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I. INTRODUCTION

Picosecond optoelectronics provides the capability to significantly

advance the characterization of high frequency solid state devices. Time

domain waveform measurements with a resolution of a few picoseconds can be

transformed into scattering parameters with a bandwidth much greater than that

obtained with conventional methods. The de-embedding of a device response

from that of the circuit of the test fixture is also simplified by this

technique. These advances have resulted from the application of mode-loc:ked

lasers' to the generation and measurement of short electrical pulses.2-9 In

this report we apply these techniques to characterize solid state devices in

terms that are useful to an electrical engineer.

Purely electronic time domain techniques have been used for device

characterization for nearly two decades.10 Electronic pulse or step genera-

tors are used in conjunction with sampling oscilloscopes to achieve diagnostic

accuracy and bandwidth comparable to conventional frequency domain analyzers.

The bandwidth is limited by the response times of these components, with step

recovery diodes producing electrical pulses 65 psec wide, and tunnel diodes

generating step waveforms with 20 psec rise times.10 Sampling oscilloscopes

have 20-30 psec rise times. Experimental and data analysis techniques have

been developed to use these components to measure scattering parameters.
11

Despite these efforts, frequency domain measurement has been the most common

approach to device characterization. The principal advantage of the time

domain technique was the low cost of the pulse generators compared to the high

cost of the continuous wave (cw) frequency generators needed for frequency

domain diagnostics. Present frequency domain technology is limited to a 26

GHz bandwidth. Higher frequencies can be covered with frequency mixing

techniques at the cost of additional noise and experimental complexity.

However, advances in pulse generation and sampling now make the time domain

techniques superior in bandwidth to the frequency domain approach. Thus, the

preferred diagnostic technique for high frequency devices may become time

14/5



domain measurements. Recently, purely electronic techniques have advanced

to -2 psec resolution with the development of Josephson junctions, 12 although

cryogenic temperatures are necessary for these devices.

Picosecond optoelectronic techniques for the generation and sampling of

electrical pulses with a resolution of less than 10 psec were developed by

Auston at Bell Laboratories.2- 4 The picosecond optoelectronic measurement of

the impulse response of a field effect transistor (FET) was one of the first

applications of these methods. 13 The excellent temporal resolution of this

technique derives from the use of ultrashort optical pulses from mode-locked

lasers interacting with photoconductive and electro-optic materials. Radia-

tion damaged InP photoconductors have been used to generate pulses several

volts in amplitude and about I psec in duration.5 Electro-optic sampling

techniques based upon the Pockels effect have demonstrated temporal resolution

of about 1/2 psec. These advances, combined with the data analysis techniques

developed to support the purely electronic time domain methods, can extend the

diagnostic bandwidth to well beyond 100 GHz. In addition to the superior

bandwidth of picosecond optoelectronic diagnostics, the de-embedding of the

device from the test fixture is simplified because the pulse generator and

sampler can be a few millimeters from the device being tested. Thus it is

unnecessary to pass high frequency signals through connectors and long

transmission lines. Because of these advantages, time domain analysis with

picosecond optoelectronics is a very promising technique for characterizing

advanced high frequency solid state devices. 14 - 16 The picosecond optoelec-

tronic technique is especially useful for characterization of nonlinear

devices, where time domain analysis is the preferred approach.

In this report, we present picosecond optoelectronic measurements of the

scattering parameters of a FET at frequencies up to and beyond 60 GHz. We

discuss the advantages of this technique for de-embedding, and we indicate

improvements that could be made to better adapt the test fixture to 9~pical

FET designs.
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II. EXPERIMENTAL

Picosecond electrical pulses are produced and sampled by the illumination

of ultrafast photoconductive switches with picosecond optical pulses. The

illumination of a photoconductive material in the gap between two microstrips

changes the conductivity of the gap region. When one of the microstrips has a

direct current (dc) bias voltage applied to it, the transient photoconducti-

vity of the gap launches an electrical pulse along the other microstrip. The

temporal width of this pulse is determined by the temporal width of the opti-

cal pulse that illuminates the gap as well as by the response time of the

photoconductive material in the gap. Electrical pulses with widths as short

as a few picoseconds have been generated in this manner. A pulse generated at

a first switch can then be sampled at a second switch. The second switch is

illuminated by a second optical pulse that can be temporally delayed with

respect to the first optical pulse. The second switch samples the voltage

resulting from the ultrafast electrical pulse during the temporal aperture

produced by the transient photoconductivity of the gap. Consequently,

standard picosecond optical pump and probe techniques can generate and sample

picosecond electrical pulses. For example, such techniques have been used to

measure the dispersion of picosecond electrical pulses after propagation along

various lengths of microstrip.17- 19 Furthermore, the transient response of

ultrafast electronic devices can be determined by placing the device between

two of the switches just described and by measuring the reflected and trans-

mitted electrical pulses. This technique has previously been used to measure

the transient response of a packaged GaAs FET.13 In this report, we present

the measurement of the ultrafast transient response of an unpackaged GaAs FET

placed in two test fixtures incorporating the switches just described. We

characterize the device response as well as the effects of each fixture on the

device response.

As shown in Fig. 1, a train of picosecond optical pulses is produced by a

dye laser (Rhodamine 6G or Styryl 9) pumped synchronously by an actively mode

locked argon ion laser. The average output power was maximized in each case

7
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by adjusting a three plate, intracavity birefringent tuning element. The

temporal pulse width of the dye laser pulses was measured to be -4 psec using

a crossed beam second harmonic autocorrelation technique. The period between

pulses in the train was -4.3 nsec. The pulse train was split into two parts.

Each part was directed separately onto one of the test fixtures. One beam,

used to generate picosecond electrical pulses, propagated along a fixed path

through a mechanical chopper and was focused onto a photoconductive switch on

the test fixture. This beam line was mechanically chopped at 808 Hz with a

50% duty cycle. The second beam, used to produce the sampling aperture,

traveled along a path of variable length determined by the position of a

mechanical translation stage and was focused onto a second photoconductive

switch on the test fixture. The peak fluence at each switch was -15 pJ /cm2 .

The translation stage permits 8.3 cm travel. Consequently, the electrical

signal at the sampling switch can be measured before, during, and for several

hundred picoseconds after generation. This signal was monitored with a lock-

in amplifier referenced to the chopper frequency. The output of the lock-in

amplifier was fed into the y-axis input of an x-y recorder. The x-axis input

was obtained from a voltage ramp controlled by the position of the translation

stage. This arrangement provided a sensitive measurement of the output of the

test fixture as a function of time delay between generating and sampling

pulses.

We applied this technique to determine the impulse response of an

unpackaged GaAs FET (Avantek AT-8041, 0.5 Um long Schottky barrier gate) that

was embedded in one of two different test fixtures, as shown in Fig. 2.

Photoconductive pulse generators and samplers were fabricated in microstrip

transmission lines on silicon-on-sapphire (SOS) substrates. The gold micro-

strips were 1500 A thick. Bonding of the gold to the silicon was facilitated

with a 50 A layer of chromium between the gold microstrip and the silicon.

The test fixtures were ion implanted (1015 0+ cm- 2 at 400 keV) to permit the

generation of 6 to 7 psec electrical pulses. The tLmporal width of the elec-

trical pulses did not depend strongly on whether the switches were illuminated

with 560 nm light or with 820 nm light. Each test fixture had two central

microstrips to control the operating point of the FET and four side

9
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microstrips to permit the various reflection and transmission coefficients

(i.e., scattering parameters) to be monitored for this tw-port device. The

electrical pulses were generated by illuminating the 25 Um gap between the

central microstrips and one of the side microstrips, which was biased at

+40 V. The microstrip impedance in each test fixture was -50 Q.

In the split fixture (Fig. 2a), two separate SOS wafers were connected by

a gold plated Kovar strip attached to each ground plane with conducting

epoxy. The substrates were 180 Um thick, and the photoconducting layer of

silicon was I Um thick. The FET was epoxied to the -1 mm gap between wafers.

The gate and drain pads of the FET were wire bonded to the central microstrips

on each side, and the source pads were wire bonded to the ground plane. The

microstrips were 180 Um wide to preserve 50 Q impedance.

The planar fixture design (Fig. 2b) was used to simplify fixture fabrica-

tion and reduce the inductance of the source bond wires. This design was

fabricated on a single SOS wafer. The substrate was 250 pm thick, and the

photoconducting layer of silicon was I pm thick. The FET was epoxied into the

gap between the two central microstrips. Again the gate and drain pads were

wire bonded to the central microstrips. However, in this fixture, the source

connections were to the two large relatively low impedance trapezoidal shaped

gold pads. Furthermore, the ends of the side microstrips were slightly

rounded on this fixture to reduce the large edge effects observed in the split

fixture. The microstrips were 250 pm wide to preserve 50 S2 impedance. The

GaAs FET bonded into the test fixture is shown in Fig. 3.

In each fixture, the operating point of the FET was controlled by dc

voltages applied to the gate and drain microstrips. The absolute magnitude of

the input and output electrical signals was determined by referencing the

measured signal levels to those obtained with a *10 mV square wave signal on

the central microstrip.

11
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III. RESULTS AND DISCUSSION

The pulse response of an Avantek AT-8041 in the split test fixture is

shown in Fig. 4, and the comparable data with the planar fixture are shown in

Fig. 5. All these measurements were performed with the drain-to-source

voltage at 3.0 V, and the drain current was 30 mA. Results depicted in the a

and d portions of both figures were produced by reflecting an electrical pulse

off the gate or drain, respectively. For these measurements the pulses are

generated at one port of the device, and sampling is done at the same port

immediately opposite the pulse generation switch. Thus the large initial peak

represents the profile of the pulse as it is generated, corresponding to an

optoelectronic autocorrelation measurement. 4 The shoulder on the trailing

edge of the pulse profile is caused by a reflection at the wire bond to the

microstrip. The broad signal at later times is the result of the reflection

from the FET and contains the information about the device response. Finally,

the split fixture exhibits an oscillatory signal that is attributed to a

reflection in the microstrip circuit. A comparison of these signals from the

two test fixtures reveals two major differences. First, the shoulder on the

autocorrelation peak is better resolved in the planar test fixture because

there is a longer section of microstrip between the optoelectronic switches

and the wire bond. Second, the oscillatory artifact has been eliminated in

the planar fixture by straightening the side microstrips that carry the switch

bias voltage. Because of these improvements, the data from the planar test

fixture are much easier to analyze.

In Figs. 4 and 5, signal b indicates the result of injecting a pulse into

the drain port and sampling the gate response. These signals have almost no

dc component when transformed to the frequency domain, because the gate is

capacttively coupled to the rest of the transistor. The shape of these sig-

nals varies with the bias voltages and currents, which indicates that they are

affected by variations in device capacitances and transconductance. 1 The

differences in the waveforms for the two fixtures are attributed to the dif-

ferent test circuits, in particular the different source connections.

13
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In Figs. 4 and 5, waveform c exhibits the result of amplifying a pulse by

injecting it into the gate and sampling the drain response. The split fixture

(Fig. 4c) produced an 8.2 psec rise time, which is close to the limit of

temporal resolution for our equipment and is the fastest temporally resolved

FET rise time of which we are aware. The source bond wires for this measure-

ment were unusually long (-1 mm), which may have lowered the gain and contri-

buted a high frequency resonance to produce the very rapid rise time. In the

planar test fixture, the source bond wires were much shorter (-350 Um). The

resultant waveform has a 15 psec rise time. The input and output sampling

switches were calibrated for this measurement, and the peak output pulse

voltage was 1.5 times that of the input pulse.

Finally, we note the presence of a strong background signal in the

electrical reflectivity measurements that was not present in the electrical

transmission measurements. This background may have been caused by light

passing through the silicon epilayer in the gap at the pulse generating

switch, reflecting off the ground plane and illuminating the sampling

switch. In the reflectivity measurements, the pulse generator and pulse

sampler are separated by only the width of the central microstrip, whereas in

the transmission measurements they are considerably further apart. The

constant background level was subtracted before data analysis.

Analysis of the time domain data to recover the frequency domain scatter-

ing parameters followed the methods developed for purely electronic time

domain measurements. A magnetostrictive digitizer connected to a microcom-

puter was used to digitize the data at 256 points along the waveform. Each

point was separated from the next by 1.055 psec. A fast Fourier transform

(FFT) was performed to extract the frequency domain information.

Consequently, the discrete frequency spectrum obtained consisted of 129

points, each separated from the next by -3.7 GHz, beginning at 0.0 GHz. The

temporal spacing is small enough to prevent aliasing.le In each case

discussed in this report, the spectrum drops to noise levels well before the

end of its range. Finally, the data were normalized to correct for the finite

temporal widths of the input pulse and the sampling aperture. The spectra of

the reflected signals were normalized by simply dividing by the corresponding

16



spectrum of the waveform of the input pulse. The spectra of the transmitted

signals were normalized by dividing by the harmonic mean of the spectra

obtained from input pulses on both sides of the device. The harmonic mean was

then normalized to the amplitude of the appropriate input. Whereas this pro-

cedure accounts for the possibility that switches separated by a considerable

distance may have different temporal responses, it does not account for the

possibility that generating and sampling switches on the same side of the

device may have different responses. However, this possibility may be tested

by generating and sampling pulses at each switch, in turn, and comparing the

results. The result of this data analysis is the frequency spectrum of one of

the four scattering parameters. SI1 is derived from the reflection of a pulse

off the gate (Figs. 4a and 5a), and S22 is measured by reflecting a pulse off

the drain (Figs. 4d and 5d). S2 1 and S12 are measured by passing a pulse

through from the gate to the drain or vice versa, respectively (Figs. 4c and

4b, and Figs. 5c and 5b). Thus the device can be completely characterized by

these four pulse response measurements.

The normalized FFT of the device pulse response is a complex function of

the frequency and thus contains both amplitude and phase information. The

magnitude of the normalized FFT is the gain or the reflection coefficient.

The phase angle is also an important parameter to measure. A discussion of

the determination of the phase factors illustrates the ease with which de-

embedding can be done with the picosecond optoelectronic technique. In a

Fourier transformation, a temporal delay transforms into a phase shift with

frequency. Thus quantitative measurement of the phase factors requires

determination of the temporal origin of the time domain waveforms. If we

refer to Fig. 4a or Fig. 5a, the temporal origin is clearly marked by the

optoelectronic autocorrelation peak. Using this peak as the temporal origin

fixes the reference plane at the optoelectronic switches. Subtracting this

peak from the waveform yields the pulse response for a system consisting of a

short length of microstrip, a bond wire, and the FFT connected to the rest of

the circuit. Ideally one would like to measure only the pulse response of the

FET. The de-embedding process consists of measurements and data manipulation

intended to mathematically eliminate the effects of the other components. In

17



our measurements, we approximate the microstrip as a dispersionless trans-

mission line that adds only a propagation delay to the time domain data. The

propagation constant of the microstrip is measured in a separate experiment,
17

and the temporal origin of the waveform is shifted to compensate for the

appropriate length of microstrip. Thus the effects of the microstrip are

mathematically removed, and the reference plane is moved up to the microstrip-

wire bond interface. The same temporal origin (corresponding to a position of

the optical delay line) was used for the calculation of all four scattering

parameters.

Additional data manipulation can be performed through time domain

windowing. This process removes waveform regions that are identified with

electrical components other than the device being tested. An example is the

subtraction of the autocorrelation peak from the reflection waveforms. This

technique could be applied to the microstrip-wire bond reflection, because it

is unrelated to the FET itself. However, the pulses reflected from the FET

must pass through this interface. Thus, windowing of this reflection would

not remove all the effects of the interface. Furthermore, we wished to repro-

duce as nearly as possible the measurements performed by the manufacturer,

which included this interface. A better technique for de-embedding the wire

bond would be to characterize a wire bond of the same length that connects the

microstrip to the ground plane. In any case, the picosecond optoelectronic

technique results in very simple de-embedding procedures and is particularly

suited to time domain windowing.

Figure 6 exhibits the scattering parameters calculated from the pulse

response of the FET in the planar test fixture. The manufacturer's scattering

parameters (measured by conventional means) are also shown, although the two

sets of data are not directly comparable because of the different test fix-

tures used. In particular, the source connection in our planar test fixture

was made to a pad with a width-to-substrate thickness ratio of 3, which yields

a 25 fl impedance when considered as a transmission line. There are probably

also variations in bond wire lengths that could have a considerable effect on

the reflection measurements. In spite of these problems, the agreement

between the two sets of scattering parameters is fairly good for the

transmission measurements.

18
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Figure 6c is a polar plot of S2, in which the picosecond optoelectronic

data are compared with the manufacturer's measurements. The fit over the 6-20

GHz region is quite good, with somewhat less gain indicated in our measure-

ments. This may be a result of the large source impedance in our test fix-

ture. The phase factors agree very well, indicating that the two methods of

measuring the propagation delay yield the same result. Beyond the bandwidth

limit of the manufacturer's specifications, the picosecond optoelectronic data

cross through the 0 dB gain line at about 27 GHz, which is typical for a GaAs

FET with a 0.5 Um gate. The complicated double resonance at 50 to 60 GHz is

attributed to the quarter wave resonances of the gate and drain bond wires.

The data continue to be well above the noise level out beyond 60 GHz.

Figure 6b is a polar plot of S12 calculated from the data of Fig. 5b.

The fit to the manufacturer's measurements is fairly good at low frequencies,

although there is considerably more phase shift at frequencies approaching 20

GHz. At higher frequencies the same resonances seen in the S 12 data appear

near 40 and 60 GHz.

Figures 6a and 6d exhibit the Smith charts for S1l and S22 , respectively.

In both plots, the data beyond about 35 GHz fall within a very small region

on the chart, so the data were truncated there to avoid congestion. The poor

fit between the picosecond optoelectronic data and the manufacturer's speci-

fications is probably the result of differences in the way the FET was bonded

to the surrounding circuit. The main features of our results can be under-

stood in terms of the time domain data (Figures 5a and 5d), which in both

cases consist of a reflection at the wire bond-microstrip interface followed

about 25 psec later by a broad peak representing the reflection from the

device itself. This transforms into low amplitude frequency components at

around 20 GHz, where points on a wave separated by 25 psec are of opposite

polarity. The scattering parameter amplitudes rise again beyond this point

and converge on a small region of the chart. This is because all the high

frequency components arise from the relatively sharp reflection from the

interface rather than the broad device reflection. The reference plane is at

this interface, so that the temporal origin is at this sharp reflection

peak. Thus there is no propagation delay, which means no phase shift as a

20



function of frequency. This results in the congested group of high frequency

points near the real axis. The Smith charts of S11 and S22 accurately reflect

the main features of the interface between the device and the microstrip

circuit of the test fixture.

21



IV. CONCLUSIONS

We have illustrated the application of picosecond optoelectronics to high

frequency device diagnostics by characterizing a 0.5 Um GaAs FET. Pulse

response measurements were transformed into scattering parameters, which com-

pletely define the device performance in the linear regime. A bandwidth of

greater than 60 GHz results from the application of pulse generation and

sampling techniques based upon the use of ultrashort laser pulses. De-embed-

ding is also simplified because the pulses are generated and sampled a few

millimeters from the device being tested. Because of these advantages,

picosecond optoelectronics is a very promising technique for device diagnos-

tics in the millimeter wave region.

The test fixture is a very important component for device diagnostics,

because it determines the circuit that surrounds the device. The split test

fixture used in our studies is quite suitable for some devices, such as verti-

cal FETs20 or permeable base transistors.2 1 In these devices, the ground

contact is on the bottom, conveniently situated for the split fixture. In the

standard planar FETs, the source pads are on the top at either side, and low

impedance connection to the ground plane represents a problem in designing

integrated circuits as well as test fixtures. One possible solution is the

use of a coplanar waveguide transmission line structure, 22 in which the ground

plane is located on either side of the central conductor. We are investi-

gating the use of coplanar waveguide for picosecond optoelectronic device

diagnostics.

In addition to the capabilities we have illustrated in measuring the

linear properties of devices, picosecond optoelectronics can be very useful in

studying nonlinear devices such as power FETs. In nonlinear systems,

frequency domain analysis is not valid, and direct time domain analysis is

necessary. The current theoretical models of nonlinear effects in solid state

devices are quite cumbersome, and contributions from time domain experiments

on nonlinear devices may result in a better understanding of nonlinear

effects.



In summary, we have presented picosecond optoelectronic pulse response

measurements on a 0.5 Um gate GaAs FET and have transformed the results into

scattering parameters. The useful bandwidth is over 60 GHz, more than twice

that of conventional cw diagnostic techniques. We discussed the importance of

the experimental test fixture and the advantages of the picosecond optoelec-

tronic technique in de-embedding the device from the test fixture. Picosecond

optoelectronics will be very useful in the characterization of millimeter-wave

devices, especially nonlinear devices where conventional frequency-domain

techniques are not applicable.
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LABORT OPIRATIONS

The Aerospace Corporation functions as an "architect-engineer" for

national security projects, specializing Is advanced military apace system.

Providing research support, the corporation's Laboratory Operations conducts

experimntal and theoretical investigations that focus on the application of

scientific mnd technical advances to such system. Vital to the success of

these Investigations io the technical staff's wide-ranging expertise and it

ability to stay current with new developments. This expertise io enhanced by

a research program aimd at dealing with the may problsem associated with

rapidly evolving space system. Contributing their capabilities to the

research effort are theme Individual laboratories:

As rosc Lboratory: Launch vehicle and reentry fluid mechanics, heat
transfer and fligt dynamics; chemical and electric propulsion, propellant
chemistry, chemical dynamics, environmsntael chemistry, trace detection;
spacec,.aft structural mechanics, contamination, thermal and structural
control; high temperature thermoschanics, gas kinetics and radiation; cv and
pulsed chemical and excimer laser develomnt including chemical kinetics,
spectroscopy. optical resofators, baem control, atmospheric propagation, laser
effects and countermeasures.

CheisrandPhysics Laboratory: Atmospheric chemical reactions,
atmospheric otclight scattering. state"sPecific chemical reactions and
radiative signatures of missile plumes, *seo out-of-field-of -view rejection,
applied laaar spectroscopy, laser chemistry, laer optoelectronice, solar cell
physics, battery electrochemistry, space vaciam and radiation effect* on
materials, lubrication and surf aca phenoms, thermionic emission, photo-
sensitive materials and detectors, atomic frequency standards, and
environmental chemistry.

Co utor Sciec Laboratory: Program verification, program trsalation,
parformece-sensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systm artificial intelligence, micro-
electronics applications, coamuication protocols, and computer security.

Electronics Research aoratory: Microelectronics, solid-state device
physics, compound smiconductos, radiation hardening; electro-optics, quantum
electronics, solid-sate lasers, optical propagation and commnications;
microwave semiconductor devices, eicrowsve/milliaeter weve meaumets,
diagnostics and radiometry. sicrouave/mIllimeter wave tharsionic devices-.
atomic time and frequency standards; anremnas, rf system, electromagnetic
propagation Phenomena, space commnication system.

M.aterials Sciences Laoratory Development of new materials: metals.
allosceai, poyeran their compoeite*, and rew form of carbon; non-
destructive evaluation, component failure analysis and reliability; fracture
mecbmes ned stress corrosion; anslysis sad evaluation of mterials at
cryagemie ed elevated teqaeratures as well as in @sce and eneqa-induced
enviroameats.

b~aOY Negnet6POeric, Suveral and cosmic ra
01tceiteatos magnetoepheric plasm ywve; atmospherc

and Ionospheric physics, density and composition of the upper atmoephere,
remots sesing using atmospheric radiation; solar physics, infrared estronoqa,
Infrared signature amalysis; effects of solar activity, magnetic storms and
nuclear exploeion@ on the earth's atmosphere, inoesphere and megnetoephere;
effects of electromagnetic and particulate radiations on space systems; space
Instrumentation.
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