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Abstract—Photoconductive (PC) sampling has been shown to
be a very powerful technique for characterizing the high-fre-
quency response of monolithic microwave integrated circuits
(MMICS). It also has higher signal sensitivity than other optical
sampling techniques. On-wafer PC sampling could significantly
reduce the cost of MMIC evaluation and give better accuracy,
especially in the millimeter-wave regime. This is the first report
of PC test structures being fabricated monolithically with
MMIC amplifiers for microwave characterization using PC
sampling. Good agreement was obtained between the measured
results and those obtained from a conventional network ana-
lyzer. The special requirements for achieving on-wafer PC
sampling are also discussed.

1. INTRODUCTION

PHOTOCONDUCTIVE (PC) sampling has been dem-
onstrated as a useful technique for the characterization

of microwave/millimeter-wave integrated circuits [1]-[4].
This technique is needed to test devices with a frequency
bandwidth larger than that of conventional electronic net-
work analyzers. One of the main advantages of this mea-
surement technique is that the electrical pulse signal con-
taining the microwave spectrum is generated on-wafer,
alleviating the need for microwave /millimeter-wave
probe contacts. Only low-frequency sampled signals must
be extracted from the device under test (DUT), In addi-
tion, this technique allows broadband characterization
from a single measurement. Subpicosecond electrical
pulse generation by a PC switch has been reported [5];
this pulse width corresponds to Terahertz measurement
bandwidth,

On-wafer PC sampling refers to PC sampling on the
DUT before it is diced from the wafer and packaged. With
this constraint added to conventional PC sampling, two
requirements must be met. First, fabrication of the PC
switches must be compatible with the gallium arsenide
(GaAs) monolithic microwave integrated circuit (MMIC)
production process. As previously demonstrated for the
hybrid case, PC sampling can be performed with switches
fabricated to these specifications [6]. This compatibility
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allows monolithic integration of the PC switches with the
MMIC. Second, only dc probes should be used to gen-
erate and extract the signal from the wafer. This rules out
the need for complicated microwave /millimeter-wave
probes and their associated problems such as reproduci-
bility and invasiveness. In addition to the reduced cost of
MMIC production, on-wafer characterization also alle-
viates the possibility of accidental oscillation of the DUT
due to improper transition from the microstrip line to other
guiding structures.

On-wafer one-port testing of passive elements has been
reported [7]. This is the first report of monolithic integra-
tion of optical test structures to MMIC amplifiers, and on-
wafer two-port PC sampling. This paper also discusses
some issues on the limit of the dynamic range (DR) of
optoelectronic sampling, which is over-looked in the lit-
erature. Optoelectronic sampling includes all the time-do-
main optical sampling techniques. Additionally, it has
been demonstrated that PC sampling can be used to mea-
sure the frequency response of a nonlinear device.

II. DYNAMIC RANGE LIMITATION

The DR is normally defined as the ratio of the maxi-
mum to the minimum measurable signal level with a cer-

tain measurement time. The maximum measurable signal

is limited by the linearity of the system, and the minimum

measurable signal is limited by the noise level. In an op-

toelectronic sampling system, the length of the time-do-

main sampled waveform may also limit the DR. Depend-

ing on the characteristic of the DUT, the optical sampling

system, and the optical test structure, the DR may be lim-

ited by any of the three factors.

A. System Linearity

Although the DUT can be nonlinear, the sampling sys-
tem should be linear to provide meaningful measurement.
The linearity of the PC sampling system depends mainly
on the linear dependence between the current through the
PC switch to the bias voltage at a fixed laser power.

The PC switch referred to herein is the sampling switch
instead of the switch for generating the short pulse. The
generating switch could operate at the nonlinear region,
giving better switch responsivity. To maintain the lin-
earity of the sampling system, the sampling switch must
operate in the linear region. Different mechanisms such
as Schottky contacts [8], impact ionization [6], and ve-
locity overshoot could lead to nonlinear responsivity. All
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Fig.1. Thenoise andsystem sensitivity measurement. (a) Gain, (b) noise,
and (c) sensitivity.

of these mechanisms are highly process-dependent, With

the proper process, it is possible to have 10 V on a 10-

~m gap without suffering nonlinearity.

B. Sensitivity

The sensitivity of the PC sampling system can be de-
termined experimentally as the ratio of the noise magni-
tude at the output of the sampling switch to the gain of
the sampling switch. The gain of the PC switch, which is
defined as the measured current divided by the voltage on

time (ns)
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Fig. 2. Sampled (a) time-domain waveform and (b) spectrom.

the main microstrip line, for one of the oxygen ion (0+)-
implanted switches is shown in Fig. 1(a). “Th~ frequency
dependency is due to the capacitance of the gap. The noise
measurement is shown in Fig. 1(b), and the major source
of the noise is from the laser intensity fluctuation, In PC
sampling, there is no shot noise because the sampled sig-
nal is delivered to the lock-in amplifier directly. This is
part of the reason that PC sampling has better sensitivity
than electro-optic sampling [9]. Fig. 1(c) depicts the sen-
sitivity of the measurement system.

Normally, the signal on the microstrilp line is about 100
mV and the typical sensitivity is 10 pVm, / @. The
measurement bandwidth of the lock-in amplifier is 200
Hz. Consequently, there should be more than 55-dB DR
in the S-parameter measurement if the DR is limited by
the system linearity and sensitivity.

C. Length of the Time-Domain Sampled Waveform

Another possible limitation on DR in the optoelectronic
sampling system is the length of the time-domain sampled
waveform. To study this effect, consider an impulse de-
livered to an amplifier with a center frequency ~0 and
bandwidth Af. The output of the amplifier is then sampled
by optoelectronic sampling with 7’0sampling length. The
sampled ,wavefonn and spectrum are shown in Fig. 2. It
is clear from Fig. 2(b) that the DR depends on frequency.
The envelope of the spectrum can be used to define the
frequency-dependent DR. Away from the center fre-
quency, the DR become larger. Assuming an impulse in-
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Fig. 3. Dynamic range versus bandwidth of the DUT with different sam-
pling lengths.

put for the amplifier, the DR at ~ = ~. + Af can be ob-
tained.

DR s 20 log
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It is well-known that the above integrals have no ana-
lytic expressions. Fig. 3 shows the calculated DR versus
bandwidth of the DUT for different sampling lengths. It
is easier to achieve a higher DR with a wideband circuit
than a narrowband circuit.

III. HYBRID TESTING CONFIGURATION

Hybrid testing configuration means that the GaAs op-

tical test structures are wire-bonded, to the MMIC which

were fabricated using an 0+-implant process rather than

proton bombardment. This configuration is tried first to

prove the validity of the PC switches.

As mentioned earlier, the first requirement for achiev-

ing on-wafer PC sampling is the compatibility of PC

switch fabrication to that of the MMIC. 0+ is one of the

typical ion species used for the isolation process by im-

plantation during MMIC fabrication. The same energy “and

dose as used in the isolation process were used to implant

the PC switches. Therefore, these switches can be fabri-

cated with the MMIC, without adding a new process step.

A. Experiment

The O+ implantation was performed at two energies,
140 keV with a dose of 5 X 1011cm-2 and 360 keV with
a dose of 1.3 X 1012 cm–2, which are the same as the
regular oxygen isolation process for the TRW MMICS. It

Fig. 4. The hybrid testing structure.

was then annealed at 4100 C for 10 minutes after implan-
tation to reduce defects generated by the ion implantation.
The 0+ is midgap hole trap that serves as an efficient re-
combination center. All of this was done before the for-
mation of the metal contact to allow on-wafer optical
probing to be included in the TRW MMIC fabrication
process.

The laser system is a Coherent CW Mode-locked
Nd: YLF laser which generates 50-ps pulses at 1.054 pm
with a 76-MHz repetition rate. The output was com-
pressed to approximately 3 to 5 ps by a fiber pulse com-
pressor then frequency doubled to 0,527 ym by a potas-
sium titanyl phosphate (KTP) crystal. The data are then
collected using the standard pump-probe PC sampling
technique, Typical electrical auto correlation full width at
half maximum of the 0+ switch is about 19.5 ps. Fig. 4
shows the assembly of the optical testing structure and the
DUT, which is a three-stage 12-GHz automatic gain con-
trol (AGC) MMIC amplifier with a 7-GHz bandwidth.

The output sampling time is deliberately extended to 2
ns to study the effect of time windowing [10]. Due to dark
current, photovoltaic effect, and difference of responsiv-
ity inherent to the switches, calibration of the acquired
data is necessary. The measured results of the PC switch
response in terms of detected current vs bias are shown in
Fig. 5. Both switches show good linear response at low
bias voltage. The responsivity gives a 17-percent differ-
ence for the two sampling switches, which is equivalent
to a 1.34 dB in IS21I calibration.

B. Results

S2, parameter measured by network analyzer and PC
sampling with different time window length is shown in
Fig. 6. Good agreement with the network analyzer mea-
surement is obtained up to a 40-dB DR in the case of the
2-ns time window length. Two distinct features of the PC
sampling measurements are evident. First, the separation
of the peaks of the ripples is approximately equal to the
inverse of the length of the time window. Second, the DR
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increases as the time window increases. At 7 GHz from
the center frequency, the DRs are 31 and 39 dB for the
1.15- and 2-ns time window lengths, respectively. The
quantitative calculation shown in Fig. 3 gives very good
agreement compared to this experimental result. The cal-
culated DRs of 35 and 40 dB correspond to the two time
window lengths. The conclusion is that the DR is limited
primarily by the time window length. The 40-dB DR is
the highest DR experimentally measured by optoelec-
tronic techniques.

IV. MONOLITHIC TESTING CONFIGURATION

With the success of the characterization of an MMIC

by the hybrid testing configuration using 0+ implanted

PC switches, the optical test structures were monolithi-
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Fig.7. The ‘schematic diagram of the on-wafer sampling system.

tally integrated with the MMIC. This is the first report of
a PC testing st~cture having been fabricated monolithi-
cally with the MMIC. Different testing structure designs
were implemented in an effort to redu~ce the real estate
required for the optical test structures.

A. Experiment

The optical system is the same as that used in the hybrid
cake. To facilitate on-wafer testing, a probe station using
only dc tungsten probe needles was developed. The gold
plated probes were used to bias the MMIC, and the gen-
eration gap switch, as well as to extract the cross-corre-
lated signal from the sampling ports. A high-resistivity
probe is required to bias the generation switch gap. The
dc probes provide the only electrical contacts to the
MMIC. A microscope was also implemented to assist in
placing the dc tungsten probes at the llDO-pmzpads. The
schematic diagram of the on-wafer sampling system is
shown in Fig. 7. With the exception of this probe station,
the standard optical generating and samlpling method was
used for the measurement.

One important consideration limiting the commercial
viability of on-wafer optical measurenlent techniques is
the size of the GaAs real estate required for the built-in
optical test structure. Two different methods were used in
an attempt to reduce the size of these structures. One uti-
lized a bent microstrip line, while the other used a test
structure whose size is comparable to that used in a con-
ventional coplanar waveguide (CPW) probe, referred to
here as the de-embedding structure. D’e-embedding is a
computational procedure devised to extract S-parameters
from a DUT in the presence of other scattering sites.

The test structures are shown in Fig. 8. Fig. 8(a) shows
the bent microstrip with generating and sampling gates
monolithically fabricated with the DUT. In this configu-
ration, mitered corners for the microst rip line are used.
Figure 8(b) depicts the DUT measured using the second
method. Data obtained from measurements of this device
were compared to reference through-line measurements to
compute the true input signal to the MMIC. Figure 8(c),
which shows the test structure required for the CPW
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probe, is included as a comparison of the wafer sizes re-
quired for the various methods. Fig. 9 shows the refer-
ence through-line and 50-Q termination structures for the
de-embedding structure. All these MMIC chips are
mounted on gold-plated kovar slabs and attached to a
small metal block having a tapped hole on the bottom for
securing the block to the optical station.

Accurate characterization of the MMIC using the PC
sampling techniques requires careful calibration of the PC
switches. A dc signal is usually applied to the microstrip,
and the on-state and off-state resistances are measured. In

.4X1O-’ J,, ,,I,!
I , I 1+

0 500 1000 1500 2000

time (ps)

(b)

Fig. 11. (a) Input and (b) output waveforms for the bent structure.

the case of the monolithic test structure, the microstrip is
terminated in a 50-0 integrated resistor. This prevents the
application of a large dc signal on the line to calibrate the
switch responsivity. However, a small dc voltage (a few
hundred millivolts) on the line can not be resolved by the
lock-in amplifier because both photoconductive and pho-
tovoltaic signals exist at the same chopper frequency. In-
stead, a needle probe is used to deliver 4-V, 80-ILSelec-
trical pulses with a 1.2-kHz repetition rate on the line,
detected after the sampling switch by a lock-in amplifier.
This measurement, shown in Fig. 10, serves as the ref-
erence for calibration. The relatively large dark current is
through capacitive coupling.

Finally, the use of PC sampling as a tool for character-
izing nonlinear devices was investigated. Due to its
broadband nature, PC sampling allows the characteriza-
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tion of S-parameters of nonlinear devices which cannot be
characterized by conventional network analyzers. The
conventional network analyzer can extract only the har-
monic frequencies due to the nonlinear response from the
device. In this paper, the S-parameter characterization of
a nonlinear device, particularly a nonlinear transmission
line, will be demonstrated.

B. Results

The typical input and output waveforms from the built-
in optical test structure configurations are shown in Figs.
11 and 12. The multiple peaks of the input waveforms are
a result of reflections from the end of the biasing side line,
which is a shunt microstrip line designed to minimize the
discontinuity seen by the electric pulse on the main mi-
crostrip line. Both methods give reasonable results com-
pared to the conventional scalar network analyzer mea-
surement, as shown in Figs. 13 and 14. Some
discrepancies can be attributed to the nonuniform nature
of the specific circuits tested. Fig., 15 shows the S11mea-
sured by thede-embedding structure compared to the con-
ventional scalar network analyzer measurement.

Since the reflection at the end of biasing side line de-
pends on, the exact position of the probe on the contact
pad, different probe positioning can slightly alter the shape
and timing of the reflection. This effect is more pro-
nounced in the case of a de-embedding structure because
the needle probe may not be at the corresponding position
when measuring the responses of the MMIC and the
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work analyzer to the optical de-embedding structure. (b) LS,l measured
by the de-embedding stmcture.

through-line calibration structure. The exact position of
the generation gap biasing probe cannot be duplicated
from device to device, or from measurement or measure-
ment. With the implementation of a dc probe, which has
a built-in chip resistor, the mechanical constraints in po-
sitioning the probes on the contact is not critical. It was
found that a -50- to 1OO-Qchip resistor gives the best
attenuation. Larger resistance may cause more radiation
coupling across the chip resistor, resulting in less atten-
uation. This also suggests that it is possible to use a lossy
biasing side line to reduce the reflection from probe/side
line contact.

Using the same built-in structures, the nonlinear cir-
cuits were characterized. Fig. 16(a) shows the input and
output waveforms measured from a nonlinear transmis-
sion line. The pulses become narrower after propagating
along the line. Due to this nonlinearity, new frequencies
are generated; therefore, some frequencies experience
gain. The magnitude of Szl of this nonlinear transmission
line is shown in Fig. 16(b). The propagation of the pulses
in both directions was measured, both cases experiences
pulse compression, as shown in Fig. 17. This rules out
the possibility that the narrowing is due to the nonuniform
nature between the generating and sampling switches.
This nonlinearity may be the result of the voltage-de-
pendent capacitance of the Schottky junction between the
micro strip line and the wafer. Fig. 18 shows the depen-
dence of the magnitude of S21on the input signal ampli-
tude. With a larger signal on the line, the loss becomes
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This might be due to the increase of shunting con-
ductance by a greater forward bias of the Schottky-junc-
tion.

V, CONCLUSION

The objective of this study is to develop a practical
technique for the on-wafer characterization of the high-
frequency response of a MMIC. PC sampling provides S-
parameter measurement with broadband, high sensitivity,
and accurate calibration. In addition, due to its inherent
broadband signal generation on the wafer, high-frequency
information of the circuits can be extracted merely by us-
ing dc probes.

Step by step, the on-wafer PC sampling technique has
been developed. Starting from a hybrid testing configu-
ration, the compatibility of PC switch fabrication to the
MMIC production process was demonstrated. In this
phase, 40-dB DR in the S-parameter measurement—the
highest DR measured by optoelectronic techniques—was
achieved. The success motivated the monolithic integra-
tion of the PC switches onto the MMIC. Efforts were also
made toward reducing the size of the optical test struc-
ture. Good agreement between a conventional network
analyzer measurement and two optical testing results was
achieved. This shows that built in optical test structures
can be designed to have comparable overall size with ex-
isting CPW test structures. Increased measurement accu-
racy has been demonstrated by designing the biasing cir-
cuit to suppress unwanted reflections.

One of the capabilities of PC sampling which is often
overlooked is the characterization of nonlinear devices.
In this paper, the S-parameter characterization of a non-
linear transmission line was also demonstrated.
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