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I. Introduction

We are currently witnessing a resurgence of interest in millimeter-wave technology. Recent
advances in the utilization of optical techniques for the generation and control of millimeter-
waves in our laboratory [1-[2] and elsewhere [3]-[6], make it technologically feasible to build
a complete millimeter-wave monolithic phased array system that has the potential to incor-
porate rapid scan (our goal is to achieve a complete scan in one nanosecond or better), high
resolution beam steering and reconfiguration, wideband performance, reduced susceptibility to
interference, and a compact lightweight design specifically for phase scanning or multiple-beam
applications.

At present, there are a number of phased array concepts which involve some kind of op-
tical feeding [7]-[101, using either fiber coupling [8], or space-fed illumination [11). The central
issue of these systems is to provide the correct phase and amplitude excitation at each element
of the array. For rapid scanning using an optical feed network, the phase and amplitude of
the antenna element excitation must be varied at a multi-gigahertz rate. These requirements
are beyond the capability of the current technology. Although the system concept seems at-
tractive, many of the key components or subsystems are lacking and await new technolog)
developments. This research project addresses precisely these key issues. These unique array
concepts incorporate advanced optical, electronic, millimeter-wave, and antenna technologies.
The main concept utilizes optoelectronic beam-forming technologies coupled with a MMIC
(monolithic millimeter-wave integrated circuit) active array. We believe that the optical tech-
nique offers unique advantages in:

(1) near perfect isolation between controlling and controlled devices,
(2) elimination of RF feeds in a large array system,
(3) immunity from electromagnetic interference,
(4) light weight and compact size,
(5) extremely fast response,
(6) high power handling capability, and
(7) amendability to monlithic integration. r

There are many advantages in introducing optical techniques into millimeter-wave tech-
nology. With today's mature optical technology, switching, modulating and deflecting of an
optical beam can be done easily with picosecond speed capabilities. Optical pulses as short
as 10 femtoseconds have been achieved [12]. Integrated and fiber optical devices have ad-
vanced to a point that many optical electronic functions can be performed with very small
energy requirements and high reliability. Since many device concepts in the millimeter-wave
frequency range are analogous to their optical counterparts, there is much to be gained in
taking advantage of advanced optical developments.

The most fundamental aspect of interfacing optics and millimeter-waves is to estab-
lish time coherence between the two waveforms. There are three concepts: (i) to generate
millimeter-wave signals in complete time coherence with an optical pulse, (ii) to modulate
optical waves by millimeter-waves, and (iii) to modulate millimeter-waves by optical waves.
In this proposal, we propose to investigate all three concepts.

I. Technical Description and Results.

* We begin this section by giving a brief introduction to the application of optical techniques
for millimeter-wave generation, control, and measurements. Most of our research tasks center
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on picosecond optoelectronic techniques. These techniques can be used not only to control
the phase and amplitude in a semiconductor waveguide by inducing electron-hole pairs (solid
state plasma) [1],[13], but also to generate millimeter-wave signals in complete time coherence
with the ultrashort optical pulses [2]. This is the ultimate technique to measure the dynamic
change in amplitude and phase of millimeter-wave signals, with a potential time precision of 10

.1 femtoseconds (depending on the stability of the optical delay). The challenge here is to generate
millimeter-waves in complete time coherence with the exciting optical pulse. This is usually
done by illuminating a picosecond photoconductor with a picosecond laser pulse [14). Using
this technique, we have been able to generate a 10 GHz cw RF-wave by appropriately filtering
the pulse train [2]. By using a microstrip filter and time division multiplexing the exciting
optical pulse or the electrical signal to ease the stringent filtering requirements, it should be
straightforward to extend the RF generation to the millimeter-wave frequency range. One
difficulty lies in the accurate measurement of the phase and ampliltude of the cw millimeter-
wave signal. We have developed picosecond optoelectronic and/or electro-optical sampling
techniques which can be used to coherently detect millimeter-wave signals from 10 to 55
GHz [151. Optical electronic sampling techniques can be used to coherently measure zero-
crossings of the millimeter-wave signal. It should be pointed out that these techniques can be

* used not only to make accurate measurements of amplitude and phase, but also to perform
phase shifting by simply delaying the exciting pulse via an optical fiber of variable length.
The coherent millimeter-wave signal thus generated can be amplified by a millimeter-wave
FET amplifier. A large phased array system can be realized by incorporating such an active

*- component in each radiating element of the array, as shown in Fig. 1. Since the phase of each
- radiating element is now precisely controlled by the arrival of the ultrashort optical pulse at

each element, an accurately controlled phased array system can be implemented. For example,
by using a 10 femtosecond pulse in a 100 GHz system, a phase controlled to better than 0.4
degree is possible. It should be pointed out that in such a phased array system, only DC bias
is needed to feed the antenna elements.

Another optoelectronic method to control the amplitude and phase is to optically mod-
ulate the electron-hole carrier density in a bulk semiconductor waveguide [I]. Picosecond
switching and gating as well as gigahertz modulation of a 94 GHz wave has been demon-
strated. A frequency chirped millimeter-wave pulse has also been observed. A dynamic bridge
method to measure the phase and ampmiitude simultaneously has been devised with a time
resolution of about 1 nanosecond, which is the bandwidth limitation of the oscilloscope. Re-
cently, we have employed a cw mode-locked laser and a phase sensitive detection technique to
measure the phase shift and attenuation. We have achieved a time resolution of 25 picoseconds
and accuracy of phase measurement down to 0.10. Many of these electronic functions have
been demonstrated with a laser diode. With the 2-D laser diode array to be provided to us by
RCA Labs, it will be possible to optically control the phase and amplitude of each individual
element in the array by illuminating the 2-D readiation array with the 2-D laser diode array.
The optical laser array to millimeter-wave array coupling can be achieved via optical fiber
coupling or a space-fed saystem, eg. holographic illumination.

The limitation of the induced plasma type of phase and amplitude control is that the
variables are mutually coupled through the Kramers-Kronig relations. Dynamic loss always
accompanies the dynamic phase shift. With precise knowledge of these two parameters, one
may still be able to use this technique to control the phased array system by adjusting the laser
illumination intensity. The Kramers-Kronig relation suggests that the maximum dynamic loss
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occurs at low plasma density where the rate of change of phase with respect to plasma density
is at the maximum. At higher plasma density the phase shift saturates at its maximum value
while the dynamic loss decreases almost to zero. Therefore an effective means of achieving large
phase shift with low loss is to maintain a high plasma density on the surface of the dielectric
waveguide. In order to implement these ideas we have used composite dielectric waveguides
consisting of thin layers of high purity semiconductor on an index matched insulating substrate,
e.g., silicon-on-sapphire, heterojunction semiconductor waveguides fabricated with molecular
beam expitaxially grown material, and recently, single crystal silicon on alumina waveguide.
These composite dielectric waveguides can prevent carrier diffusion into the bulk material,
thereby maintaining high carrier density after the plasma is created. Our recent results indicate

I. that these waveguides can provide the desirable properties required of phase shifters.

II.A A New CW Microwave Source Using an Optical Electronic Technique

* The precise generation and control of microwave and millimeter-wave signals using in-
* tegrated technology is essential for the next generation of high-speed, broadband systems.

It is desirable to utilize optoelectronic components where possible for such applications as
microwave and millimeter-wave signal processing, receivers/transmitters, and phased array

* -_Iantennas. We now have at our disposal optoelectronic devices that work in the picosecond
time domain. The trend is toward a class of devices which integrate optics into electronic
functions. We classify this class of devices into the category of picosecond optical electronics,
which combines the fields of optics and electronics [14]-[16]. The link for these two fields is

S"picosecond photoconductivity [17].

The picosecond photoconductivity effect is the generation of an ultrashort photo-current
signal in a photoconductor when it is illuminated by an ultrashort optical pulse. For example,
8 femtosecond optical pulses have been observed j12]. The unique feature of the picosecond
optical device is its ability to generate low-noise electronic pulses synchronized with the optical
pulses. For frequencies through Ka-band, a high-speed microelectronic amplifier utilizing
HEMT's (High Electron Mobility Transistors) may be integrated with the photoconductor

* switch. Dispersion in microstrip interconnects will degrade the pulse shape. Therefore, for
relatively large distances, it is necessary to convert the electrical signals back into the optical
form. Thus, a technology for conversion between optical and electrical waveforms and vice-
versa is needed. Electrical pulses can be converted into optical pulses by: (1) electro-optic
modulation in an optical channel waveguide, or (2) direct modulation of a laser diode by the
pulse current.

The general class of switching devices based on the picosecond photoconductivity effect
has received considerable attention recently [14]. The photoconductivity effect is the long
wavelength limit of a more general phenomena in which the complex dielectric constant of the
semiconducting medium is modified by the introduction of an optically induced electron-hole
plasma. When the dimension of the plasma region is much smaller than the wavelength of
the electrical signals to be controlled, the plasma region may be regarded as a lumped circuit
element. Most semiconductor switches are in this category and they are regarded as conductive
mode switches.

Ultrafast optoelectronic switching is an important application for conductive switches.
The devices can be categorized into low and high voltage applications. In the low voltage
application, the device is used as a high speed optical detector or fast sampler. The important

3
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characteristics are fast rise and decay times for the electrical signal. This generally necessitates
a short carrier lifetime, even though this results in the disadvantage of low mobility. In
the high voltage application the device is used as a jitter-free switch with extremely fast (a
few picoseconds) turn-on time [13]. We have demonstrated the high voltage switching using
Cr:GaAs, CdS0 .sSe0 .s and insulating diamond [13].

The rise time of the photoconductive signal can approach the rise time of the optical pulse,
which can be on the order of 10 femtoseconds (terahertz spectral components). The electrical
pulse fall time is primarily determined by the carrier lifetime, which can be engineered to be
as short as I picosecond.

There are a large number of devices which can be based on the picosecond photocon-
ductivity effect. They include switches, gates, samplers, electronic pulse function correlators,
A/D converters, optical detectors, DC to RF converters, and coherent ncrowave/millimeter-
wave generators. Such fast photoconductors can handle high power, are scalable (large and/or
submicron sizes), have a large dynamic range and can be monolithically integrated with ni-
croelectronic devices. These features lend the device to applications such as: high data rate
signal processing, high speed detectors, high frequency photomixers, streak camera trigger-
ing, millimeter-wave phase shifting and modulating, ultra-short high power pulse generation,
microwave and millimeter-wave sources and on-chip picosecond diagnostics. A potentially
powerful application for the device when used as a coherent CW source is in a phased array
antenna. Optical techniques for feeding arrays have received considerable attention recently
[7]-[11]. The central issue is to provide the correct phase and amplitude excitation at each
element of the array in a manner which allows rapid scanning. A photoconductive switch with
a appropriate filter and amplifier could be placed at each element in the array. The phase of
excitation can be controlled optically. Such an array of active elements can be monolithically
integrated. The picosecond photoconductor can also be used to realize a Pulse Code Modula-
tor (PCM) by switching a microwave/millimeter-wave signal at appropriate intervals. Such a
system permits very high modulation rates.

We have previously demonstrated the generation of 3 GHz CW signals by the pulse
excitation of a resonant cavity [18]. The generation of short pulses of microwave signals has
been reported [19]-[20]. Also, a 3 GHz CW signal has been generated by using a mode-locked
krypton-ion laser with both an avalanche photodiode and an optoelectronic switch [5]. In [6],
a technique involving the FM sideband injection locking of a laser diode has been used to
generate a 35 GHz CW signal. This was done by beating two longitudinal modes of a diode
laser in a high speed PIN detector. This technique requires accurate temperature stabilization
of the lasers and provides a signal level of -53 dBm.

This section will elaborate on the realization of a 10 GHz CW microwave source using the
photoconductivity effect. An advantage of this technique is that the components required are
relatively easy to obtain and use. The technique requires a minimum number of components:
a source of short optical pulses (a mode-locked laser), a picosecond optical switch, a microwave
filter and an amplifier. Each of these components have the flexibility of being reduced in size
so that the entire configuration may be integrated onto a single substrate. This will enhance
the overall performance by minimizing the detrimental effects of dispersion, connectors, and
cables. The output power and stability of the signal generated by this technique are the most
critical factors in determining its applicability. The short term stability of the source is of
particular importance and has not previously been considered in detail for this application.

4
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Methods for increasing the power level and improving the amplitude and frequency stability
of the output signal are discussed.

Experimental Set-up and Results

The experimental configuration for the generation of CW microwave signals with picosec-
ond photoconductors is shown in Fig. 2. A synchronously pumped Dye laser is used to obtain
3 ps FWHM optical pulses at a repetition rate of 100 MHz. These pulses are applied to a bi-
ased photoconductive switch. The spectral components produced at the switch output extend

4 up to tens of gigahertz and are spaced every 100 MHz, corresponding to the harmonics of the
pulse train generated. The switch is matched to 50 ohms and fed to a narrowband bandpass
filter. The passband of this filter is narrow enough so that only a single spectral component
will be present at the output. The low noise amplifier provides this signal with gain so that
the signal may be analyzed on a sampling oscilloscope.

The CW microwave signal generated by this technique must satisfy general stability re-
quirements so that it may be used in the applications for phase arrayed system. This set-up
is therefore also used to measure the phase stability of the CW signal generated. This is
done by measuring the phase noise on the spectral components with the spectrum analyzer.
It was found that the noise on the CW signal generated results primarily from the jitter of
the optical pulses generated by the mode-locked laser and the picosecond switch introduces
negligible jitter in comparison. Both AM and FM noise in the optical pulse train appear as
noise sidebands on each spectral component. The large number of spectral components permit
the observation of the relative amount of AM and FM noise produced by the laser system as
a function of the harmonic number. Each spectral component may be considered as a signal

, ,obtained by frequency multiplying the fundamental component by its corresponding harmonic
number. The AM noise remains constant with harmonic number but FM noise is proportional
to the square of the harmonic number [21]. The AM and FM noise produced by the laser will
correspond to amplitude and phase fluctuations in the CW signal generated.

The basic photoconductive switch is shown in Fig. 3. It consists of a microstrip transmis-
* sion line structure with a small gap which separates the input from the output. When the gap

is in the dark state (no optical illumination), the high resistivity of the semi-insulating sub-
strate will provide a path of extremely low conductance. This high impedance state gives the
switch excellent noise rejection properties since the dark current generated by the bias voltage
is extremely low. When an optical pulse is focused on the switch gap, a temporary electron

6hole plasma is formed, connecting the input to the output. This action produces an electrical
pulse with a rise time approaching the optical pulse rise time and a fall time related primarily

*. to the carrier recombination time. A typical output waveform from a Cr:GaAs switch is shown
in Fig. 4, where the interpulse spacing corresponds to the laser cavity round trip time. The
power spectrum of this pulse train is shown in the lower trace of Fig. 5, where the spectral

qt components are spaced every 100 MHz, corresponding to the mode spacing of the laser. Under
these experimental conditions, we have observed a spectrum extending to 25 GHz.

A single frequency 10 GHz signal may be obtained if a bandpass filter is used to select
only the 10 GHz spectral component from the switch output spectrum. The spectrum at the
output of this filter is shown in the upper trace of Fig. 5, where in addition to the center
frequency at 9.78 GHz, several harmonics are passed by the spurious response of the filter.

We used a low pass filter to remove these spurious components.

5
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When the filtered output signal is applied to the amplifier, an extremely clean sinusoid
was produced. A sampling oscilloscope display of the 9.78 GHz signal obtained is shown in
Fig. 6. This waveform suggests that the jitter of the microwave signal is very small.

Finally the phase stability of the CW signal generated by this technique must be measured.
The phase noise of the 9.78 GHz spectral component is shown in Fig. 7. We apply classical
frequency stability measurement techniques [21] to obtain a quantitative measure of the signal's
short term stability. The short term stability is most easily evaluated by using the frequency
domain description of the signal. This is done by representing the signal output as a carrier
modulated by AM and FM noise. The discrete noise processes cause discrete spurious noise

* sidebands while random processes create a continuous noise pedestal. For higher harmonics,
-* the FM noise has a greater contribution than the AM noise. The FM noise to carrier power

ratio has a square-law dependence on frequency, as is illustrated by our measured results in
Fig. 8. We are particularly interested in measuring the rms time jitter by considering the FM
noise.

By integration of the spectrum, we have measured a At,,,,. of 1.8 ps from the continuous
noise pedestal. The contribution from the deterministic noise processes was computed to be
3.03 ps giving a total rms time jitter of 3.53 ps (for an offset band of 30Hz-5kHz) for a CW
signal produced by any of the spectral components. Most of these discrete noise processes
could be detected at the output of the RF source driving the Nd:YAG mode-locked unit.
These undesired spurious responses may be reduced by utilizing a more stable RF source for
the mode-locker. Currently the most effective method of decreasing the time fluctuations in
the output of a mode-locked laser is by phase locking the output of the laser to the reference
RF source driving the mode-locker unit. Rodwell et. aL. [22] have reduced the total time
fluctuations of a compressed mode-locked Nd:YAG laser from 2.9 to 0.3 ps rms with this
method.

We have described a new technique of producing CW microwave signals which are phase
coherent to a mode-locked laser source. Extensive measurements have been made to calculate
the frequency stability of the CW signal generated. The total rms time jitter of the 10 GHz
signal produced in our experiment is approximately 3.53 ps. This number has been computed
by the RF spectrum method from the sideband phase noise power between 30 Hz and 5 KHz.
Methods of improving both the AM noise fluctuations and the rms timing jitter have been
discussed. It is presently assumed that the jitter in the microwave CW signals generated by this
technique is mainly due to laser jitter. We are currently working in a technique that will allow
us to measure the small amount of additional jitter contributed by the switch. Stabilization
of the YAG laser using a phased locked loop may be necessary for more comprehensive noise
evaluations and certain applications.

Higher output power can be obtained by using photoconductor arrays or higher gain
amplifiers. Materials with faster switching speeds than Cr:GaAs may also be used, enabling
higher power to be obtained at frequencies in the millimeter-wave band. The width of the
photoconductive switch gap may be increased to allow for larger bias voltages (increased
power handling capabilities). Although 10 GHz operation has been reported thus far, a 100
GHz source is feasible, as a femtosecond laser and photoconductors with picosecond carrier
lifetime are currently available. The filtering operation becomes more demanding at the higher
frequencies. It is therefore desirable to increase the effective repetition rate of the laser. This
can be done by using optical or electrical delays. With the optical technique, the repetition

6
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rate can be multipled by 8 or 16 without difficulty [5]. The integrated filter currently being
studied will be necessary for higher frequency operation. The ultimate goal is to integrate the
laser, photoconductive switch, filter and amplifier. This will result in a compact, robust, high
performance system which can be employed for many high frequency source, high speed data
processing and antenna applications.

11.B Optically Controllable Dielectric Millimeter Waveguide

One of the important parts of microwave and/or millimeter wave systems is the waveg-
' uide. Traditionally, metal waveguides have been commonly used. For integrated systems,

waveguides such as microstrip or dielectric waveguide are attractive. Both of these structures
can be fabricated by integrated circuit techniques. Complex millimeter-wave integrated cir-
cuit elements can be easily formed from dielectric materials by employing batch fabrication

= techniques using sandblasting, machining, laser cutting, etc. Microstrip transmission lines are

0 used up to 30 GHz. For frequencies greater than 30 GHz, the losses in microstrip structures
are high, higher-order modes may be a problem, and fabrication techniques become more dif-
ficult due to the small stripwidth and substrate thickness. Dielectric rectangular waveguides
become, then, an important alternative to the expensive metal waveguides. The use of high
purity semiconductor materials as dielectric waveguides is particularly important, since active

40 devices such as oscillators, Gunn or Impatt diodes, mixers/detectors, and modulators can all
be fabricated 'in situ' into the semiconducting waveguides.

One important aspect of millimeter-wave devices is the control of phase and amplitude of
a wave propagating through the waveguide. Such types of devices with a reasonable speed and
acceptable bandwidth are not available yet in the millimeter-wave region. The use of semicon-

40, ductor bulk phenomena in implementing microwave control components has been discussed
[1]. The principal phenomena explored have been the dielectric and conductive properties of
the plasma states. A frequency-scanning millimeter-wave antenna utilizing periodic metallic
stripe perturbations on a silicon waveguide has been demonstrated [23]. Millimeter-wave di-
electric image-guide integrated devices have been developed [24]. In the optical region, there
are a whole variety of controllable waveguide devices which have not found their counterparts
in the millimeter wave region.

Phase shifting is a fundamental control operation. A general approach to this operation,
used extensively at both optical and microwave frequencies, is to alter the phase velocity along
a fixed interval of a guiding medium. We have studied in our laboratory a method to control the
phase and amplitude of the millimeter-wave signal propagating in a semiconductor waveguide
by optically injecting a thin, but high density, plasma with above bandgap optical radiation.
Our research has resulted in several important findings, leading to the demonstration of a laser
controlled millimeter-wave phase shifter with a phase shift of up to 1400 */cm observed. More
importantly, our current work has enabled us to better understand the physics of these type

Cof devices, particularly regarding the loss mechanism [1].

In this section, we shall first review the concept of optically controllable millimeter-wave
devices based on semiconductor waveguides. Highlights of current results will also be presented
at the end of this section. The detail of this aspect of research is included in appendix I which
has been published in Infrared and Millimeter Waves, Vol. 15, K. Button, edited, by Academic

* Press.
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(1) Concept of optically controllable millimeter-wave propagation.

Shown in Fig. 9 is a schematic of the optically controllable phase shifter. It consists
of a rectangular semiconductor waveguide with tapered ends to allow efficient transition to
and from a conventional metal waveguide. Optical control is realized when the broad wall of
the semiconductor guide is illuminated by light generated by either a proximal source or one
removed by a suitable optical guiding medium. The width a and height b of the guide are
selected so that it supports an Ef' mode. The initial depth of the plasma injection is controlled
by selecting an appropriate combination of optical radiation wavelength and semiconductor
absorption properties.

At sufficiently small injection depths, the final thickness of the plasma is determined
primarily by processes of carrier diffusion and recombination. The effect of the plasma occupied
volume is to introduce a layer whose index at the millimeter-wave frequency is larger than the
remaining volume of the waveguide. From Drude theory, the index of refraction can be written
as

W2 WL
2

2= w 2  , w 2 +1(

Here, e, is the dielectric function of the host lattice, wp is the plasma frequency, v is the carrier
collision frequency, 17 and k are the real and imaginary part of refractive index respectively,
and w is the angular frequency of the electromagnetic field. The plasma frequency is defined

- "2
- .as w = , . Since n, the carrier density, is directly proportional to the laser intensity, one

can use the laser to control the refractive index of the plasma region in the dielectric waveg-
uide. From simple physical arguments one would expect this effect to become strong as one
approaches and then exceeds the plasma density at which the value of the plasma frequency
equals the frequency of the guided millimeter-wave signal. At sufficiently high plasma densi-
ties, the millimeter-wave signal is totally screened from the or -upied volume and one would
expect that the phase shift per unit length would saturate as a function of plasma density.
At extremely high densities the plasma layer becomes metallic and the dielectric waveguide
becomes approximately an image guide. As the optical illumination intensity increases from
a low value, a significant phase shift will not appear until the plasma frequency exceeds the
frequency of the guided millimeter-wave signal, after which it will rapidly rise and eventu-
ally saturate. However, the form and magnitude of the phase shift versus the intensity of
illumination, and hence the plasma density, depends on the material and geometrical factors
that characterize the optically perturbed guiding structure and their determination requires a
detailed solution of the corresponding boundary value problem. The optically induced phase
shift A4$ for a given section of waveguide of length I is determined by computing the propaga-
tion constant in the s direction, first in the absence of the injected plasma k. and then with
the plasma k,, thus

=
' 

(k" - k8)1 (2)

We have developed a complete theory and performed a computer calculation of the bound-
ary value problem and have measured the phase shift as a function of laser intensity to test
our model. Details of the experimental technique and numerical calculations are given in ap-
pendix I. In general, there are overall good agreements between the experimental observations
and theoretical predictions. We feel very confident that we have a good understanding of this
problem.
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With slight variations of the phase shifting technique we have also demonstrated opto-
electronic switching, gating and modulation of millimeter-wave at 94 GHz by an optically
induced plasma in a silicon, GaAs, silicon-on-sapphire (SOS), InP, and a composite waveguide
consisting of thin layer of single crystal silicon on alumina. A millimeter-wave pulse width as
short as 100 picoseconds and variable to tens of nanoseconds can readily be obtained by this
technique. We conclude from these studies that the optical injection of a plasma is superior to
electrical injection because of the near perfect isolation between the controlling and controlled
devices. The geometry and nature of the injected plasma column is amenable to theoretical

* analysis. Excellent agreement between experiment and theory encourages further study and
a search for a better experimental configuration to realize a new class of devices with high
efficiency. Of particular interest is the development of an electronically steerable phased array
antenna.

As mentioned above, the key to the realization of optically controlled millimeter-wave
device in a semiconductor waveguide is to have a complete understanding of the physics of
the interaction of the millimeter-wave signal with the induced plasma layer on the surface of
the waveguide. We began our study by theoretically analyzing the boundary value problem
assuming that a uniform layer of plasma is created at the surface. We have calculated the
phase shift and attenuation of a 94 GHz signal in such a waveguide as a function of plasma
density for various plasma layer thicknesses. The data for a 2.4 x 1mm 2 silicon waveguide is
shown in Figs. 10 and 11. It is clear from these figures that in the ideal case the phase shift
will saturate at a plasma density larger than 1O"/cm3 , where the attenuation is also very

- small. This is due to plasma screening of the millimeter-wave signal. As the plasma density
- -'descreases via recombination or other means, the millimeter-wave signal begins to penetrate

*into the plasma region, causing loss. The maximum attenuation occurs when the skin depth
at 94 GHz is roughly equal to the thickness of the plasma layer. This means that the carrier

diffusion process may result in large loss for two reasons: (1) carrier diffusion causes the plasma
layer to become thicker, and (2) at the same time the plasma density will further decrease
because of diffusion. According to Fig. 11 the attenuation will quickly increase.

In order to explore the dynamics of carrier and wave interaction, we have to devise a
way to measure the attenuation and phase shift of the propagating millimeter-wave signal as
a function of time. In many semiconductors, the carrier recombination lifetime and transport
dynamics can take place in nanoseconds (or less). However, there is no commercial vector
network analyzer at 94 GHz with a time resolution in this time range. We therefore have
to invent our own vector network analyzer. This work has recently been published in IEEE
Transactions on Microwave Theory and Techniques, entitled, "Measurements of time-varying
millimeter-wave vectors by a dynamic bridge method" 1251. This method employs a millimeter-
wave bridge in which a plasma-controlled waveguide is placed in one arm of the bridge and a
precision phase shifter and a precision attenuator are placed in the other arm [1]. A schematic
of the millimeter-wave bridge is shown in Fig. 12. The millimeter-wave bridge is initially
(with no plasma generation) balanced by adjusting the variable attenuator A and the phase
shifter 0 in arm b so that there is no signal at the output. When a plasma is generated in the
semiconductor waveguide by electronic or optical means, a phase shifted and/or amplitude
modulated millimeter-wave signal appears at the output of the bridge. Usually the signal thus
generated is of transient nature with a characteristic decay time. The temporal variation of
the signal depends upon the carrier transport dynamics.

"-. 9
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A dynamic bridge technique has been developed to determine the values of the plasma-
*, induced phase and attenuation. This method exploits the fact that the temporal profile of

the output of the bridge depends sensitively upon the initial phase angle between the electric
fields in the two arms as well as the dynamics of the phase shift and attenuation due to the
induced electron-hole plasma. This method has a large dynamic range: it is possible to follow
the decay of the plasma density over four orders of magnitude. A detailed description of the
dynamic bridge method can be found in reference [25]. (See also appendix I for details.)

We have applied the dynamic bridge method to measure the variation in amplitude and
phase of a millimeter-wave signal as a function of time after a silicon waveguide is illuminated
by a single 30 ps laser pulse. A comparison of the theoretical model and the experimental
results obtained by using the dynamic bridge method alone is shown in Fig. 13. Here, the
recombination time was fitted at 20 pan and the ambipolar diffusion coefficient was held at a
constant 18cm 2/sec. The initial plasma density was fitted at 1O18CM-3, an order of magnitude
less than the plasma density inferred from measurements of the laser energy. One reason for
this discrepency is that the complete theoretical model assumes an abrupt junction between
the plasma layer and the rest of the waveguide. From the steady state model 11], it can
be seen that the millimeter-wave signals begin to interact with the plasma in the density
range from 1014 to 101 6 cm- 3 , depending upon the plasma depth. The plasma layer model
chooses an average plasma depth and density which is spatially abrupt. This model ignores the
plasma in the tail of the distribution, which for large total plasma densities may be significant.
These smaller plasma densities at larger plasma depths interact with millimeter-wave signals
producing larger attenuations than those predicted by the abrupt junction model. The large
peak in the theoretical attenuation curve in Fig. 13 is probably due to the fact that the model
of the waveguide used [9] predicts a cutoff waveguide size for the lowest order semiconductor
waveguide mode. This "cutoff" never occurs in reality. In the theoretical model, as the
plasma is diffusing into the semiconductor waveguide, the waveguide is becoming pinched off.
The predicted attenuation in the near pinch-off case is probably too high due to the model
predicting an actual cutoff condition.

These results suggest that the new measurement technique developed in our laboratory is
: an important tool to accurately characterize the plasma-wave interaction. These observations

.1- suggest that in order to reduce dynamic loss one has to confine the carriers to a thin layer at
the surface. The ideal waveguide for a low-loss phase shifter should be able to sustain a surface
plasma at a high density for a sufficiently long enough time (preferrably a few microseconds).

Recently, we have focussed our attention to search for such an ideal waveguide. We have
* studied the silicon-on-sapphire (SOS) as a possible candidate. By assuming that the epitaxial

silicon layer on the sapphire substrate has as good a quality as a single crystal silicon, we have
calculated the phase shift and attenuation at 94 GHz in such a waveguide as a function of time.
The calculated results are shown in Figs. 14 and 15, where the carrier lifetime and mobility
in the epitaxial layer are assumed to be the same as those in the bulk. These calculated
results indicate that SOS is indeed a good waveguide material since it can maintain a large
phase shift with low dynamic loss for several microseconds. However, our experimental data
indicates otherwise. Using the dynamic bridge method, we have measured the attenuation
and phase shift of a 94 GHz signal as a function of plasma density for the SOS waveguide.
The measured data is compared with the theoretical values in Figs. 16 and 17. These results

* are disappointing since it shows large attenuation which sets in within one nanosecond after

* 10
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the optical illumination. Fortunately, these results can be explained by the poor quality of
the silicon epi-layer: 1.5 ns lifetime and p. = 500cm 2/v.s. These studies clearly point out
the requirements of the ideal waveguides. Recently we have fabricated a composite waveguide
consisting of a single crystal thin silicon layer attached to an alumina substrate. Since the
silicon layer is made of high quality bulk material (10 pm thick), it has a high mobility and
a long lifetime. In addition, the surface recombination is also small and the preliminary
results are very encouraging. We have observed for the first time that a high density plasma
state can be maintained for a few microseconds, resulting in a low dynamic loss (Fig. 18).
Another important waveguide structure may be an MBE-grown heterojunction material, such
as AIGaAs and GaAs. The larger bandgap AIGaAs region can be used to prevent carrier
diffusion from the GaAs surface layer. The two dimensional electron gas system simulates a
high density state with extremely high mobility. We have also started to investigate these
materials both theoretically and experimentally.

II.C Highlights of current results

1. We have succeeded for the first time in generating a CW microwave signal at 10 GHz
by a picosecond optical electronic technique. The phase noise is found to be very small,
leading to the possibility of using this technique for an optically fed phased array antenna
which requires D.C. bias as the only electrical feed network.

2. We have conceived and demonstrated the concept of an optically controllable millimeter-
wave phase shifter at 94 GHz in a semiconductor dielectric waveguide. Phase shifts as
large as 1500 */cm have been observed.

3. A dynamic bridge technique has been developed which has lead to the development of a
vector network analyzer at 94 GHz with a time resolution better than one nanosecond.

4. With the use of a CW mode-locked laser and a lock-in amplifier, the dynamic bridge
method time resolution has been improved to 25 picoseconds and phase variation of less
than 0.10 can be measured.

5. A complete theory and computer code to tackle various boundary value problems has
been developed. Currently a multi-layer dielectric waveguide is being analyzed.

6. Demonstrations of ultrafast millimeter-wave switching, gating, and modulating. The
generation of a millimeter-wave "chirp" pulse has been observed for the first time.

7. Development of a composite dielectric waveguide which is capable of yielding large phase
shifts with small dynamic loses.

8. An ultrafast photomixer with 10 picosecond time resolution has been fabricated and
successfully tested. This device will mix a two mode laser signal to generate an I.F. in
the millimeter-wave spectral range.

9. Generation of an ultrashort millimeter-wave pulse by optical modulation of an InP waveg-
uide.

10. Demonstration of optical control using laser diodes.
-I
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Figure 5. Instantaneous power spectrum of the switch output (bottom trace), and band pass
* filter output prior to low-pass filtering (top trace).
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Figure 6. The sampling oscilloscope waveform at the output of the GaAs MAESFET amplifier
when using both the bandpass and lowpass filters. Vertical scale: 10 mV/larger div, horizontal
scale: 50 ps/larger div.
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Figure 7. Power spectrum showing close-in phase noise of the 9.78 GHz spectral component.
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I. Introduction

Recently a great deal of attention has been given to a general class of
switching and gating devices based on the photoconductivity effect using
picosecond optical pulses (Auston, 1975; Lee and Mathur, 1981; Mourou* J and Knox, 1979). The photoconductivity effect is the long-wavelength limit of
a more general phenomenon' in which the complex dielectric constant of the

* Present address: Naval Research Laboratory, Washington, D.C. 20375.

249
Copyrilght 1 1985 by Academic Prc%%. I..

All righii of rCproduction in an) form f r,:rg'



250 AILEEN M. YUREK et al.

semiconducting medium is modified by the introduction of an optically
induced electron-hole plasma. When the dimension of the plasma region is
much smaller than the wavelength of the low-frequency (including dc) signals
one wishes to control, the plasma region may be regarded as a lumped circuit
element. If the wavelength of t,- rf signal is comparable to or smaller than the
dimension of the plasma region, the plasma region must be treated as a

distributed circuit element. This is the situation for millimeter-wave propaga-
tion in a semiconductor waveguide with a laser or electronically induced
electron-hole plasma (Lee et al., 1978, 1980). Here the induced plasma causes
a change in both the refractive index and the extinction coefficient, resulting
in phase shift and attenuation of the millimeter waves.

Millimeter waves span a frequency region from 30 to 300 GHz. Systems
operating in this frequency region are attractive for several reasons. With
respect to lower-frequency microwave systems, millimeter-wave devices have
larger carrier bandwidths, better spatial resolution, and a more compact

technology. Compared to optical systems, millimeter-wave devices offer
better atmospheric propagation in selected bands and a technology more
amenable to frequency multiplexing (Tomlinson, 1977; Kobayashi and
Herui, 1978; Minowa et al., 1979).

Phase shifting and modulation are fundamental control operations. The
use of semiconductor bulk phenomena to construct microwave control
components has been discussed (Mortenson et al., 1971; Klein, 1983). The

is. dielectric and conductive properties of the plasma state have been used to
control millimeter waves (Klohn et al., 1978; Paul and Chang, 1978). An
approach to phase shifting used at both optical (Kaminow et al., 1973) and
microwave (Garver, 1976) frequencies is to alter the phase velocity along a
fixed interval of a guiding medium. The phase shift per unit length is then
equal to the change in propagation constant of the guided wave. One method
of altering the dispersion of millimeter waves is to introduce an electron-hole
plasma into the guiding medium. It has been demonstrated that phase shifts
may be generated by injecting plasma with p-i-n diodes (Jacobs and Chrepta,
1974; Levin and Wiedener, 1973; Glance, 1979). Electronically induced
plasmas have been used to control a semiconductor phase shifter (Novick et
al., 1982) and a line-scanning antenna (Horn et al., 1982).

Another method of injecting a controlling electron-hole plasma into a
semiconductor waveguide is to illuminate the waveguide with above-band-
gap radiation (Lee et al., 1978, 1980). Some of the advantages of optical
control are near-perfect isolation between the controlled and controlling
devices, low static and dynamic insertion losses in some regimes, fast
response, and high power handling capability. IMPATT (Gerlach and
Wellman, 1983) and TRAPATT (Kiehl, 1980) diodes have been controlled by
optically injected electron-hole plasmas. Optically controlled phase shifters

U.;:::: . ,. , .,.: :.,:.,. .., ,.



4. OPTOELECTRONIC DEVICES 251

(Lee et al., 1980; Ogusu, 1983), modulators (Li et al., 1982), and switches
(Platte, 1981) have also been demonstrated.

Optically controlled semiconductor waveguides have also been used to
generate short millimeter-wave pulses. Gated millimeter-wave pulses of I- to
10-nsec duration were generated using a silicon waveguide illuminated by
single pulses from a mode-locked Nd: YAG laser (Lee et al., 1978). Modu-

* lated millimeter-wave pulses of approximately 400-psec duration and with a
repetition rate in excess of I GHz were obtained using a Cr: GaAs waveguide
illuminated by a pulse train from a mode-locked frequency-doubled
Nd: YAG laser (Li et al., 1982).

To design such devices more effectively, an understanding of the physical
* properties of the induced electron-hole plasma is necessary. One way to

probe the behavior of an induced electron-hole plasma is to monitor the
phase and loss of millimeter waves in a plasma-controlled semiconductor
waveguide. This technique is capable of yielding information about the
transport properties of plasmas over a range of plasma densities spanning fie
orders of magnitude.

This chapter analyzes in detail the changes that occur in the propagation
characteristics of millimeter waves in an intrinsic semiconductor waveguide
when a plasma-dominated region is present. The model and method of

* analysis are presented in Mak (1979). In that paper, both the experimental
and theoretical studies concentrated primarily on the propagation of the
dominant lowest-order mode (TM) denoted by Ey. 1 for 94-GHz waves in a
silicon waveguide. In practice, it has been found that, for waves propagating
in an oversized waveguide with a plasma-covered region, the waves will not
remain in the fundamental mode. Here the analysis will be extended to
include higher-order TM modes E,q and TE modes Eq. Calculations have
also been carried out at frequencies other than 94 GHz.

Once plasma is injected into a bulk semiconductor waveguide via laser

I illumination, it begins to diffuse and recombine (Vaucher et al., 1982). Thus,
the steady-state model described above is not adequate to explain the

, variation of the phase and attenuation in the waveguide as a function of time.
Since the period of the millimeter waves is much shorter than the characteris-
tic time of such transport properties as diffusion and recombination, a quasi-

1 "steady-state model has been developed in which the depth and density of the
plasma at any given time are determined by solution of the diffusion equation
with appropriate boundary conditions, and the phase shift and attenuation
are determined using these parameters as input (Yurek, 1984).

Two methods have been developed to measure the phase shift and
attenuation in a semiconductor waveguide as a function of time: a null
method and a dynamic bridge method. These methods are an improvement
upon previous measurement techniques (Lee et al., 1978, 1980; Mak, 1979) in

I l 11
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that the phase shift and attenuation may be measured simultaneously. For
pulsed laser illumination that is repeatable from shot to shot, either the null
method or the dynamic bridge method may be used to measure the
propagation parameters in the waveguide as a function of time. This is the
situation when the laser source is a pulsed GaAs diode laser (Vaucher et al.,
1982; Yurek, 1984). When the laser source is not repeatable from shot to
shot-for example, a single pulse from a mode-locked frequency-doubled
Nd: YAG laser-only the dynamic bridge method is useful for making
measurements. Currently, both of these measurement techniques have time
resolutions limited by that of the real time, which is about 2 nsec in most
cases. This is not a fundamental limitation, however; for repeatable events,
with the use of a sampling oscilloscope or a transient waveform analyzer, time
resolution down to 30 psec is a possibility.

In Section I the experiments are described and the two measurement
techniques are discussed. Section III is a discussion of the theoretical aspects
of this work, including a steady-state analysis of the plasma-controlled
semiconductor waveguide, an analysis of the spatial and temporal behavior

.- of the optically induced plasma in the waveguide, and a description of the
complete theoretical model to predict the relative phase and loss in the
waveguide as a function of time after laser illumination. Experimental results
are presented in Section IV and compared to the theoretical results of the
previous section. Our conclusions are presented in Section V.

11. Description of the Measurement Techniques

The experiment consists of a millimeter-wave bridge with the semiconduc-
tor waveguide inserted in one arm (arm a) and a mechanical phase shifter and
a mechanical attenuator in the other arm (arm b) (Jacobs and Chrepta, 1974).
The bridge is initially (without laser illumination) balanced by adjusting the
variable attenuator A and the phase shifter i0 in arm b so that there is no
signal at the output (see Fig. 1). After the null condition is found, an initial
phase offset may be chosen if desired. When a pulse from either a mode-
locked frequency-doubled Nd: YAG laser (0.53 pm) or a GaAs diode laser
(0.9 pm) illuminates the silicon waveguide, an electron-hole plasma is
generated at the surface, causing phase shift and attenuation of the millime-
ter-wave signal as it propagates through the plasma-covered region of the
waveguide. The bridge becomes unbalanced and a signal appears at the
output. This signal depends strongly upon the laser intensity, which deter-
mines how much plasma is generated, and upon the laser wavelength, which
determines the initial plasma depth. It also depends upon the carrier
transport dynamics, which determine the temporal variation of the signal.

J. -The transient signal that appears at the output of the bridge after the laser

.4Q
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FIG. I Experimental arrangement to measure the dynamic evolution of the phase shift and

attenuation in a silicon waveguide.

illumination of the semiconductor waveguide persists until the excess carriers
recombine. One advantage of this experiment is that the millimeter waves
may be used as a probe for relatively small plasma densities
(104_ 10, 6 cm -), whereas optical probing techniques are not useful below
plasma densities of _ 1018 cm-3.

A. COMPARISON OF THE LASER SOURCES

.The two laser sources used in these experiments are a pulsed GaAs diode
laser and a mode-locked Nd: YAG laser. The GaAs diode laser is mounted in
a box with its power supply and the laser light is emitted through a
collimating lens in the side of the box. The pulse energy of the GaAs diode

.1% laser is 0.2 ,uJ, the absorption depth of the radiation is 28.57 pm in silicon, and
the amount of plasma generated by a single pulse from this laser is
1.7 x 10" cm - .The Nd: YAG laser consists of an oscillator cavity in which
the light is both passively and actively mode locked (Kortz, 1983), a switch to
extract a single pulse from the mode-locked pulse train, a double-pass
Nd:YAG amplifier, and a temperature-tuned CDA frequency-doubling
crystal. The frequency-doubled single pulse from the mode-locked Nd: YAG
laser has an energy of 42 pJ, an absorption depth in silicon of 1 Pm, and
generates a plasma of density 5 x 1019 cm- 3. The amount of plasma
generated by each laser is estimated by measuring the energy of a single pulse
from each. In these measurements the reflection loss at the waveguide surface
is taken into account. From the total laser energy and the photon energy of
each laser, the total number of photons entering the waveguide can be
calculated. Assuming a quantum efficiency of 1, each photon generates one
electron-hole pair. The illuminated volume is assumed to be a rectangular

... . ..
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parallelepiped with dimensions of the width of the waveguide by the diameter
of the laser spot by the absorption depth of the laser radiation. Thus the
plasma density is the number of photons divided by the illuminated volume.

Each of the two laser sources has some experimental and theoretical
advantages and disadvantages. The GaAs diode laser has a pulse repetition
rate of I kHz and its laser emission is extremely reproducible in both total
energy and temporal energy profile. The repetition rate and reproducibility of
this laser make it possible to measure the phase shift and attenuation of the
millimeter waves in the irradiated silicon waveguide by both a direct (null)
method and an indirect (dynamic bridge) method. These two measurement
techniques are discussed in Sections II.C and II.D, respectively. Because both
methods could be applied to the case of GaAs diode laser illumination of the
silicon waveguide, we were able to test the dynamic bridge method before
applying it to the case of the nonreproducible low-repetition-rate Nd: YAG
laser illumination. The relatively low energy of the pulsed GaAs diode laser
makes it ideal for studies of the case in which the total plasma density injected
into the semiconductor waveguide is small. The phase shift and attenuation
caused by the GaAs diode laser-induced plasma could be calculated and
fitted to the experimental data quite well. This case (small total plasma
injection) is the one treated in the theory of Section III. One problem
encountered with this laser is its relatively long pulse duration (- 200 nsec),
which caused theoretical problems because the actual laser pulse shape had
to be taken into account when calculating the response of the silicon
waveguide. Another problem with the GaAs diode laser is that even if the
diffusion of the induced plasma is suppressed by some type of composite
waveguide structure, the plasma density generated by this laser is not great
enough to make the plasma layer sufficiently metallic to produce i large
phase shift without large attenuation as well.

The mode-locked Nd:YAG laser has a repetition rate of 1 Hz and a pulse
duration of 35 psec. The energy of the laser pulse and hence the density of the
induced plasma vary from shot to shot, so that a direct technique such as the
null method is not useful for measuring the response of the millimeter-wave
system after illumination. The dynamic bridge technique, however, is useful in
this case as long as the laser energy is monitored and laser shots are chosen
within a narrow energy range. Illumination of the silicon waveguide with a
frequency-doubled single pulse from the mode-locked Nd: YAG laser has the
theoretical advantage that the duration of the laser pulse is instantaneous
compared to the plasma diffusion and recombination mechanisms; the laser
pulse may therefore be modeled as an impulse function.

Another advantage of plasma generation in silicon by frequency-doubled
*2 (0.53-pm) radiation from a Nd:YAG laser is that the absorption depth is

small (1 pm), and the energy of each pulse is large enough so that the surface

'..ww
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plasma layer is metallic and large phase shifts are possible with relatively little
attenuation. However, the initial plasma distribution is exponential in depth,
and the attenuation measured is generally larger than that predicted theoreti-
cally because significant wave-plasma interaction occurs at plasma densities
of 1013 cm - 3 . This is to say that the plasma depth predicted theoretically is
smaller than that actually encountered by the millimeter wave, and the

* plasma density predicted theoretically is larger than that encountered by the
wave. Another problem with larger initial plasma densities is that fast
recombination properties such as surface recombination and Auger reconi-
bination, which are not covered in the theory, may be important, causing the
silicon waveguide to behave as though the total amount of optically injected

* plasma were less than expected.

B. THE NULL METHOD FOR MEASURING THE RELATIVE PHASE

AND AMPLITUDE RESPONSE OF A PLASMA-CONTROLLED

SILICON WAVEGUIDE

In the experiment where the illumination source is a 900-nm pulsed GaAs
diode laser with a repetition rate of I kHz, the detected signal from the output
of the millimeter-wave bridge of Fig. I may be viewed using the sweep mode
of a wide-bandwidth oscilloscope. The null method consists of first nulling
the bridge without illumination of the silicon waveguide, using the mechani-
cal attenuator and mechanical phase shifter in arm b and noting the initial
phase and attenuation from their scales. When the laser is turned on, the
900-nm photons generate an electron-hole plasma in the silicon waveguide,
causing phase shift and loss in the millimeter-wave signal as it passes through
the plasma-controlled region. The change of phase and loss cause the bridge
to become unbalanced, and a signal appears at the output. An oscillograph of
the output signal is shown in Fig. 2. Because the signal is repeatable, it may be
displayed continuously on the oscilloscope along with a trace of the laser
pulse, which initializes the time scale of the experiment. The millimeter-wave
signal may be nulled at any time after its initialization by adjusting the
mechanical phase shifter and the mechanical attenuator in arm b of the
bridge. By subtracting the initial phase and loss noted earlier, the relative
phase shift and attenuation may be found. This technique is limited by the
accuracy of the scales of the mechnical phase shifter (plus or minus a few
degrees) and the mechanical attenuator (error is larger with larger losses). It
is also limited by the fact that the null condition is determined by visual
inspection of the millimeter-wave signal with respect to the oscilloscope
baseline; this gives error in the measured relative phase and attenuation as

* well as error in the determination of the time response. An improvement to
this technique would be to use a digital method of determining the null
condition.

. . " " ""
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FIG. 2 Oscillograph of the output signal from the initially nulled millimeter-%avc bridge
- after the silicon waveguide has been illuminated by a 200-nsec pulse of 900-nm light from a GaAs
4' diode laser: (a) laser pulse, which appears as a line at this time scale, but is necessar, aN a trigger

signal; (b) output signal from the millimeter-wave bridge. The sweep speed is l0 psccdi'.

C. THE DYNAMIC BRIDGE METHOD FOR MEASURING THE

RELATIVE PHASE AND AMPLITUDE RESPONSE OF A

PLASMA-CONTROLLED SILICON WAVEGUIDE

In the situation when the laser repetition rate is slow and the laser energy is
not the same in every shot, the null method becomes impractical for
measuring the change of phase and attenuation in the silicon waveguide after
laser illumination. This is the problem encountered when a single pulse from
a frequency-doubled Nd:YAG laser is used to generate the electron-hole
plasma in the silicon waveguide. A dynamic bridge technique has been
developed to determine the values of the laser-induced phase and attenuation
(Li and Lee, 1983). This method exploits the fact that the temporal profile of
the output of the bridge depends sensitively upon the initial phase angle
between the electric fields in the two arms as well as the dynamics of the phase
shift and attenuation due to the laser-induced electron-hole plasma. This
method has a large dynamic range; it is possible to follow the decay of the
plasma density over four orders of magnitude.

To understand the dynamic bridge method, first consider a phasor
diagram consisting of two interfering phasors, representing the electric fields
in the two arms of the bridge of Fig. 1. Let E. represent the electric field in

4
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arm a and Eb represent the electric field in arm b. The output of the bridge is
4k, proportional to the magnitude of the resultant phasor. Since the millimeter

waves must propagate in single-mode metal waveguides, they may be
considered to be linearly polarized in the same direction. When the bridge is
balanced before laser illumination, E. - -Eb and the output is zero. This

* -situation is depicted in Fig. 3. When the bridge is deliberately set to be
unbalanced by an angle 4, the initial condition is no longer zero but some
resultant field Er, as shown in Fig. 4. The magnitude of E, may be calculated
to be (assuming Ea = Eb = 1)

IJ= 2 sin- (2

If a bridge imbalance is caused by laser illumination, the imbalance angle 4
varies in time as shown in Fig. 5 due to the buildup and decay of plasma. We
will ignore attenuation in this part of the discussion. As 40 due to the laser

*decreases, the phasor E. rotates from its initial position OA along the circular
arc ABCG to its equilibrium position OG. The resultant phasors describing
the output of the bridge at different instants in time are given by GB, GC, and
so on.

A more realistic situation is shown in Fig. 6. Here the signal in arm a of the
40, bridge follows the trajectory outlined by the points 1-5 of the figure. The

magnitude of E, is indicated by the length of the vector E. (dotted lines), and
the phase change is the difference in angle from the initial condition. Figure 6
shows the variation of the resultant phasor E, for two different initial phase

0

Unit Circle

FIG. 3 Phasor diagram for the millimeter-wave bridge in the null condition. E. represents
the electric field in arm a of the bridgc E. represents the electric field in arm b of the bridge
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FIG. 4 Phasor diagram for the unbalanced bridge. A simple geometric construction is used
to find the resultant phasor E,.

offsets: (a) shows an initial offset of 0' (the two arms adding) and (b) shows
an initial offset of 90' . Note that the variation of E. along the trajectory in
time is the same for both cases. Also note that experimentally Eb is fixed, E,varies, and IE, I is the measurable quantity. If the two initial phase offsets are
known, the variation of the magnitude of E. may be found from the measured
output of the bridge. Figure 7 shows the construction used to find the points
of the trajectory taken by E. as a function of time. The magnitudes of E0 and
E,,. are known at any given time after laser illumination. A circular arc is
drawn centered at point A with a radius E,o. and another circular arc is drawn
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Unit Circle

A

FIG. 5 Phasor diagram showing the variation of the resultant electric field E, due to a

"laser-induced" phabe shift.

(a) (b)

Err

Unit Circle Unit Circle
FIG. 6 Phasor diagram rcpres.-ming an Actual variation of E. and E, for two different initial

phase offsets: (a) initial offset of 0; (b) initial offset of 900.
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FIG. 7 Construction showing how the magnitude and phase of E. may be found if the
variation of E, for two initial phase offsets, in this case 00 and 90', is known.

centered at point B with a radius E,,o.. The intersection of these two arcs
determines a point of the trajectory. The relative attenuation at an) time is
given by the distance from the corresponding point on the trajectory to the
origin, and the relative phase is found in the same manner as in the case for
which attenuation was ignored.

The dynamic bridge method is potentially capable of measuring the
response of the millimeter-wave system at picosecond time scales. Currently
the limitations on this method are due primarily to the response time of the
oscilloscope (2.0 nsec).

III. Theoretical Model to Characterize Variations of Phase and
Attenuation in Plasma-Controlled Semiconductor Waveguides

Shown in Fig. 8 is a schematic of the optically controllable phase shifter
used in the experiments. It consists of a rectangular semiconductor wave-
guide with tapered ends to allow efficient transition of millimeter waves to
and from a conventional metal waveguide. Optical control is realized when
the broad wall of the semiconductor guide is illuminated by light generated
by either a proximal source or one removed by a suitable optical guiding
medium. In most cases, the width a and height b of the guide are selected so

'U%
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,'KZ b MMW
I IN I OUT

* SEMICONDUCTOR WAVEGUIDE
* FIG. 8 Schematic diagram of the optically controlled phase shifter. The -"ropagation

constant in the guide is k:, dp is the depth of the injected plasma layer, a is the width of the guide,
and b is the height of the guide.

that it supports only an Ey. 1 mode. However, we have run experiments with
larger guides that can support many modes. The initial depth of plasma
injection is controlled by selecting an appropriate combination of optical
radiation wavelength and semiconductor absorption properties. At suffi-
ciently small injection depths, the thickness of the plasma is determined
primarily by processes of carrier diffusion and recombination. The effect of
the plasma-occupied volume is to introduce a layer whose index of refraction
at the millimeter-wave frequency is larger than that of the remaining volume
of the waveguide. As the optical illumination intensity increases from a low
value, a significant phase shift will not appear until the plasma frequency
exceeds the frequency of the guided millimeter wave, after which it will
rapidly rise and eventually saturate. However, the form and magnitude of the
phase shift versus the intensity of illumination, and hence the plasma density,
depend on the material and geometric factors that characterize the optically
perturbed guiding structure, and the determination of these quantities
requires a detailed solution of the corresponding boundary value problems.
The optically induced phase shift A0 for a given section of waveguide of
length I is determined by computing the propagation constant in the z
direction, first in the absence of the injected plasma, k, and then with the
plasma, k'; thus AO = (Re k.. - k,)I.

A. STEADY-STATE ANALYSIS OF A PLASMA-CONTROLLED

SEMICONDUCTOR WAVEGUIDE; PHASE SHIFT AND
VATTENUATION DUE TO A GIVEN PLASMA REGION

The geometry of the rectangular semiconductor-plasma waveguide model
is shown in Fig. 9. The guide cross section is in the x-y plane, and the :
coordinate represents the diiection of propagation. The dimensions of the

,%
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FIG. 9 Geometry of the semiconductor-waveguide model.

guide are denoted by a and b and the plasma region thickness by tp. The
medium surrounding the waveguide is air. The relative dielectric constant
and refractive index of the dielectric region (0 < y < b - Q are i, and n, =

.,, respectively, and those of the dielectric-plasma region (b - tp < y < b)
are (Lee et al., 1980; Mak, 1979)

p = np E -E 2 ( 2 ) 2 (- jK)-. (2)

The free-charge contribution (plasma) is characterized by a plasma fre-
quency op, (q N/ni:o0 )/ 2 of each species of density N. and an effective
collision frequency v.. These various species in an optically formed plasma
are denoted by thermally ionized and photoinduced holes (light and heavy)
and electrons. The values of the various species properties-that is, density,
effective mass, and collision frequency-are given in Fig. 10a for Si and Fig.
10b for GaAs. In Fig. 10a, the real part tj and imaginary part K of the
refractive index for Si [see Eq. (2)] are plotted as a function of plasma density
for a 94-GHz wave (Sze, 1981). Likewise, in Fig. 10b the refractive index in
the plasma-dielectric region for GaAs is plotted. At low plasma densities the
two summations in Eq. (2) are small compared to e,, so in this regime

./Ell, K is very small, and the plasma region may be considered a nearly
perfect dielectric. At very large plasma densities the second summation in Eq.

(2) dominates. Then n and K are approximately equal and increase as
where n is the induced plasma density. In this regime the plasma-controlled
region becomes metallic. The onset of metallic behavior begins at a plasma
density of , 1016 cm- I for silicon and 10" cm - 3 for gallium arsenide.
However, it should be noted that the relation (2) was derived neglecting
collisions between electrons and holes; only collisions with the lattice were
considered. Therefore, for very large plasma densities (above 1011 cm- 3 ) Eq.
(2) does not hold. In this density regime the electron and hole mobilities, and
therefore the v,'s, vary with plasma density.

67
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FIG. 10 (a) Plot of the plasma region refractive index versus plasma density in Si at 94 GHz.

Here the relative concentration of light holes PL - 0.14N,, the relative concentration of heavy
holes P, = 0.86NP, the electron effective mass m: = 0.259m0 , the hole effective mass m, =
0.38m, the light-hole effective mass mL 0.16mo, the heavy-hole effective mass m;, = 0.49n1,.
the electron mobility u, = 1300 cm 2/V sec, the electron collision time t, = 2.2 x 10-13 sec, the
hole mobility p, = 600 cm 2/V sec. the hole collision time r, = 1.3 x 10- 13 sec, and the back-
ground plasma density N.0 = 1011 cm -. (b) Plot of the plasma region refractive index versus
plasma density in GaAs at 94 GHz. Here the relative concentration of light holes PL = 0, the

relative concentration of heavy holes P. = NP, the electron effective mass m: - 0.06mo , the hole
effective mass m; = 0.5n o , the heavy-hole effective mass m. = 0.8mo, the electron mobility

/u, = 8800 cm 2/V sec, the electron collision time %, = 3.3 x 10- 13 sec, the hole mobility ph =

450 cm'rV sec. the hole collision time t, 1.28 x 10" sec. and the background plasma dcn,it)
No= 1.4 x 10, cm - 3
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For the case of well-guided modes, the analysis is considerably simplified
in that the dispersion equation is essentially decoupled between the x and y
directions (Marcatili, 1969). That is, if the fields in the dielectric are assumed
to vary as exp[i(cot - kxx - kyy - k.z)], we find that the boundary condi-
tions in x determine k., those in y determine ky, and from these one can then
determine k.. With these assumptions, the modes decouple into TM, called
E.' q,, and TE, called E'q, modes. The propagation constant k. is computed
for the cases with and without the presence of the plasma region, V
(complex), k: (real), respectively, and from these the plasma-induced phase
shift AO for a given length of waveguide I can be computed by

AO = (Re k' - k.)l radians (3)

and the attenuation coefficient by

= Im k' cm-'. (4)

Specifically, in a waveguide of dimensions a and b and with no plasma
present, np = n,(w = 0), k and k1 for the E.q mode are approximated by
(Marcatili, 1969)

- kXTM 1+ A (5)
r)a 7zfl

and

k , - + A -(6)
TMb X±7 b "-'I

Here p is the number of extrema in the x direction, q is the number of extrema
in the y direction, and A0 is the free-space wavelength of the propagating
wave. Similarly, for well-guided Ex. modes, kx and ky are approximated by
(Marcatili, 1969)

kTE a[ I + (7). a M. a

and

kYTE b[1 + nb j 1 (8)

With these values of k. and ky, we can compute k, in the guide without the
plasma present:

P= (n2 2/c2
- , k)" 2 (9)



4. OPTOELECTRONIC DEVICES 265

where k. and ky are given by either their TM values [Eqs. (5) and (6)] or their
TE values [Eqs. (7) and (8)].

Now consider the case when the plasma layer is present, as shown in Fig. 9.
Again assuming that the decoupling due to well-guided modes is valid, we
note that the solutions for k. for the E.q and E'q modes are given by Eqs. (5)
and (7). In the y direction, the solution for k, for TM E,. waves is found by
solving (Lee et al., 1980; Mak, 1979; Vaucher et al., 1983)

,a, +  -tan- -tan tan (- ) kp tt - k,(b-tp)
tani(~r tanL\~I ~

+ (q - 1)7r = 0 (10)

* and for TE (E'. ) waves

tan+ tan - '  -Ptan tani(i a)-kptP]}-kr(b-t,)

+ (q - l)7r =0. (II)

In Eqs. (10) and (11) we have defined the various k 's in each region (Fig. 9) as

2 7 t
Ka = -- (n., - 1)1(2,A0

0 k, = -- (n2 - n 2) 2  
(12),to

2n

k, = - (n -n.
*~ A0

and n. is the refractive index of the wave in the decoupled guide. In the
plasma layer, the index nP is complex and depends upon the density of the
plasma [see Eq. (2)]. Substituting the k ,'s into Eqs. (10) and (11) results in
transcendental equations for n.. These equations are solved numerically for
n,, from which k. is determined. The value of k, is the value of k, in the
dielectric region in the presence of the plasma layer, and thus k' may be found
by

k'- = (nw 2a/c 2 - k 2 - k , ) 2 . (13)
e' We can then compute the phase shift AO and attenuation a from Eqs. (3) and

(4), using Eqs. (9) and (13).
In Lee et al. (1980) and Mak (1979), plots of phase shift and attenuation

versus plasma density with plasma-region thickness as a parameter were
shown for the lowest-order EY mode; that is, E 1, . The Si waveguide cross
sections for those plots were 2.4 x 1.0 mm and 1.0 x 0.5 mm, and the plasma
thickness was varied from I m to half the guide depth. We have extended
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this work to include the calculation of AO and a as a function of the plasma
density for a rectangular Si wavelength of dimensions 2.4 x 1.0 mm for all
E,, and E.q modes that can propagate with a plasma region thickness of
10 pm. The results of the calculations are shown in Fig. 11. In Fig. I Ia, the
phase shift per centimeter is plotted as a function of the plasma density for the
E , through EY. 1 modes, which are the only E,, I modes that can propagate
in this guide. The corresponding loss in decibels per centimeter is plotted in
Fig. I lb. As the plasma density increases from 1015 cm -3 to 1020 cin- 3 , the
skin depth in Si decreases from more than 200 pm to less than I prm. When
the skin depth is equal to or larger than the plasma layer thickness, the
millimeter wave penetrates deeply into the plasma layer, causing loss. The
maximum loss occurs when the skin depth is about equal to the layer
thickness. The higher-order modes have more loss in this regime than the
lower-order modes, because more of the wave power is concentrated in the
plasma region when a higher-order mode is propagating in the guide. As the
plasma density increases further, the skin depth decreases. When the skin
depth is less than the thickness of the plasma layer, the plasma region begins
to act as a metallic conductor and the dielectric waveguide becomes an image
line. The attenuation then drops off rapidly with increasing plasma density.
The maximum phase shift of the higher-order modes is also larger than that
of the lower-order modes because the waveguide becomes more dispersive
closer to cutoff. The other two TM modes this guide is capable of supporting
at 94 GHz are the E. 2 and E2. 2 modes, both of which are of higher order
than the E, mode. The maximum phase shifts are 1000°/cm and 1450/cm
respectively.

Plots of the phase shift and attenuation curves for the TE modes E'.,
through E.,. in the 2.4 x 1.0-mm guide at 94 GHz are shown in Fig. 12 for a
10-pm plasma layer. The results are similar to those found previously for the
E.q modes, except that the magnitude of the maximum phase shift is less and
the maximum loss in the guide is less, reflecting the different field distribution
requirements of the TE and TM modes.

The effect of varying the frequency of the millimeter waves in the
2.4 x 1.0-mm guide for a 10-pum plasma depth is to shift the attenuation peak
and the onset of the phase shift. This is shown in Fig. 13a,b for the E" wave.
This is to be expected since the skin depth is a decreasing function of
frequency; therefore, the plasma density at which the greatest amount of
interaction between the plasma and the wave occurs increases as the
frequency is increased. Also, as the frequency is lowered, the maximum phase
shifts and attenuations are larger. This is because the guide operates closer to
cutoff at the lower frequencies. For a frequency of 50 GHz, only the mode
shown, EY., can propagate in the waveguide.

4
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FIG. I1I (a) Phase shift properties in a 2.4 x 1.0-mm, waveguide at 94 GHz with respect to

plasma density for a plasma region thickness of 10jpm. Parametric dependence is the TM mode,
Ep",. (b) Attenuation properties in a 2.4 x 1.0-mm Si waveguide at 94 GHz with respect to
plasma density for a plasma region thickness of 10jum. Parametric dependence is the TM mode,
Ey;,q.
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FIG. 12 (a) Phase shift properties in a 2.4 x 1.0-mm Si waveguide at 94 GHz with respect to
plasma density for a plasma region thickness of 10 pm. Parametric dependence is the TE mode,
E,q. (b) Attenuation properties in a 2.4 x 1.0-mm Si waveguide at 94 GHz with respect to
plasma density for a plasma region thickness of 10 pm. Parametric dependence is the TE mode,
Ex Pq
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.'4 FIG. 13 (a) Phase shift properties in a 2.4 x 1.0-mm Si waveguide with respect to plasma

density for a plasma region thickness of 10 m and the lowest-order TM mode, El,, . Parametric
dependence is the frequency of the millimeter wave. (b) Attenuation properties in a 2.4 x 1.0-mm
Si waveguide with respect to plasma density for a plasma region thickness of 10Pm and the
lowest-order TM mode, E. Parametric dependence is the frequency of the millimeter wave.
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In Fig. 14 we have plotted the results for a 2.4 x 1.0-mm GaAs waveguide.
Because the features with respect to multimode and frequency variation are
similar to those presented for Si, we have displayed only the lowest-order TM
mode, Ey

1 , results at 94 GHz with plasma thickness as a parameter. For
comparison, the Si guide results are displayed as solid curves. The general
features of the GaA curves are the same as those for Si; however, the curves
are shifted toward lower plasma densities consistent with the shift in the
dielectric properties of GaAs versus Si shown in Fig. 10.

B. ANALYSIS OF THE SPATIAL AND TEMPORAL BEHAVIOR OF

AN OPTICALLY INDUCED ELECTRON-HOLE PLASMA IN A

SEMICONDUCTOR WAVEGUIDE

When a semiconductor waveguide is illuminated with above-bandgap
radiation, the initial depth and density of the optically induced plasma are
determined by the energy of the radiation and its absorption properties in the
semiconductor. At longer time scales, the behavior of the plasma depends
primarily upon the processes of diffusion and recombination. These processes
may be modeled by the diffusion equation in one dimension:

O AN(x, t) AN(x, t) Da 2AN(x, t) =
+ Da ,, -G(x,t). (14)

Here AN is the number of induced electron-hole pairs, T, the recombination
time, D. the ambipolar diffusion coefficient, and G the generation rate of the
plasma. In our calculations we choose G to be a product of a function in x
with a function in time:

G(x, t) = AS 1(x)S2(t). (15)

Equation (14) will be solved subject to the boundary conditions

AN(o, t) = 0 (16)

and

'AN -S-AN(0, t). (17)

-ax =o- Da

Here S is the surface recombination velocity. In silicon the surface recombin-
ation velocity is very small, - 300 cm/sec, and the processes of diffusion and
bulk recombination are dominant; therefore, we will assume that S = 0 in the
following analysis. We also have the initial condition

AN(x, 0) =0. (18)

N
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FIG. 14 (a) Comparison of the phase shirt characteristics of an E). mode propagating at
94 GHz in a 2.4 x 1.0-mm waveguide for Si (-) and GaAs ( --- ) plotted with respect to
plasma density. The three sets of curves correspond to plasma depths of 500 Am, 50 Am and
5pAm, respectively. (b) Comparison of the attenuation characteristics of an EY.I mode propagat-
ing at 94 GHz in a 2.4 x 1.0-mm waveguide for Si (-) and GaAs (--,plotted with respect to
plasma density. The three sets of curves correspond to plasma depths of 500jpm, 50 pm, and

11 5 pm, respectively.
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The diffusion equation (14) can be solved by the method of Laplace
transform. Taking the Laplace transform of Eq. (14) gives

a2F(x, p) p + 1/, F(x, p)= S2(P)S(X) (19)

aX2  Da D

where F(x, p) is the Laplace transform of AN(x, t) and S2(p) is the Laplace
transform of S,(t).

If S,(x) is chosen to be 6(x - x'), F(x, p) will become a Green's function
G(x, x', p); or

02 Gx 2 x', - 2G(x, x', p) = 6(x - x'). (20)

Here y2 = (p + l/r,)/Da, = -AS 2(p)/D,, and primed coordinates indicate
the location of charges. The homogeneous solutions in the regions 0 < x < x'
and x > x' are

G,(x, x', p) = ae - (x- ) + filey(x-x'), 0 < x < x', (21)

G.(x, x', p) = C2e- ( '  x > x', (22)

where boundary condition (16) has been applied to the region x > x'.
Applying the boundary condition (17) and continuity between the regions
gives

x

G,(x, x', p)= -7-' e-x' cosh yx, 0< x <x', (23)
T

G 2 (X, X', P) - e cosh ,x', x > x'. (24)

No%' note that

-z e2G(x, x', p)V2G(x, x', p) = =17 2G(x, x', p) + 6(x - x') (25)
.-. ?x2

and

V2F(x, p) = =F(x p) -F(x, p) + Sj(x'), (26)

and also that Green's theorem number 2 is

{ (F VG - G V2 F) dV'= (F VG - G VF) dS'. (27)

,oUme surf ace

-It
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The right-hand side of Eq. (27) is zero because at x = 0, VG = VF =
* 8G/ax = lF/ix = 0 by boundary condition (17). Substituting F and G into

Eq. (27) gives

f F(x', p) 6(x - x') dx' = fG(x, x', p)S,(x') dx'

or F(x, p) = G(x, x', p)S,(x') dx'. (28)

In this work, two different computations were carried out, assuming two
different initial carrier profiles S(x'). One of these was a "rectangular"
variation of the plasma density with depth, and the other was an exponential

variation of plasma density with depth (Fig. 15). Using Eq. (28), F(x, p) for
the case of a rectangular initial variation of the plasma density with depth is
found to be

F(x, p) = -( /2, 2 )[2 - e - (X+X) - e-(xo x)], (29)

and for an exponential initial variation of the plasma density with depth,
F(x, p) is found to be

61

'I F(x, p)- 2 _/2 ye - xo- e- . (30)
Y -1/ 0 L X

If, in Eqs. (29) and (30), the constants I and are replaced by their values
* 2 = (p + I/Tr'D., and = -AS 2(p)/Da, both Eq. (29) and Eq. (30) become

F(x, p) = S2(p)f(p, x), (31)

t'AN A)

PLASMA DEPTH PLASMA DEPTH

,,- (b) ..pne'.l pf.e

le(dA-,UN1
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where f(p, x) is different in the two cases. Now a product in the transform (p)
space is the same as convolution in time. Therefore

AN(x, t) = L 1 [F(x, p)] = f S2()f(t - T, x) dr. (32)

Here S2(r) = L-'[S 2(p)] and f(t - r, x) = L-'[f(p, x)]. If S,(z) is a 6
function, then AN(x, t) is equal to L-'[f(x, p)] and is simply the impulse
response of the system. For more complicated S2 (r)'s, the integration (32)
may be performed analytically (if possible) or numerically. The impulse
responses for the two cases are

f (X, 0 = Lo-h)erf(X + Xo' + erf(XO\ - X (33)
2 L 2 Dait + \2,1;at)l 13

for the case of rectangular initial variation of the plasma density in x and
No x + Dt )[I erf( x

NX, 0  - ep \2 +at2 Xo x 2  Tr 2,/D- t xo
No X Dat - N____ _

,)- / _ _)
2_ erf( + 0  (34)+7 exp y + - )[I

for the case of exponential initial variation of the plasma density in x. By
convolving the impulse response with the temporal profile of the laser pulse,

* the plasma density at any given depth at any given time may be computed.
The results of two representative calculations are shown in Figs. 16 and 17.

In Fig. 16 the initial plasma depth is chosen to be rectangular with a depth
(xo) of 1 pm. The temporal profile of the laser illumination is chosen to be a
6 function. The recombination time and diffusion coefficient are T., = 20 psec
and D. = 17.93 cm 2/sec, respectively (Sze, 1981). The plots show the density
of plasma with respect to penetration depth at various times after the
6-function illumination pulse. In Fig. 17 the initial plasma distribution is
chosen to be exponential with a characteristic length x0 = 28.57 um. The
temporal profile is that of an actual GaAs laser pulse and is depicted
schematically in the figure. Once again the plots show the density of plasma
with respect to penetration depth at various times during and after the onset
of the illumination pulse. In both figures the initial plasma density No was
chosen after taking into consideration the actual energies of the two lasers
used in the experiments. Figure 16 shows the approximate behavior of the
plasma after the waveguide is illuminated with a single pulse from a
frequency-doubled mode-locked Nd:YAG laser. In this computation, the
duration of the laser pulse was taken to be a delta function and the induced
electron-hole plasma was therefore assumed to be generated instantaneously.

1afk;
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FiG. 16 Plots of the plasma density versus depth in Si, with time as a parameter. The initial
plasma distribution is chosen to be "rectangular," of depth xo = 1 pm, and the temporal
distribution of the illumination is taken to be a delta function.
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FIG. 17 Plots of the plasma density versus depth in Si, with time as a parameter. The initial
distribution is cho!,en to be exponential, of characteristic length 28.57 pm, and thc temporal
distribution of the illumination is taken to be the shape of an actual GaAs laser pulse.
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This is justified because the duration of the actual laser pulse (; 35 psec) is
much shorter than the characteristic times of the physical processes that
occur after the plasma is generated. The spatial characteristic was arbitrarily
taken to be rectangular with an initial depth of 1 m corresponding to the
absorption depth of 530-nm light silicon. From the plots in Fig. 16, it can be
seen that at a time of 50 nsec after the laser pulse the plasma has diffused
substantially from its initial depth of 1 m. At longer times the plasma
continues to diffuse until it is nearly uniform across the depth of the
waveguide. It also recombines in a time assumed here to be 10 psec. Figure 17
depicts the approximate behavior of the plasma after the waveguide is
illuminated with a single pulse from a GaAs diode laser. Here the pulse shape
is assumed to correspond closely to the measured shape of the laser intensity.
The diffusion and recombination characteristics of the induced electron-hole
plasma are determined by the convolution of the impulse response of an
exponential initial spatial distribution of the plasma with the actual laser
pulse shape. The l/e point of the initial exponential plasma distribution is
determined from the initial absorption depth of 900-nm light in silicon,
28.57 pm. At early times the plasma distribution is nearly exponential; as the
plasma diffuses, the shape of the plasma density with respect to depth
becomes more nearly Gaussian. The plasma density increases until the end of
the laser pulse, after which the plasma diffuses and recombines. As in the
previous figure, the recombination time here was taken to be 10 psec.

C. COMPLETE THEORETICAL MODEL TO PREDICT THE PHASE

SHIFT AND ATTENUATION IN THE SEMICONDUCTOR

WAVEGUIDE

The variation of the phase and loss in the semiconductor waveguide may
be predicted as a function of time using a quasi-steady-state model that is a
combination of the calculations of Sections III.A and III.B. Because the
period of the millimeter waves is much shorter than the characteristic times of
such transport properties as diffusion and recombination, a quasi-steady-
state approach is justified. For a given set of initial conditions (the laser pulse
shape and the initial absorption profile of the laser light in the semiconduc-
tor) and assuming a quantum efficiency of 1, the plasma depth and density
may be determined as functions of time using the method outlined in Section
III.B. However, the calculation of Section III.A requires a constant plasma
depth and a constant plasma density. So, using the method of Section II.B,
the plasma density is calculated as a function of depth at a given time. The
plasma depth tp is chosen as the place where AN = e-'ANI 1..0 , and the
plasma density DIF is chosen to be ANI,, 2 (see Fig. 18). Then the phase shift
and attenuation are calculated for that particular time using the plasma
depth and density chosen as above. These steps are repeated to determine the

V 
V.
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FiG. 18 Illustration of the method used to estimate a constant plasma depth and densit)
from the plasma density profile at a given time after the onset of laser illumination. The plasma
depth tp is chosen as the place where AN = e- 'ANI.-O and the plasma density is chosen to bc
AN 1,.,,2.

phase shift and attenuation at any desired time after the onset of the laser
illumination.

IV. Experimental Results

The variation of the phase and attenuation in a silicon waveguide after
plasma generation is measured for the cases of pulsed GaAs diode laser
illumination and frequency-doubled single-pulse illumination from a mode-
locked Nd: YAG laser. In the case of GaAs diode laser illumination, both the
null method (Section li.B) and the dynamic bridge method (Section ll.C)
were used so that a comparison of these two techniques could be made. In the
case of frequency-doubled single-pulse Nd: YAG illumination, only the
dynamic bridge technique was applicable. This section discusses first the
GaAs diode laser experiments, then the frequency-doubled single-pulse
Nd: YAG laser experiments.

A. GaAs DIODE LASER EXPERIMENTS
G

Using the experimental setup of Fig. 1, the phase and amplitude response
of the millimeter-vave system to illumination by a GaAs diode laser was
observed. The 900-nm GaAs diode laser illumination was focused to a
1.0-mm-diameter spot on the surface of the silicon waveguide in arm a of the

* millimeter-wave bridge. The size of the spot was measured by placing a scale
on top of the silicon waveguide and observing the laser spot through an
infrared viewer. Measurements of the temporal variation of the phase and
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loss in the waveguide were measured by both the null method and the
dynamic bridge method. In the dynamic bridge measurements, a second
calibrated attenuator was placed after the bridge to keep the output signal
within the range of the detector calibration at the various phase offsets.

A comparison of the theoretical model and the experimental results is
shown in Fig. 19. In the density range of interest tht, ambipolar diffusion
coefficient could be taken to be a constant, Da = 17.93 cm 2/sec. However,
because this technique simultaneously measures two quantities, phase and
loss, the variation of the plasma density and of the mobility may also be
determined simultaneously with respect to time. To calculate the theoretical
phase and loss both the real and imaginary parts of the complex permittivity
of the plasma,

2 2

Er = EL _2+v2 + J V 2 ( 21 (35)O. o + -

must be included. Here 'L is the permittivity of the host lattice including the
contribution from bound charges, v the collision frequency, and WP the
plasma frequency, which is given by

cop = ne /com*, (36)

where n is the density of the photoinduced excess carriers. Also
, 1 _ e

= e (37)

where u, is the ambipolar mobility. Thus, in fitting the theory to the
experiment, the variations of both the plasma density and the ambipolar
mobility are determined with respect to time.

The value of N o determined by fitting the experimental data is consistent
with the value determined by an independent measurement of the laser
intensity. The recombination time T. is found to be 25 psec. In the model a
background plasma density of 1014 cm - is assumed. This is justifiable
because the laser was observed to have a long fluorescent prepulse prior to
lasing.

The theoretical and experimental curves agree very well except for the
phase shift in the range from 5 to 50 ,usec. This discrepancy is probably due to
a combination of two factors: first, the fact that the plasma depth and density
were assumed to be abrupt and constant, respectively: and second, that the
model used to determine the phase shift and attenuation predicts a cutoff of
the lowest-order mode that does not actually occur (Marcatili, 1969).
Because the condition of the waveguide in this time range is near the "cutoff"
condition, the theoretical prediction there may not be accurate.

-.. ,i,
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FIG. 19 Comparison of the theoretical model and the experimental results for a 1.0 x

0.5-mm silicon waveguide illuminated by a 900-nm GaAs diode laser: (a) phase shift with respect
to time; (b) relative attenuation with respect to time. Note that the time scale is linear for the first
200 nsec; the duration of the laser pulse. 0, Null method; x , dynamic bridge method;
theoretical curve.
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B. FREQUENCY-DOUBLED MODE-LOCKED Nd: YAG
LASER EXPERIMENTS

The dynamic bridge technique was used to measure the temporal variation
of phase and loss in a silicon waveguide after illumination by a frequency-
doubled 35 psec single pulse from a mode-locked Nd: YAG laser. The laser
illumination was focused by a lens through a rectangular aperture onto the
surface of the waveguide. The spot size at the waveguide surface was found by
replacing the silicon waveguide with a photodiode detector at the same
height, covering the detector except for a small pinhole. The size of the laser
spot was determined by moving the pinhole in the direction of the long
waveguide dimension and measuring the laser intensity at each place. The
spot size was found to be about 0.15 cm.

A comparison of the theoretical model and experimental results in this case
is shown in Fig. 20. Here the recombination time was fitted at 20 Psec and the
ambipolar diffusion coefficient was held at a constant 17.93 cm 2/sec. The
initial plasma density was fitted at 8.5 x 101 ' cm - , an oder of magnitude
less than the plasma density inferred from measurements of the laser energy.
One reason for this discrepancy is that the complete theoretical model
assumes an abrupt junction between the plasma layer and the rest of the
silicon waveguide. From the steady-state model of Section III.A it can be seen
that the millimeter waves begin to interact with the plasma in the plasma
density range from 10' 4 to 10W 6 cm - 3 , depending on the plasma depth. By
choosing the plasma depth and density as in Fig. 18, significant amounts of
plasma in the tail region are ignored. These smaller plasma densities at larger
plasma depths interact with the millimeter waves, producing larger attenua-
tions than those predicted by the theoretical model. Other reasons for the
discrepancy between the theoretically fitted and experimentally inferred
initial plasma density could be that fast recombination processes such as
Auger and surface recombination are not taken into account in the theory.
The large peak in the theoretical attenuation curve is probably due to the fact
that the model of the waveguide used (Marcatili, 1969) predicts a cutoff
waveguide size for the lowest-order semiconductor waveguide mode. This
"cutoff" never really occurs. In the theoretical model, as the plasma is
diffusing into the semiconductor waveguide, the waveguide is becoming
pinched off. The predicted attenuation in the near-pinched-off case is
probably too high due to the model's predicting an actual cutoff condition.

Another way to compare theory and experiment is to use the calculated
theoretical phase shift arete attenuation results to predict a normalized
curve corresponding to the output of the detector after the onset of laser
illumination. At each instant in time after the onset of laser illumination the
theoretical phase shift and attenuation are used to calculate a magnitude for
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FIG. 20 Comparison of theoretical (-) and experimental (4) results for the situation
when the millimeter-wave bridge is illuminated by a single pulse from a frequency-doubled
mode-locked Nd: YAG laser: (a) phase shift with respect to time; (b) relative attenuation with
respect to time. The experimental technique is the dynamic bridge method.

E,. Then the detector response is taken into account and a relative magnitude
of the millimeter-wave signal is calculated. Repeating this technique for many

I € instants in time after the onset of laser illumination gives a theoretical curve
that corresponds to the measured oscilloscope trace. Comparisons of the
theoretical curves and the experimental results for several different initial
phase offsets are shown in Figs. 21-24. These curves were taken with the laser
energy of each shot within a ± I % range. The theoretical fit was done using
an average initial plasma density corresponding to an average laser intensity.

C
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Once again, the fitted initial plasma density was an order of magnitude less
than that calculated from the measured laser energy. This discrepancy is
probably due to the same factors mentioned earlier.

C. PICOSECOND TECHNIQUES FOR MODULATING AND GATING
L MILLIMETER-WAVE SIGNALS

To produce gated millimeter-wave signals, the experimental arrangement
of Fig. I is modified to that of Fig. 25. The difference between these two
arrangements is that in Fig. 25 an additional silicon waveguide has been
inserted in the main transmission line downstream from the bridge. Initially,
without laser illumination, the bridge is balanced by adjusting the variable
attenuator A and the phase shifter 0 so that there is no signal at the output.
When a single 1.06-jum pulse of 35-psec duration extracted from a mode-
locked Nd: YAG laser illuminates the silicon waveguide inside the bridge, a
high-density plasma is generated throughout the bulk of the silicon slab.
With 50 pJ of laser illumination, the plasma density is so large that the silicon
waveguide essentially blocks the transmission of millimeter waves through
this arm. The bridge is thus unbalanced and a signal appears at the output.
To -turn off" the millimeter-wave signal, a second laser pulse, delayed with
respect to the first pulse, is used to illuminate the silicon waveguide outside
the bridge. The presence of a high-density plasma in this silicon waveguide
then completely terminates the millimeter-wave signal. By adjusting the
relative delay between the two laser pulses, a square millimeter-wave pulse of
any' desired duration can be generated. The oscilloscope traces of some
typical square millimeter-wave pulses obtained using this technique are
shown in Fig. 26. The pulsewidths in this figure range from 11 nsec to I nsec.
Pulsewidths shorter than I nsec should be readily obtainable, but direct
measurement of pulse durations of less than I nsec is not possible due to
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, • Fi(; 25 Experimental arrangements to produce gated millimeter-wave signak.
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FIG. 26 Square millimeter-wave pulses. Durations: (a) I Imnow. (b) 5 um, (c) I amSweep
rate was 2 nsec/div in all three cases.
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puke in train is -chirped.- and its duration is meastred by a correlatioin techniquw i, hL Aout

oscilloscope bandwidth limitations. One drawback of this method of generat-
Ing short millimeter-wave pulses is that, because of the long recormition
time of the plasma in silicon, fast repetition rates arc not possible

Replacing the silicon waveguide inside the bridge of Fig I Ailth ii
wavegutde made of Cr-doped GaAs increases the generation rate or millimc-

* ter-wave pulses to greater than 200 MHz. The rise time of the millimeter-
wave pulse corresponds to the duration of the laser pulse. the fall time of the
mullimetet-wave pulse corresponds to the recombinat ion lifetime of the ece%%
carriers Because the lifetime of the excess carners in Cr GaAs is on the order
of 100 psec (Lee et al, 1977), it is possible to produce short millimeter -id %c
pukecs without using d silon aaeguide: outsudc the tradpe it) "turn -,R" the
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millimeter-wave signal. In fact, if a 0.53-pum optical pulse train from a
frequency-doubled mode-locked Nd:YAG laser is used to illuminate the
Cr:GaAs waveguide, a millimeter-wave pulse train mimicking the incident
optical pulse train results. An oscillogram of the millimeter-wave pulse train
is shown in Fig. 27. The interpulse spacing of 7 nsec in the millimeter-wave
pulse train is the same as that in the optical pulse train. Figure 27 also shows
that a modulation approaching I GHz is attainable. The pulsewidths of the

* individual pulses are not resolvable in this figure because the combined
response time of the detecting and display system is slower than the expected
pulsewidth estimated on the basis of the carrier lifetime data (Lee et al., 1977).

To measure the pulsewidth a correlation technique is used. Referring again
to Fig. 25, a 0.53-pm pulse from a frequency-doubled mode locked Nd: YAG

* Olaser is used to illuminate the GaAs waveguide inside the bridge, producing a
millimeter-wave pulse. A 1.06-pm pulse from the laser is used to illuminate
the silicon waveguide outside the bridge and "6turn off" the millimeter-wave
signal. As the relative delay between the two optical pulses is varied, the
integral of the millimeter-wave pulse with respect to time appears at the
detector. By taking the derivative, the millimeter-wave pulsewidth could be
determined. Plots of the integrated signal and the pulse are given in Fig. 28.
The millimeter-wave pulsewidth determined by this technique is 700 psec,
wider than the expected pulsewidth by a factor of 3. This discrepancy can be

*D resolved by noting that the "turn off" of the millimeter-wave signal is not
instantaneous and by realizing that the millimeter-wave pulse is generated by
rapid phase modulation of the signal. The rapid phase modulation of the

70-

_ 50

30 - -700 psc

0 400 90O 1200
Ro9.e Dey (psc)

mI , 20 Plois o the integrated mlltietr.wavt ugnal (O) and the m0iisnwet-wave pul,.
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(a)

FiGj 29 (a) Opical pulse train from a frequency-double mode-locked Nd: VAG las~er. (hi
Millimeter-wavc pulse train mimicking the incident optical pulse train. The wavesuidc materiail
is utllicon on bdpphire. and the oscilloscope sweep speed is 5 sec/div. The trace'. here arc
bandwidth limited by the oscilloscope

signal causes the millimeter-wave pulse to be -chirped"; that is, there Is a
large frequency sweep within the pulse. As the millimeter-wave pulse propa-
gates in a positively dispersive guiding structure, group velocity dispersion
will broaden it. Mismatches between the dielectric and metallic waveguides
can also contribute to some broadening. Taking these effects into account,
the actual pulse-A idth of the millimeter-wave pulse is estimated to be 4(X) p~cc
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Replacing the silicon waveguide in Fig. 1 with a silicon on sapphire (SOS)
waveguide produces results similar to those of Fig. 27. One advantage of the
silicon on sapphire waveguide is that it has less static insertion loss than theI. Cr: GaAs waveguide. Another advantage of a silicon on sapphire waveguide
inside the bridge is that the induced plasma is confined to the silicon layer,
causing the bridge imbalance to be due primarily to phase shift rather than
to loss. Oscillograms of the laser pulse train and the millimeter-wave pulse
train for the case of a silicon on sapphire waveguide inside the bridge are
shown in Fig. 29.

V. Conclusions

Two measurement techniques and a theoretical model have been devel-
* oped to characterize the variation of phase shift and attenuation in a bulk

semiconductor waveguide due to an optically induced electron-hole plasma.
The theoretical model relates the temporal variation of phase and loss in the
semiconductor waveguide directly to the transport properties of the induced
electron-hole plasma. The two measurement techniques allow simultaneous
measurement of the phase and loss in the semiconductor waveguide as a
function of time. The null method requires a repeatable laser pulse energy and~profile and a relatively fast pulse repetition rate; the dynamic bridge method

may be applied to a laser that has slower repetition rate and is less repeatable
* in pulse energy.

Comparison of the theoretical model and the experimental results indicates
that the theoretical model is adequate to explain the temporal variation of the
phase and loss in a silicon waveguide after a low-density electron-hole
plasma is generated in it by a GaAs diode laser. In the case of larger injected

* plasma densiti.., such as those generated by a single pulse from a frequcnc% -
doubled mode-locked Nd: YAG laser, the theoretical model should be
modified to take into account the actual variation of plasma density with
depth in the silicon waveguide.

Gating and modulation of millimeter waves has been demonstrated.
Millimeter waves have been gated by using one laser pulse to -turn on" the
millimeter-wave signal and another laser pulse, after a suitable delay, to "turn
off- the millimeter-wave signal. Modulated millimeter waves have been
produced using Cr:GaAs and silicon on sapphire as semiconductor wa~e-

h,, -guiding materials.
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