.
b. Eletnioptic Transition Radiatio.
We have observed transition radiation from the surfaces of the
electro-optic materials by using femtosecond laser pulses. The timeresolved far infrared radiation signal clearly indicated that this radiation
comes from the interface between the electro-optic material and the air.
This process is analogous to the classical concept of the radiation that
occurs when a charged particle (electric monopole) passes through the
interface separating one dielectric medium from another. In the case of
electro-optic materials, the passage of an optical pulse from one dielectric
medium to another also generates a low frequency radiation that appears to

D. H. Auston, AFOSR 1991 Annual Report

7

emanate from the interface. The physical mechanism, however, is simply
the same as the bulk optical rectification effect, except that the lack of
perfect phase-matching causes the signal from the bulk to cancel, leaving
only contributions from the regions within a coherence length of the
entrance and exit faces. The effect differs from the previously studied
electro-optic Cherenkov radiation, in that it does not require tight focussing
of the optical beam, and so can be used with higher optical
fluxes.Cherenkov radiation which is mainly a bulk effect, an electro-optic
transition radiation generated by a laser beam (not tightly focused) through
an electro-optic crystal is emitted only within a coherence length near the
surface.. In our experiments, we have observed electro-optic transition
radiation from several electro-optic materials, including LiTaO 3, LiNbO 3
and KDP crystals. The radiation was detected by a photoconducting dipole
detector

Optical Pulse

Radiation

0

Detector

,for

Fig. 1: Experimental setup
transition radiation.

LiTaO 3 Crystal
Figure 1 schematically illustrates experimental setup. A short laser
pulse has a normal incident angle on a thin electro-optic slab of thickness
L.

The nonlinear rectified polarization induced by a laser pulse inside
the electro-optic media is
PNLr
(r

) Ct 4
= - - n4 Irijk Ei(rt) E*(rt)
4
,,j

(1)

where no is the optical index of refraction of the laser and Ei is the complex
electric field of the laser puise.The radiation field E due to the rectification
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from an electric dipole satisfies a nonlinear wave equation (the laser pulse
propagates in the x direction):

2E

E
2

c

t

D2pNL
=

(2)

2
at
-X2

where we assume: i) the laser beam size is large enough that we can use
the plane wave approximation; ii) the rectification polarization PNL is
perpendicular to x and has a value described by equation (1) (P # 0 for
O<x<L and pNL=O otherwise); iii) by using E., the static dielectric constant of
the media, the dispersion of the radiation field is ignored. With the
considerations of absorption of the radiation field inside the electro-optic
slab and small reflection of the radiation on the surfaces, we find the
solution of equation (2) at the region x>L:

(

co +
E(x, t) = v

2 L(I + LO

L

c

c pNL tx-L

v

O

I1+7L
)

C

c co

I

x-L L
D CNLt

C0

c

PNLt-x-L_

v+\

2

rCt--

C

2L

v)

(3)

V

where co, c, and v are the speed of the laser beam in the air, in the medium,
and the speed of radiation beam in the medium, respectively. The first term
of the left side in equation (3) is the transition radiation at the interface x-L;
the second term is the radiation at the interface x=O; and the rest of the
terms are the multi-reflections of the transition radiation inside the slab or
the transition radiation due to the multi-reflection of the optical pulse inside
the slab. The common feature of each term is that they share the same
temporal shape as the rectification dipole pNL or the optical intensity of the
laser pulse; so, the radiation pulse duration should be the same as the

optical pulse if the dispersion effect can be ignored. This is actually true for
the radiation at x=L, i. e. the first term in equation (3); but not quite
accurate for the radiation from x=0, because the dispersion of the radiation
signal is not small and absorption of the radiation is strong in the medium.
These effects attenuate and distort the radiated pulse which emanates from
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the entrance face and propagates through the crystal. Another feature of
the radiated signals is that the sign of the radiated field from the x=0
interface is opposite to the field from the x=L interface, and the time delay
between the two signals is equal to the travelling time delay between the
radiation pulse and the optical pulse passing through the crystal (L/v-L/c).
Figure 1 schematically illustrates the experimental setup. A
colliding pulse mode-locking (CPM) laser was used as the femtosecond
optical source. The laser has 60 fs pulse duration with 100 MHz repetition
rate, 620 nm wavelength and 20 mW average power. Several LiNb0 3 and
LiTaO3 crystals with their thickness ranging from 0.15 mm to 1 mm were
studied. A lens with 15 cm focus length was used to focus the CPM beam
down to 1 mm diameter on the slab. The incident angle of laser beam was
normal and the polarization of the laser beam was along the crystal c-axis.
The detector was a 100-tim dipole antenna with the radiation-damaged Sion-Sapphire as the photoconductor. The detector, which placed 10 mm
behind the slab, was gated by the split optical pulse at a time delay. The
temporal measurement was achieved by varying the time delay between the
excited laser pulse and the gated laser pulse. The gated signal from the
photoconducting antenna was amplified, averaged, and digitized by a
current amplifier, a lock-in amplifier, and a computer.

Fig. 2: Electro-optic
E

<

transition radiation from a

S-2

"5

0.5 mm thick LiNbO3

crystal.

-4

C
0
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1

-6

0

2

4
6
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8

10

Figure 2 shows the temporal waveform of the transition radiation from a
0.5 mm thick LiNbO 3. Two pulses with opposite polarity are the radiated field
at two surfaces: the pulse with a short time is the radiation from the surface
x=L and the pulse with a long time is the radiation from x=0. Because of the

10

D. H. Auston, AFOSR 1991 Annual Report

microwave attenuation in the crystal, the radiation from x=0 has a smaller
amplitude. The measured pulse width is the convolution of the radiation field
with the detector response. Since the detector has a 0.5 ps response time, the
actual waveform is broadened by the detector. The time separation between the
two pulses is about 5 ps. This time delay is close to the calculated value of 5.3 ps
(the difference of the travelling time between the optical signal and the
radiation signal passing through the 0.5 mm LiNbO 3 slab). Similar
measurements have also been performed in the LiTaO 3 . Figure 3 shows the
waveform of the transition radiation from a 0.22 mm thick LiTaO 3 sample. The
measured delay time of approximately 3 ps agrees with the calculated delay
time of 3.2 ps. The good agreement between the measured data and calculated
result is evidence that the radiation pulses came from the two interfaces
between the crystal and the air. Due to the larger E(E) of LiTaO 3 , than that of
LiNbO 3 , the radiation signal from LiTaO 3 is smaller. The calculated radiation
field from the LiTaO 3 by using a CPM laser is about 0.2 V/cm. By using an
amplified CPM laser with microjoule pulse energy, the radiation field could be
as high as many kV/cm.
4 -

Cd 2

W)
-

E

Fig. 3: Electro-optic
transition radiation from a

0o

0.22 mm thick LiTaO3
crystal.
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2. Generation and Detection of THz Electromagnetic Pulses.
In previous years, we demonstrated the basic principal and properties of
these devices, including their directionality and steerable features. This year,
our research has concentrated on the following three new aspects: (1) an
investigation of saturation properties of different materials; (2) extensive
research of photoconducting antenna array for generating terahertz beams
(the beam can be electronically steered and the center frequency of the
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radiation can be electronically selected); and, (3) transient carrier dynamics
with the injected photocarrier energy around the band edge.
a. Saturation Properties ofDifferent Materials.
We have measured the radiated electric field as a function of optical
excitation fluence in large-aperture antennas consisting of different
photoconductors. These experiments were performed on InP, GaAs and
RDSOS samples with a 0.5 mm spacing of photoconductor gap and a bias
electric field, Eb, of 4000 V/cm.

photocurrent

Vb

Fig. 4: Generation and detection of
femtosecond electromagnetic pulses by
large-aperture photoconducting
antennas
pump pulse .probe
emitter

pulse
detector

The experimental apparatus is shown in Figure 4. The large-

aperture emitter is illuminated at normal incidence. The emitting
antennas consist of a planar photoconductor with a pair of parallel
aluminum electrodes. The large-aperture detector is placed directly in front
of the emitter at a distance much larger than the dimensions of this
antenna (i. e. in the far field region). This device is similar in structure to
the emitter but in some cases the gap spacings between the respective pairs
of electrodes may differ. The large-aperture detector consists of a
photoconductor of a short carrier lifetime to provide adequate time
resolution. No optical components are used to image the radiation to the
detector so that an absolute measurement of the radiated field could be
obtained. Optical pulses used in our experiments were derived from a
balanced colliding-pulse, mode-locked ring dye laser amplified by a copper
vapor laser pumped amplifier. The detector was a large-aperture antenna
incorporating an epilayer of low temperature MBE grown GaAs (LT GaAs).
This photoconductor was grown at 200 OC to a thickness of 2 4im. The
parallel electrodes consist of a gold germanium alloy annealed to the
surface intended to provide an Ohmic contact. The gap spacing between the

12

D. H. Auston, AFOSR 1991 Annual Report

electrodes in this particular structure was 0.5 mm. LT GaAs has been
shown to have a carrier lifetime of approximately 200 fs. A dipole antenna
consisting of this material has previously been used to detect terahertz
radiation.
- 3500

40........":.

530
_

30
,.#...
-

GaAs

.#"

RDSOS ....-

3000

.
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2
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Fig. 5: Saturation curves of
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C:....
n different materials

I I
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1.0

1+0
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Figure 5 shows radiation field from different photoconductors vs
optical fluence. The depicted points represent experimental data and the
dashed lines are the plots from the calculation. A value for Eb of 3600 V/cm
was used in the calculation:, of the three curves in Figure 5. This value is
slightly less than the value of experimentally applied field of 4000 V/cm.
One of the possible reasons for this discrepancy is the voltage drop near the
contact of the electrodes on the sample and absorption of the emitted
radiation in the substrates of the antennas.
In Figure 5, strong saturation was observed in both InP and GaAs. A
transient carrier mobility of 300 cm 2 /V-s and 220 cm 2 /V-s is measured for
InP and GaAs. These electron mobilities are much less than those of the
steady state values of 4600 cm2 N-s and 8500 cm 2 N-s for InP and GaAs,
respectively. The primary reason for this is that the carriers are not in
thermal equilibrium with respect to the lattice of the photoconductor in the
first few picoseconds after excitation by an optical pulse of photon energy
much larger than the band gap.
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Because of the relatively low electron mobility, the saturation in the
radiation-damaged silicon-on-sapphire (RDSOS) large-aperture antenna
was not as significant as in the previous two materials. The radiated field
from the RDSOS device is sublinear with respect to optical excitation
fluence. The theoretical curve assumes an electron mobility of 30 cm 2/V-s
comparable to the measured value of 29 cm 2 N-s.
3.0

2.5 -Ga~
E

Fig. 6: Radiation field as a
function of optical fluence
with three bias fields.
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Figure 6 shows the calibrated field as a function of optical fluence in
a 0.5 mm gap GaAs antenna for 1000 V/cm, 2000 V/cm and 4000 V/cm. In
this figure, the shapes refer to the experimental data and the lines are the
best fit. The emitters used in this experiment were subject to damage at 1
mJ/cm 2 optical excitation fluence for electric fields exceeding 5000 V/cm.
This corresponded to electrical heating on the order of 50 - 100 mW partially
caused by the dark conductivity. This thermal problem can readily be
avoided by the application of a pulsed bias with a low duty cycle and or the
excitation by an optical source with a lower duty cycle than the one used
here.
b Electrically Steerable Photoconducting Antenna Arrays.
In previous years, we have shown that the large aperture
photoconductor [1], which we call photoconducting antennas, are an
effective source of electromagnetic radiation in the spectral range from 100
GHz to 1 THz. Recently we extend the concept of a single photoconducting
antenna to an array of photoconducting antennas. When illuminated by a
train of properly spaced ultrashort optical pulses, an array of short
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photoconducting dipole antennas emits a sub-millimeter wave beam which
can be electrically steered by varying the periodicity of the voltage bias
applied to the individual antenna elements. By controlling the static bias
voltage on each antenna element, we can vary the direction of the emitted
radiation and produce a collimated submillimeter wave beam that is
electrically steerable by a simple and effective technique.

Fig. 7a: Top view of a 32-element
photoconducting antenna array.

illuminated
bias pad

The array of photoconducting antennas is created by a pattern of
parallel electrodes, each independently biased, on a semi-insulating GaAs
substrate as illustrated in figure 7a. By setting the bias voltage on the
electrodes appropriately, the amplitude of the photocurrent between every
two adjacent electrodes can be controlled. When an optical pump pulse
illuminates the structure, each current element acts roughly like a short
dipole antenna. The far-field pattern of the array can be calculated
according to conventional antenna theory [2] and is given by the
approximate expression:

E(O) = AcosO [, e ] n=N (vvd
I
4itoc 2 r

L(

_

1 .n)e-i
y

dinO

(1)

where A is the optically illuminated area of the array, 0 is the angle defined
from the array normal, r is the radial distance, g± is the carrier mobility of
the photoconductor, Co is the optical frequency, N is the number of electrodes
under the illumination, Vn is the bias voltage on the nth electrode, d is the
spacing between the photoconductor elements, In(fl) is the optical intensity
at the nth electrode, modulated at the microwave frequency f2, and K is the
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of the static
microwave free space propagation constant. If the strengths
with
bias voltage on each antenna element are made to vary periodically
grating, steering
respect to one another, the array will act like an amplitude
bias period.
the beam in a direction which can be controlled by varying the
period
Specifically, if the static bias voltages vary sinusoidally in space, with
Abias, as:
(2)

Vn = Eocos(nKd)

=
where Eo is the maximum static field between adjacent electrodes, K
in
(2 1r/Abias) and the optical intensity is uniform, then the radiated signal
the far-field can be approximated by the expression:
E(6>=cos[ ApLeEoI(fU) 1sin(Nd[ ± Ksin0])
± Ksine])
L(4)crho) j sin(d[ic

(3)

Four main lobes are expected, one pair inside and one pair outside the
semiconductor. In free space, the maxima are at angles where sine = ±kfK.
Clearly, by varying the periodicity of the voltage bias, the emission angle of
these lobes can be steered continuously over a range from zero to ± n/2. The
concept is illustrated in figure 7b.
optical pulse train

optical
gating
pulse

detector

E(O)E(O)Fig.
---A

s
P osiio o. 0 .00 .510d

Position of electrodes (ram)

7b: 500 GHz electromagnetic
beam can be controlled by varying
the spatial distribution of applied
bias across the array.
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Ideally, the temporal modulation on the optical illumination should
be sinusoidal at the frequency of the emitted radiation. To approximate this
condition, we have used a train of ultrashort optical pulses spaced by 2 ps to
produce a burst at 500 GHz. A dual-jet, hybrid mode-locked dye laser,
synchronously pumped at 78 MHz by a frequency-doubled YLF laser
(Coherent Antares-Satori system), generated optical pulses at 640 nm with a
duration of approximately 150 femtoseconds. The unfocussed beam, having
a Gaussian profile 3 mm wide and an average power of 130 mW, was used to
illuminate the antenna array. A train of four optical pulses of equal
intensity, each spaced 2 psec apart, was generated by passing a single
optical pulse through two calcite crystals having birefringent delays of two
and four picoseconds.
The antenna array used in our experiments (figure 7a) consisted of 32
parallel electrodes, each 2 mm long and 25 microns wide, spaced 100
microns apart center to center. The electrodes, on a semi-insulating GaAs
substrate, were made of gold germanium with a top layer of pure gold to
facilitate wire bonding, giving a total thickness of about 2000 angstroms.
The electrodes in the array were biased sinusoidally with respect to one
another, as shown in figure 7b, using slide potentiometers so that the bias
period could be easily varied. The voltages were scaled so that the maximum
E field between elements was kept constant at 1.25 kV/cm for all bias
periods, ensuring that the amplitude of the emitted radiation was constant.
Due to the relatively low transient mobility of this material, we expect the
photocurrent to be proportional to the product of the applied field and the
absorbed optical flux.
The radiated field was detected with a photoconducting dipole
antenna [3]. It consisted of a 100-pLm dipole having a radiation-damaged
silicon-on-sapphire photoconductor at its feed point. A 3 mm sapphire ball
lens was placed over the dipole to improve its collection efficiency [4]. These
antennas have a spectral response that peaks at 500 GHz and extends to 1
THz. The probe pulse had an average optical power of 10 mW and was
focused to approximately 5 mm at the photoconductor in the dipole detector.
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Radiated electric field waveforms were measured by using a
correlation technique developed previously for studying other optoelectronic
devices (3]. The field strength as a function of time was obtained by
recording the gated output current from the dipole detector while varying
the relative time delay between the pump pulses which illuminated the
antenna array and probe pulse which gated the detector. The detected
waveform at an angle of 45 degrees off normal and 3 cm from the array is
shown in Figure 8. The periodicity of the voltage bias in this case was
adjusted to be 0.9 mm to produce a maximum signal in the direction of the
detector (equation 3). The 500 GHz burst is clearly resolved. Because the
radiation from different antenna elements experiences different delay
times, the emitted pulse train is broadened in time with respect to the optical
pulse train.

1.0-

8: Detected radiation waveform of a
500 GHz electromagnetic pulse burst from
the array.

0.5 -Fig.
0.0
-0.5
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To test the steerable property of the array, the detector was kept fixed
at 450 and the periodicity of the voltage bias was varied to sweep the angle of
the emitted beam across the detector. The bias voltage amplitude was
changed with period to maintain a constant maximum electric field, as in
equation 2. The time traces obtained for each bias period were fourier
transformed so that the signal amplitude at 500 GHz could be measured.
The 500 GHz signal is plotted as a function of bias period in Figure 9. The
signal peaks for a bias period close to the expected value. A theoretical curve
of the variation in the signal is also plotted in Figure 9. It is based on the
simple model of equation (1), assuming that the optical intensity profile is
Gaussian. The width of the scanning beam at the 3 db points was
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approximately 10'. This width is determined by the overall length of the
array (3.2 mm) and could be much narrower if a larger array were used.
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Measurements were also made using a single optical pulse to
illuminate the array instead of a train of pulses. In this case the peak
amplitude of the waveform did not fall off as rapidly as the period was
changed, showing that the beam was less directional than the four-pulse
case, as expected. Also, the spectrum of the emitted radiation varied
strongly with angle due to the dispersive property of the periodic array.
Some variations on this basic device concept merit discussion. In our
initial configuration, the optical illumination was at normal incidence to the
array. This resulted in two beams being emitted in symmetric directions
about the normal. By using non-normal incidence, the beams can be further
steered off axis as we have previously demonstrated with large uniform
photoconducting apertures [1]. This could be used to advantage to suppress
one of the emitted beams. Using multiple pulse trains to produce a 100%
modulated optical signal is an expedient that served well to illustrate the
basic properties of this device. A more effective approach might be to mix
two quasi-continuous optical pulses with carrier frequencies separated by a
microwave frequency as in optical heterodyning experiments. 500 GHz was
a convenient frequency for a first experiment. However, lower frequencies in
the microwave band might prove to be more useful for applications. The
emitted power in our experiment could be substantially increased by scaling
the optical power, bias voltage, and array dimensions. Recent scaling
experiments with uniformly biased large aperture photoconductors suggest
that very high peak powers should be possible [5]. Possible applications for
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this device are steerable radar systems and microwave sub-carrier
demodulation for optical communications.
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c. Electrically Controlled Frequency Scanning by an Array.
Using a photoconducting antenna array, we can electrically scan the
radiation frequency of an electromagnetic wave from a spatial periodicallybiased photoconducting antenna array by varying the periodicity of the bias
voltage on the antennas. Over 900 GHz frequency tuning bandwidth has
been demonstrated.
Photoconducting antennas under the optical excitation of a single
femtosecond laser pulse are an effective source of THz bandwidth
electromagnetic radiation [1]. We have recently demonstrated that a
photoconducting antenna array can electrically steer a 500 GHz
electromagnetic wave in free space [2]. With a train of properly spaced
ultrashort optical pulses illuminating on an array of short photoconducting
dipole antennas, the array emits a sub-millimeter wave beam which can be
electrically steered by varying the periodicity of the voltage bias applied to
the individual antenna elements.
We have studied the frequency tuning property of the
photoconducting antenna array. At a given angle, the radiation frequency
of the optically induced electromagnetic wave from the array can be
electrically tuned over a wide range. We have achieved a tuning range of
the center frequency from 140 GHz to 1.06 THz. This tuning range can be
used for the electronically-controlled synthesis of the submillimeter waves
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in free space. The possible application of ultrahigh speed microwave or
millimeter wave multiplexer / demultiplexer is discussed.
The antenna array has been previously used to electrically steer the
electromagnetic radiation [2]. Basically, it consists of 32 parallel electrodes
fabricated on a semi-insulating GaAs substrate. Each electrode is a 25 mm
wide and 2 mm long Au microstrip transmission line. The
photoconducting gap between the adjacent electrodes is 75 mm, making an
array active window of 2x3.2 mm 2 . Each electrode was individually biased.
The spatial distribution of the bias amplitude on the electrodes was a
sinusoidal function
Vn = E° cos(nKd+o)

(1)

K

where Vn is the voltage of the nth electrode, Eo is the field, d is the space
between adjacent electrodes and 0 is the phase, and k = (2 P/Abias) where
Abias is the bias period. Typical value of the field Eo was 12.5 kV/cm. Due to
the spatial resolution imposed by using 32 electrodes, the bias period Abias
was only varied from 0.4 mm to 3.2 mm, corresponding to a change from 8
cycles to 1 cycle of the sinusoidal distribution across a 3.2 mm array,
respectively.
A single optical pulse with a 150 fs pulse duration illuminated the
array at a normal incident angle. The dipole detector was placed 30 mm
away from the emitting array at a detection angle of q. At a given angle q,
the far field radiation E(q) from a photoconducting antenna array with a
sinusoidal distributed static voltage in space as described in equation (1)
can be an approximately expressed as [2,4]:
E(O) - cosO sin(Nd[ ic ± KsinO

sin(d[ ± KsinO])
where N is the number of electrodes under the illumination, and K is the
microwave free space propagation constant, which can be written as
K=(2rJX) where X is the center wavelength of the radiation. From equation
(2), the maxima radiation are at the condition of k=±KsinO. This condition
can be rewritten as X=-\biasSin6. It is clear that for a fixed angle 8, the

()
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center wavelength X is proportional to Abias. Therefore by varying the bias
period Abias, the radiation wavelength X (or radiation frequency f ) can be
electrically tuned at a defined direction.
A,,=-3 mm

Fig. 10: Radiation waveforms vs bias
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To illustrate tuning properties of the photoconducting antenna array,
we plot the temporal waveforms of the radiated fields versus the bias period
Abias, as shown in Figure 10. The number of the pulses in a wave packet is
proportional to the number of the bias cycles. For a better vision, the curves
have been offset. The bias period Abias was varied from 0.4 mm to 3 mm and
the No. 16 electrode was kept at the highest voltage. Since the center
wavelength X of the radiation is proportional to the bias period, increasing
the bias period Abias, causes the radiation wavelength to increase and the
pulse width to broaden.
The temporal waveforms have been transformed into a frequency
spectrum. The center carrier frequency of each waveform has been plotted
versus the bias period Abias, as shown in Figure 11. The solid dots are the
measured values and the curve is the calculation from the equation
f=c Abiasin6r-. When the bias period increases from 0.4 mm to 3 mm. the
main peak of the frequenc. decreases from 1.06 THz to 140 GHz. The
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experimental data and the theoretical calculation are in good agreement.
When the frequency was tuned over 1 THz, the measured amplitude of the
radiation decreased, due to the frequency response of the dipole detector and
the frequency response of the radiation from a single antenna. No radiated
signal has been measured when the bias had linear distribution (Vn=nEo).
In this case, the radiation direction satisfies Fresnel's law [1]. The tuning
bandwidth and resolution is largely determined by the size of the array and
the number of the antennas. For an array size of 10xl0 cm 2 with 50 mm
photoconducting gaps, we expect that the tuning range can cover from 3

GHz to over 1 THz. The upper limit of tuning range is comparable with the
bandwidth of radiation from a single antenna.
-
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With an ultrafast optical pulse excitation (assuming the pulse width
of the radiated field from a single antenna is much less than the array
retardation time Ta), the temporally spread radiation waveform reflects the
spatial distribution of the bias across the array, because the radiation from
different antenna elements experiences different delay times. For example,
the voltage of the center electrode (No. 16) was kept at the highest value
when the periodicity of the bias was changed, this caused the waveforms in
Fig. 10 to have a symmetry near their centers (approximately at 10 ps
position). Also when the bias phase fin equation (1) varied, pulses within
the wave package shifted in time. The amount of the shift was (Osin8)/(ck).
The direction of the shift depended on the sign of the phase 0, and the shift
was confined within the duration of the array retardation time ta.
One possible application of this array is an ultrahigh speed
microwave or miilimeter wave time-division multipiexer / demultiplexer.
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For a multiplexer, the information can be electronically encoded through
the variation of the voltage profile on the parallel electrodes. Since the
temporal radiation waveform carries the spatial bias distribution, as
previously mentioned, the spatially input information should be timely
recorded on the radiation waveform. To use an array as a demultiplexer,
the operation is just the reverse of that of a multiplexer. If the spatial
distribution of the bias across the array is a superposition of several
sinusoidal functions, such an array can be further used as a wavelengthdivision multiplexer / demultiplexer.
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cL Carrier Dynamics with Photoexcitation Around Bandgap.
We have recently installed a Nd:YLF pumped dye laser system. This
system, the Antares-Satori laser by Coherent Inc. produces a source of
wavelength tunable femtosecond pulses. We have begun to use this system to
do experiments in which we measure the optically-induced terahertz radiation
from semiconductor surfaces as the optical excitation wavelength is tuned
close to the band edge. We have been able to study the dynamics of the
relaxation of the injected photocarriers when the wavelength of the optical
excitation is near the semiconductor band-gap. Our preliminary experimental
results show that a negative photocurrent can be formed when the excess
energy of the injected photocarriers is equal to a multiple of one LO phonon
energy. When the excitation was tuned below the semiconductor bandgap, we
have also observed terahertz electromagnetic radiation due to the inverse
Franz-Keldysh effect (virtual photoconductivity). All these measurements are
extremely useful for understanding the transient carrier dynamics when the
injected electron energy is selectively tuned by the variable wavelength optical
excitation. This work is continuing and will be the subject of next year's
research under the renewal of this grant.
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