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Photoconductor Pulse Generators and $:mpling Gates for
Characterization of High-Speed Devices aud Transmission Lines

Micholas G. Paulter and Robert B. Hammond

Klectronice Research Group. Los Alamor National Laboratory
Mail Stop D-429, Los Alamos, Nev Bexico 87%45

AbstLact

We describe photoconductive semiconductor devices developed for application in diag-
nostics of high-speed electronic devices and circuits. Both pulse generation and sampling
functions are provided by these ultratast photoconductors. The photoresponse of Adifferent
semjconductor materiale (GaAs. InP, 81i) that have been lon bombarded (Ar. R, He, Ne., O,
81) was investigated and characterized. Response times as shor: as 1 picoseconu have been
observel. High frequancy propasgation characteristics of microstrip and coplanar waveguide
transaission lines have been studied and modelled. Application of this measurement tech-
nique to the characterization of a microwave GaAs transistor is presented.

lntfoductiop

Photoconductors are enjoying applications as high-speed pulse generators and saspling
gates for a variety of diagnostics. Ultrafast photoconductors may be used as fast pulse
gererators and sampling gates.l:2 Ag pulse
generators, they may exhibit signal levels in
the hundreds of millivolts with pulse widths
from one to tens of ricoceconde(ps). As fant
sampling gates, thelr sensitivity is decreassed
by ion beam damage, but the response time is
greatly enhanced, providing approximately 1 ps
or lest) temporal windows. = 10 NAL =

A8

The ultrafast photoconductive device, in

[ R} 4
conjunction withk the co.relation measurement ]
gcheae, provides electrical measurexent sys- - :3::::“’.‘0“. ]

ters cenadle of vary bhigh temporal resclution ™ v b B AT
(limited by the PWIM of the sampling device).
Also, by use of the CPM laser,! there is no
jitter between the pulsct and sampler laser
pulces. Monollithic integration of photocon-
ductive puleers and samplers in integrated
circulte aliove one to do on-wafer nlectrical
cnaractarization cu any substrate.

The correlation mearurenent scheme is shown T T T T T e T e e e
in Pig. 1. The top part of the fijure shovs a L TRPY
[epresentative structute that we have used in ’ -
studyling puleer and sampler characteristice, snt 1
transmission line characteristices (both micro- L 1w Ao oam
strip and coplanar waveguide), and the tewponce Ty e

of discrete elertronic devices. The pulser F 0 vy e mar AT
lacer beam is incident on the photoconductor
pulser device. The increase in conductivity of
this reglon. “fue to the incident laser pulee,
launches a current pulee onto the transmiesion
line, The other laser beam, the sampler heam,
is incident on the sampling device. The in-
creasce in conductivity of this reglon then al-
lows voltage ob the tranemisaion line to be

CURPENT [ad)

sanpled on the sampler line. By changing the i

time of arcival of one optical pulee with re- L

spect to the other, we 2re changing the tine of

creation of the generated puloe with respect to °?w ‘""'1“———‘*“‘ﬁ;—" “““““““ —B
the sampling time. Vairying the delay between ™ (e

the two pulses then allows one to mrasure &

correlation recponse. The ccrrelation regponee rig. 1,

measured F(t), is given by the cross..corre- Top: Orhematic diagram of correlation
lation integral of the pulser function, P(t), mcagsuremrnt, Plots show crrrelations
with the sampler functlior, 8(t)., The two plots on silicon microstrip and uaAs coplanar
on Pig. 1 show typical correlations. wavequide structures.
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A principal applicatiup for this technique is the characterization of he high spend
response of electronic devices,® discrete »r monolithic. A wvay to realigze this end is
shown schematically in Pig. 2. 8Simply, the electrical pulse generated by the pulser is
used to excite the device under test (DUT). The response to this excitation by the DUT,
is sampled by the sampling aperture. Varying the delay between pulse generation and
sanpling ptovides the correlation measurement. Tae stisulus to the device and the
sanpling aperture should both be well characterized in order to accurately determine the
device response. A diagram cf a photoconductive semiconductor device is shown in ?ig. 3.
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LAREE rig. 2. - rig. 3.
Schematic diagram of measurement. Photoconductor schematic diagrans.

The substiate may dbe bulk semiconductor or a sesiconductoar on insulator. Iwo metallic
electrodes provide the electrical contacts. A light pulse is incident on the semicon-
ductor region between the electroder. The light pulse increases the conductivity of this
region by generating electron-hole pairs. In these experiments, wve use & short optical
pulse, one that is much shorter than the relaxation time of photogenerated cartiers. The
duiation of the increased photoconductivity is dependent on the carrie:r relaxation ia the
excited volume. This volume may be ion-beaw damaged to enhance carcier relaxation.®

The peak current response to short optical pulses is given by:

1 « (1-r)QVvaE/sW 1)

where r is the reflectivity of the semiconductor surface, q is the electronic charge, vy
is the carrier drift velocity, (cm/s) E is the photon eneryy (J). s is the contact
spacing (cm), and W is the energy to create an electron-hole pair (eV). T"2 energy to
create an electron-hole pair is Bg,p for optical excitation and is approximately

3Bgap for energetic-particle cxci?atlon. The temporal response is the characteristic
carrfex relaxation time and the circuit time constant added in Quadrature. The circust
time constent is the product of the characteristic impedance of the transsission line and
the capacitance of the gap region.

Photoconductor Characterization e
—tir A
The experimental arrangement for the ultra- ?:T:24. o
tast characterization is shown in Pig. 4. A CPM ET{" ﬂ
laser is used as the excitation light source. T Locum
One of the beams passes through a mechanical (RE7EALNCE
1ight chopper and an optical delay. Two lock- oursur mewt

in awplifiers are used, both loched to the s
frequency of the light chopper. The variable
optical delay 1s provided by a stepping motor.
driven translation stage controlled by an IBM

|

PC. The pulser line is dc blaced. The pulse vrvcerd JUdt emiers )
generated at the pulser gap is launched onto T Ciacun n,} 4 i
the adjacent transmission line. This pulse may ovisey mrvi G — S l"‘""u‘ oal)
be used to excite a DUT, or it may travel along oeun ]~h

an uninterrupted transmission line, allowing - o
characterization of the trancmission line. The

voltage on this 1ine is monitored by a lock-in [ -o-u]“_[ ‘..,,.TJ,._.‘.__._-..J
amplifier, giving information on the alignment ure Y -

accuracy of the pulser beam as the translation

stage moves through its course. The other beanm

of the CPM laser is incident on the sampler rig. 4.

gap, allowing a small charge to be sampled. Sketch of experiumwental artenyenont,




The output of this lipe also goes to a lock-in amplifier. this signal ylelds the corre-
lation response. The output of both lock-in émplifiers goes to an analog-to-digital
converter board inside the IBM PC.

The CPM laser operates at a wavelength of 620 nm (corresponding to 0.6 micron absorp-
tion length in GaAs. and 2 microas in Bi). The repetition rate is 125 MHi. The output
of the laser is approximately 80 p./pulse with a 200 femtosecond pulesevidth. The sample:
sensitivity can be a8 high as 10 microvolt/nertzl/2 for GaAs wampling gates with lLemporal
resolution of 1.3 ps. It is possible to have temporal error due to positioning of the
variable delay. but if this occurs. it is only one step (which is 1 micron or 7 ts).

We have studied ulirafast photoconductors fabricated on polycryetalline silicon., 8i-on-
sacphire (50S). semi-insulating GaAs {both undoped-LEC and Cr-doped), and semi-insulating
InP:Pe waters. Botb microstrip (MS) and coplanar waveguide (CPW) transmission lines wvere
fabricated and tested. The transm.ssion lines were fabricated to have approxirnately SO
oka characteristic impedance. The metal contacts were either annealed Al on 81 or
annealed AuGeNi on GaAs or InP. A mounted silicon-on-Sapphire (50S) wafer, with one
correlation trest structure, ready for testing. is showp in Pig. 5. The photoconductive
gap width is 25 microns.
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8ilicon on sapphire correlation structure +nd data. Left: Correlatior data.
Top rignt: Close up of PCPs. Bottom right: Photograph of packaged device.



We performed correlation measurements op this test structure.

[ I VAR 4 ~

One of the photocon-

ductive gaps (herein referred to as PCE. Photoconductive Circuit Element) was not damaged
in order to provide large step function electrical pulses, the other PCE was ion-beanm-

danaged with 6 Mev Ne, and functioned as an electronic sampling gate.

In all cases, the

danage doses wvere well below the amorphization 3cse for the material.

Pigure S shows the cross-correlation results for an $OS (4-micron-thick 8i on 325-

micron-thick sapphire) microstrip structure where the damage dose has been variasd.

The

rising portion of the correlation measurements show an exponential Charscter and give a
measure of the characterirtic (e-l) response time in the sampling photoconductor, as

indicated in the figure.
increasing damage dose.

It is clear that the sampling aperture time decreases with
The falling portion of the correlations also shows an expo-

nentisl character und gives a measure of the characteristic response time of the pulsing

photoconductor,
photoconductor were very short,

Ne can see from this plot that if the response time of thc sampling
the correlation measurement should give an accurate

temporal representation of the electrical pulse produced by the photoconductor pulser.

We performed correlation measurements on our
puly-8i, 80S, GaAs, and InP samples with ion
bean damage doses varying from 1012 to 1015 ca-?
of various ions.7:® The characteristic response
times of various semiconductors with damaged
sampling photoconductors were determined by the
rising edge of the cross-correlations (results
are plotted in Pig. §). For each of the
muterials studied, the characteristic sampling
times cecreased with increasing damage dose.
This effect is probably due to decressing
carrier lifetimes in the sampling PCEs caused
by the increasing densities of recombination
centers introduced during ion beam damage. Al-
80, for each of the materials studied, we ob-
served a minimum value for the characteristic
sanp.ing time. The limiting values were S ps
for SOS, S ps for GaAs, and 7 ps for InP. The
liniting time we observed in these experimente
wac not due to carrier lifetime in tie sampling
photoconductors, but rather were due to an in-
trinsic circuit 1imit of the structures studied.
There are gap capacitances ascociated with botb
the pulsing and sampling photoconductors, which
ino combination with the transmission-line im-
pedance, %0 ohms, introduce Z,Cg,ap time con-
stants limiting the time response of the
circuits studied, We have calculated these
LoCgap limits for the structures studied:

S0S - ¢.5 ps, GaAs - 4.8 ps, and InP - 5.3 ps.
The calculations are similar to the observed
times.

Since 2,Cqap time constants can limit time
resolution in correlation measurexents on pico-
second photoconductors, we considered how thece
time constants could be reduced., Narrowing the
center conductor widths of tne microstrip trans-
mission lines will certainly reduce photocon-
ductor gap capacitance, but will also increase
trancmission line impedance. It thus would have
Jittle eflect on the 2,Cq,p limit of the corre-
1stion circuita. However, if the subatrate is
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Characteristics (e-!) sampling times
of radiation-damaged phctoconductor
rnampling gates plotted versus ion
bean damage dose. (The hollow datu
point four InP was taken on a thinned,
175-um-thick water.)

thinned for & fixed width of center conductor,the impedance will decrease and leave the

capacitance unchanged,
approach tn reducing our observed clircuit 1im
thir for ore measurement on an InP wafer,

thereby lowering the z??qa
‘e

f

time constant.
to thin the substrate wafears.

We thinned it to 175 micron and damaged
eanpling photoconductor gap with 2 MeV alpha particles to & fluence of 3 x 1013 ca-

Thus, a straightforward
we did

Sho

The regult of this measucrement, & 3 ps characterietic esampling time, is plotted on the
graph in Pig. 7, also circuit-limited correlations for the tvo thicknesses of InP are

shown,

The ) pe sampling time on the thinner wafer is shorter than that on the 400-

micton.thick waf~rs by apptoximately the same factor as the change in wafer thickness.
Purther reductions in substrate thickness would allow shurter sampling times.
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Effect of thinning on correlation Top: Sketch of polysilicon test structure
response of InP:Pe. Top: Without Botton: Correlation responses taken from
thinning. Bottom: After thinning. each sampler.

Similar measurements done on poly-5i are shown in Fig. 8, along with a diagram of the
structure.? These wafers had various width transmission lines facilitating meagurement of
the effect of substrate-to-linewidth ratio on correlation rise time. The samples was
damaged with 3 x 1014 cm-2 250 Kev 54. We need not exceed the doce required to realize
the circuit limit, sirce the excess will only degrade our signal levels. Figure 8 shows
& correlation of the pulser with various samplers. We can see the degradation of the
correlation pulse rise time, indicative of a dispersive line. Also. the waveform magni-
tude is rapidly decreasing as it propagates down tre traunsmiceion line. Prom both the
Gahs and poly 51 structures in microstrip, we can observe dispetsion of the waveform as
it propagates down the transmission line. Also, attenuation of the signal is observed,
being greater for the lower resistivity Si substrates.

The temporal response of the photoconductor gap is dependent on the PCE material
properties, circuit environment, and laser excitawtion conditions. A first-order model
caa be derived? in terss of the transmission line impedance and gan rapacitances and
resistance. The time-dependent gap resistance may be obtained by aswumin, a single
exponential descriving the carrier relaxation, equal electron ~ad hole capture Cross
sections, a temporal optical pulee shapa (sech? for CPM laser pulcen), and a PCR
geometry. This resistanse bucomes?

R(t) = x/{quiceBc(t))NT) , (2)
where x is the gop width, ¢ io the carrier concentration, Ac(t) is the excess carrier

concentration, u 1s the average catrier mobility, A is the effective il1luminated area,
qQ ls the electronic charge, and T {s the PCE layer thickness. The PCE response may then



be obtained from R(t). C ap- 4nd transmission

line impedance. Pig. 9 is a comparison between 1.0
the modelled response and meacgured response of L
& PCE, which ahows that very good agreement
exists. At high frequencies our models fot ssr
impedance and capacitance are not accurate. -
The higher frequency content manifests itself sk
on the fast rising edye of the correlation
signals. We can see from the figure that the
model does not describe the performance well
in this regime.

.
P
-
Transmisejon Line Chagacterization sz

Using the photocorductor pulse generators s

0.4

MAGNITUDE

L T

—— SIMULATION
——— MEASURED

and sampling gates discussed previously, we 0
vere able to experimentally investligate pulse
dispersion in various microwave transmission
line strucrtures using different material sys-
tems. By creating multiple sampling PCEs., both
adjacent to. and at various distances from the
pulser PCE, we were able to compare pulse rise
times after various propagation distances. The
results of these measurements on GaAs micro-
strip lines are shown in P.qg. 10. The first
pulse, sampled directly across the strip line,
shovws a rige time of 11.7 pe. After 2.5 mm of
propagation, the rise time has degraded to 16
pe., and after 6 mm of propagation, the rise
time has degraded to 20 ps. The long "foot"®
which precedes the second and third pulses is
characteristic of geometric digpersion ir
microstrip transsiesion lines.

We eaxpect to tee significant dispersion of
a pulse with 11.7-ps tise time in this micro-

20 40 [ 14 80 100 120 140
TRIE (ps)
rPig. 9.
Comparjson of modelled and measured
correlation response.

strip structure because the highest dispersion- 98
free operating freqguency of our transmission
lines was approximately 13 GHz, while the
rising portion of the pulse contained fre-
quencies 4t least up to our measurement limit
of approximately 30 GH2. To obtain dispersion-
free pulse propagation at millimeter-wvave fre-
quencies requires waters of S0-micron thick-
nees., increasing greatly the handling prodles
assoclated with more fragile semiconductors.

-
-
L4

-
»

CORRELATICN SIGNAL
- -
o ¥

Recent studies of the signal propagation
characteristics of microstrip transmission

lines allows accurate caiculations of the "
effects of diepersion and loss on pulee propa-
gation. The time response of the transmission

line can be shown to be:10 b

viz.t) = P lexplta + §BIZ)*FIV(0.t)) ], (3)

where

a? . (-1, +Vt,)/2 (4)
where |,

t. =B% _ 4a.a (6)
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Fig. 10,
Top: Structure used to study dis-
persion in microstrip. Bottonm:
Merasured and calculated waveforms
are plotted.

87 - (e, « VE2 (5)
e, = (82« 4ad)ei8} ¢ 4ad) (7)
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and ac and ag are the conductor and dielectric :
loss terms under lov loss conditions, g is the 100
propogation factor, and V(0.t) is the gener-
ated pulse function. F and P-1 denote the
forward and inverse Fourier transforms. V(z,t)
shows frequency dependent effects of loss and
dispersion.

s W = 10 um
omcape W=300 um

2

-y

4

8

Tigure 10 shows the correlation between the
model for pulse propogation on a microstrip
tzausmission line and the experimentally ob-
tained waveform. Pigure 11 shows a calculation
of the frequency dependence of the character-
istic impedince and of loss of these trans-
missiorn lines.

IMPEDANCE (ohms)

In order to address the problems of test
structure parasitics and bandwidth limita-
tions, we decided to examine the advantages of 091 )« 050 microm
coplanar waveguide transmission lines compared og)f M -100-m
to microstrip. A fundamental limitation of == mtgg
microstrip is that the cutofi frequency of the 07F uu:tmsc )
line is determined by the thickness of the
sewniconductor wafer. It is very 4ifficult to
achieve a structure with high cutoff frequency,
greater than 100 GHz, because the thin, fragile
wafers, are both difficult to fabricate and
handle. A way of getting around this ie to go
to an all-planar transmission line. such as
coplanar strips or coplanar waveguide.

LOSS (dB/mm)

Both coplanar strips and coplanar waveguide . .
may be scaled easily to extremely high cutoft 08 100 Wo® 1o 10" :ﬂ,
frequencies and simultaneously permit photo- °
conductors with very low parasitic capaci- FREQUENCY (M2)
tances. We chose to study coplanar waveguidell
rather than coplanar strips because of the very Pig. 11.
low dispersion we expected from the etructure. Top: Impedance ve frequency plotted
(Recently low dispersion has shown to also be for microstrip oo Silicon. W is line
a property of coplanar strip transmission width, both are for 450 micron sub-
1ines.3) In CPW, the ground surrounds the strates. Bottom: Loss is plotted
center conductor, making it all-planar and .hus for low resistivity substrates, d4i-
lithographically scaleable to small geometries electric logs dominates.
and thus allowing higher cutoff frequenclies and
lower PCE parasitice. The structure was suggested
to us by Dylan Williams of the Department of Electrical Engineering, University of Cali-
fornias &t Berkeley. PFigure 12 is & sketch of the test structure we designed to evaluate
coplanar waveguide as a medium for ultra-high-epecd measurements on transistors.

We implemented and studied a coplanar waveguide test structure on GaAs shown in
Fig. 12. These test structures had & 50-ohm characteristic impedance and a cutoff fre-
quency of 100 GHz. The test structure containas a photoconductor pulser on the main
horizontal transmission line. As in the MS case, multiple sampling PCEs Jere used to
allow the characterization of pulse propagation in the CPW structures.

Figure 12 shows results of pulses measured by all three sampling gates. PFor these
data the photoconductors were damaged with 6-MeV He ions to a dose of 1 x 1015 cm-2,
The initial pulse produced has a rise time of 3.3 ps. The most significant result from
these data ig the fact that the pulse rise time does not degrade as it travels from the
pulser 1.2 mm to the third and final photoconductor sampling gate. The rise time remains
3.3 pe. The shape of the pulse changes, however. This is due to the reflection from the
wafer backside of a8 spherical radiated wave produced at the photoconductor pulser. This
radiated wave is sampled by the photoconductor samplers along with the wave that is
propagated down the transmission line,

These results demonstrate that coplanar waveguide does not suffer from the severe dis-
persion which one finds in microsteip transmiscion lines. Figure 13 shows plots of the
rise time degradation due to dispersion in microstrip compared to coplanar waveguide,
Even for very thin wafers the microstrip shows substantial pulse rise time degradation.
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approximately SO ohms.

It is also important to note that the backside reflection seen in the data of Figure 12
can certainly interfere with measurements of trancistor transient response. However, here
coplanar vaveguide again has ap 2dvantage over microstrip im that the backside reflection
can, in principle, be eliminated by removing the metallization and by placing the wafer

on a thick substrate of ingulating material with eimilar dielectric constant to GaAs.

It is possible, using a circuit model for photoconductors developed by D. H. Auston,®
to extract the sampling gate aperture function as well as the actual voltage pulse on the
transmiesion lipe from the measured correlation data. Pigure 14 shows the results of the
data deconvolution pertorled on the correlation shown in Figqure 12. We find that the
sampling aperture tunction has a smooth shape and a FWHM of 2.2 ps. We can use the power
spectrum of this apercure function to determine the frequency response or the sampling
gate. The 3-dB measurement bandwidth is found to be 103 GHz (Pig. 14).11

We also find that the actual voltage pulse produced by the photoconductor pulser has a
rige time of 2.1 ps and a PWHM of 4.1 ps. The powver spectrum of this pulse has a very
nice form sinilar to the power spectrum of the sanpling-gate aperture function. That is,
its power content {8 frequency independent below about 53 GHz. Above this frequency it
experiences a slow roll-off in power. This pulse, because it is very short and because
it has a broad spectral content, is 1deal to use to characterize GaAs devices and circuits
over a broad frequency range. The short length of the pulse makes it ideal for separdting
spectral information in the time-domain and thus eliminating effects from unwanted re-
flections, as igs done in conventional time dJomain reflectometry.

Discrete Device Characterization

Before gstudying a discrete device, we first characterited the effect of bond wires
which we were to use in making electrical connection to the DUT. Here we used 2% micron-
diameter Au-wire bonds., PFigure 15 compares the pulses propagated along a high-quality
microstrip tranemission line to pulses that have paessed through a short length (1.25 =m)
of bond wire. The differences are clearly measurable but not dramatic. They suggest
that short bond wire connections might be made successfully to microwave transistors
wvithout degrading input and output pulse rise times. However, it is important to note
that the transmission line impedance for these data was approximately 80 ohms. If the
input impedance of the transistor ie substantially lower than 80 ohmsg, then the rise time
degradation experienced by the input pulse will be proportionately larger. This is
eimply because the limiting time constant due to L/Zy will be larger. Very low
inductance bond wires are necessary to make contact to millimeter-wave transistors.
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Top: Deconvoluticn of correlation data. Top: Photograph of bond wire. Bottonm:
Bottom: The power spectrum of the Correlation response before insertion
sampling gate aperture function. of bond wire and after. Transmission

line broken before bond wire placement.

Selection of a device for study with ultraftast photoconductors was determined by
weasurenents of the step response with a sampling oscilloscope and gain at 18 GHz with a
network analyzer. The Mitsubishi MGF-1403 had the shortest step response and the highest
gain at 18 GHz of all the traneistors measured. The Mitsubishi MGF-1403 is a 0.3-micron
gate-length MESFET with an fpax claimed by the manufacturer to be 90 GHz. We measured
traneconductances of these devices to be between 150 and 200 mS/ma. A mask (Pig. 16) was
designed and fabricated for a test structure to perform step response and delay measure-
ments on the PET.

Our optoelectronic test gstructures were fabricated on 2-in.-djamever, 15-mil-thick,
seni-insulating GaAs wafers. Photoconductors were produced as 15-micron gaps between
S$0-ohm microstrip transmission_lines. Sampling photoconductors were damaged with 6-MeVv
4He ions to a dose of 1015 cm-2. This produced sampling gates with sampling aperture
FWHM of approximately 3 ps, GaAs photoconductors on the test structure were not ion-beam
damagyed and produced pulses with rise tires of approximately 7 ps (Pig. 17).

The source electrode of the transistor was connected to ground; the gate voltage was
varied between +0.5 to -0.5 V, and the drain voltage between +3.5 to -1.0 V. The test
structure permits independent variation i.f the bias voltages on each of the transistor
terminals. Aleo, the transistor is mounted directly ip a bigh bandwidth, on-wafer,
S0-ohm microgtrip transmission line. We choce faAs substrate material for this test
structure so th:it it would be possidble to directly implement it in a monolithic structure
with any GaAs transistor or circuit.



FPig. 16,
Top: Photograph of packaged transistor,
Mitsubishi MGP-1403., Bottom: Sketch of
Lest etructure used in transistor
characterization.
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sampling aperture.

T T L] T T T Ll
~— NORMAL MGF . 1403
=~=LASER BEAMS (Y osE - 76 pe

REVERSED [ )
I

]
l \
]
~ s ,\l i
./ v
I \ visd
| Vpee2V
! Vg 02V
]

VpULSE -3 mV

"---v-----vq_

A A A A

-300 -200 100 ] 100 200 300

18.
Plot shows delay of waveform before insertion of transistor.
Reversal of pulser and sampler beam on Correlation waveform along with normal

DELAY (pe)




[ 3N VN 4 w A

Figure 17 shows a typical step-response measurement on one of the transistors with an
inset of the curve-tracer-measured transconductance. The 10V to 90\ rise time was 20 ps.
The pulse shows some overshoov and ringing that wvas due to stray inductances at the bonds.
The rise time agreed very well with the 31-ps. small-signal cise time predicted from the
s-parameter measurements. By reversing the laser beams going to the pulsing and sampling
photoconductors. we could accurately measura the sighsl delay in the transistor plus
package. The delay measured for slightly different bias corditions was 49 ps ae shown in
Fig. 18. It is probable that the 28-ps rise time observed in this transistor §s an
tnherent property of the tranaistor itself. Bowever, the long delay time, 49 ps, was
probably mostly due to delay in the transistor package.

Conclusjop

The measurenent techniques we have desciibed will aid in the study and developrent of
ultrafast electronic devices and circuits. It will be possible to use cur approach to
measure device and circuit s-parameters over bundreds of gigahertz in bandwidth in a
single measurement, without the complex de-embedding proceduces required by netesorXx ana-
lyzer technigues. Short electrical pulser, a fevw picoseconds in duration, provide a very
kroad and flat freguency content for excitation of millimeter-wave devices and clrcuits.
With these pulses it will be possible to nessure frequency response simultaneously over
hundreds of glgahertz. Also, these short pulses are an ideal way to isolate the reflec-
tions from unwanted interconnections by time domain reflectometry.

Our measurements can be implemented directl in a Si or GaAs monolithic circuit. Thus
the circuits ~an be measured directly without mounting and packaging, simplifying testing
enormously. We have shown these measurements may Lbe implemented using different microwave
transmission lines. and differant semiconductor substrate materials. The large signal to
noise and high temporal resolution provide extremely high bandwidth measurements.
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