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Pulsed Device Measurements and Applications

Jonathan Scott, James Grantley Rathmell, Member, IEEE, Anthony Parker, Senior Member, IEEE,
and Mohamed Sayed

Abstraci— A pulsed measurement system can provide more
than just isothermal characteristic data. An off-the-shelf system
can determine rapidly the timing necessary for both pulsed-I-V
and pulsed-S-parameter measurements to be isothermal and iso-
dynamic. Instantaneous channel temperature may be determined.
Thermal and charge-trapping effects can be separated and time
constants measured. Full gain-derivative surfaces can be ob-
tained far more efficiently than by spectral sweep measurements.
Characteristics and transient effects following excursions beyond
the safe-operating-area and into breakdown may be observed
nondestructively.

I. INTRODUCTION

ULSES were used to obtain GaAs device characteristics

free of dispersion effects (chiefly thermal “droop”) a
decade ago [1]. Once recognized, this gave rise to numerous
pulsed-I-V (PIV) systems and some reports of their use
[2]-{15]. Recently, some of us reported a method by which
the timing (or the required duty cycle for the preferred
pulse duration) could be found, such that measurements could
be relied upon to represent operation unaffected by device
thermal and charge-trap time constants [14]. The problem
with the method in [14] is that it involves finding a three-
dimensional (3-D) surface, only a small part of which—one
corner—is important. Furthermore, the literature does not
contain many applications of isothermal (constant temperature)
and isodynamic (constant charge) measurement.

We present and verify a method for determining timing that
does not require the massive amount of data as used in [14],
and is thus applicable in the case of measuring S-parameters.
In addition, we demonstrate that time constants may be found
by alternate means, that PIV measurement can be used in place
of laborious spectral analysis for characterizing the linearity of
devices after the fashion of [16], and because of measurement
speed, for observation of transient effects following excursions
into breakdown regions. The versatility of pulsed measurement
thus assures it a place in the toolbox of GaAs circuit designers.

II. MEASUREMENT SYSTEM

The measurement system is assembled from commercial
instruments and VXI modules and is interconnected as shown
in Fig. 1. This system is a refinement of that described in [17],
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Fig. 1. Block diagram showing interconnection of the various instruments

in the measurement system. ARB is an abbreviation of arbitrary function
generator, TIM for timing module, PSU for power supply, and NWA for
network analyzer.

Fig. 2. Photograph of the basic VXI rack, showing also the optional
high-power pulser and ribbon cable.

with more sophisticated software and the addition of higher
power capability after [11]. A photograph of the VXI rack
appears as Fig. 2. The bottom of the high power pulser is
visible, showing the high-current ribbon cable [11].

The system offers pulse durations from 100 ns to 25 s with
spacing from 100 ns upwards, 12.5 ns event resolution, 12-
bit accuracy even at full speed, >10 A current capability,
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Fig. 3. S-parameters for a GaAs FET from 2-10 GHz with pulse measure-
ment times of 2 ps (solid lines) and 10 ms (dotted lines). The quiescent
interval was 10 ms in both cases. Note that So1 has been scaled down by 20
dB, and Sjo up by 20 dB, for plotting clarity.
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Fig. 4. Average discrepancy from 210 GHz between S-Parameters of the
GaAs FET measured in 2-us pulses spaced 10 ms and the S-parameters
measured with a range of pulse intervals but the same quiescent interval of
10 ms.

pulsed-I-V and pulsed S-parameter data, scrambled-order
measurements, user-specified pulse voltage trajectories, real-
time averaging and data reduction, pulse-profiling, and with
system software and hardware overheads of typically only a
couple of seconds. It is capable of a complete I-V characteti-
zation of small devices in a few seconds—dramatically shorter
than comparable systems, and 1deally suited to both production
and development environments.

III. PULSED S-PARAMETER TIMING

Consider the S-parameters of the Hewlett-Packard 250-um
GaAs FET shown in Fig. 3, measured at the point {Vy, =
6, Vys = 0}. One set of S-parameters were measured in 2-us
pulses spaced 10 ms apart, [2 ¢, 10 m], with a quiescent point
of {Vgs = 6, Vs = —2}, while the others were measured
with the FET biased at {V4, = 6, V,; = 0}. The change in
the S-parameters, particularly S21, as a result of heating and/or
charge displacement, is evident. Low-frequency dispersion is
clearly visible when comparing the device’s pulsed charac-
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Fig. 5. Average discrepancy from 2-10 GHz between S-parameters of the
GaAs FET measured in 2-us pulses spaced 10 ms and the S-parameters
measured with a range of quiescent intervals but the same pulse interval of
2 ps.
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Fig. 6. Magnitude of S21 from 2.5-3.5 GHz as a function of pulse and
quiescent duration. The 2-D slices are shown projected onto the @y-plane
below the data surface.
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Fig. 7. Drain characteristics of the FET measured at 100 °C with 2-ps pulses
(A) and at 20 °C with 10-ms pulses (e). The gate-voltage steps corresponding
to the characteristic traces are plotted on the left-hand y axis.

teristic data with traditional low-frequency measurements for
this device [18]. ,

What is the significance of this? In a small-signal situation,
a device always operates about the operating point. Therefore,
S-parameters measured at that point, with the device biased
at that point, provide all the information a designer requires.
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TABLE 1
COMPARISON OF S-PARAMETERS AT 3 GHz MEASURED
ISOTHERMALLY AT 20°C AND 100°C WITH STEADY-STATE
S-PARAMETERS MEASURED AT 20°C. ANGLES ARE IN RADIANS

S-parameters @3GHz | Isothermal 20C | Isothermal 100C | Steady-state 20C
511 0.919/2.36 0.946/2.36 0.937/2.38
510 0.0360.0.561 0.0398£0.592 0.0377£0.612
521 6.15/-1.08 5.46/-1.05 5.45/-1.04 ‘
522 0.671.1.85 0.666/1.83 0.681 £1.83
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Fig. 8. Characteristic data for an MGF1400 MESFET. One data set is
measured in 2-us pulses with 1 ms spacing (e), one with 20-us pulses (4),
and the third with 200-ps pulses (V). The quiescent point is maintained at
Vis = 3V, I3, = 42 mA.

However, in a large-signal situation the device will typically
follow some reactive load trajectory. When delivering full
power, instantaneous excursions may include extremes of the
Vas/14s plane. In this case, the behavior of the device will be
characterized not by the S-parameters measured at the nominal
operating point, but by the parameters at the extreme, with the
device biased at the nominal operating point as before. These
two cases may be different, even for two points in the normal,
forward-active region, as exemplified by the data in Fig. 3. The
situation is naturally much worse when excursions include the
controlled-resistance or subthreshold regions.

What pulse duration and pulse spacing will ensure isother-
mal and isodynamic conditions in the channel during measure-
ment? To investigate the effect of this timing the S-parameters
are measured while varying the pulse duration and holding
the quiescent time interval (interpulse spacing) constant at
10 ms, For each measurement, the discrepancy between the
parameters so obtained and those found in a “reference” case
of {6, 0}/[2 1+ 10 m] are calculated. The discrepancy or error
has been calculated as the average over all frequencies of the
complex distance between each S-parameter. (We measured
at 51 frequencies equispaced between 2-10 GHz.) The result
is plotted in Fig. 4. Observe firstly that the traces flatten out
above 1 ms, indicating that the values of the parameters have

“settled to their steady-state values after the transition between
quiescent and pulse points. This implies that there is little to
be gained in this instance from’ settling intervals greater than

100
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Fig. 9. Characteristic data for an MGF1400 MESFET. All data sets are
measvred in 2-ps pulses with 1-ms spacing. The bias points (marked with
large diamonds) were at Vg, = 1.5V, Iy, = 84 mA corresponding to data
marked (A), Vg, = 3V, Iy, = 42 mA corresponding to data marked (s),
and Vygs = 6V, Iy, = 21 mA corresponding to data marked (V).
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Fig. 10. Drain current of a FET subjected to a pulse to Vs = 5 V and
Vys = 0.5 V. from Vg = 0V, and Vys = 0.0 V, plotted as a function of
time on a logarithmic scale.

I' ms. The channel reaches equilibrium after this interval. The
traces also flatten out for small intervals. Note that the curves
dip to zero error as they pass the reference point {6, 0}/[2 u
10 m]. The fact that the traces are only just leveling out at
the 1 us point suggests that 1 us is only barely short enough
for isothermal characterization of this device. (Bias networks
set a lower limit of ~1 us for these tests. The RF equipment
lower limit is just under 500 ns, and the PIV limit 100 ns.)
The conclusions in the preceding paragraph rest on the
assumption that the inter pulse interval—10 ms—is sufficiently
long. Consider now the plot of Fig. 5. Here the pulse time is
held short, and the quiescent interval varied. The traces now
settle for quiescent times in excess of about 200 us, although
there is a small change as duty cycle extends from 1% to below
0.1%. This confirms that the choice of 10 ms was sound. The
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Fig. 11. Plot of g, (a) and its first (b) and second (c) derivaﬁve ploited against gate and drain voltages in the subthreshold region of a MESFET.
This is a set of so-called “gain-derivative surfaces.” Note the contour plot projected onto the ay-plane of the g/’ graph, showing the crest-and-trough

shape along a slice of constant drain potential.
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ig. 12. Pulsed-7-V characteristics before and after a series of stress pulses,

plotted along with the response to the stressing pulses.

conclusion is that a pulse of duration below 2 us with a duty
cycle below 1% will yield isothermal, isodynamic S-parameter
data.

Much of the error surface for the S-parameter measurements
appears as Fig. 6. As described in [14], the optimum corner
suggests the same timing deduced above, confirming the result.
It has been shown previously [18] that these limits cannot
reliably be found via a single slice through the surface, but
the time taken to gather two slices is dramatically less than
that required to obtain the surface of Fig. 6, let alone a
surface such as that in [14]. The importance of determining
this information—the optimum timing for a given device—is
appreciated when it is realized that there are situations where
a duty cycle of 0.0001%, or 1 million to one, is required [19].

1V. CHANNEL TEMPERATURE MEASUREMENT

The temperature reached in the channel of a FET as a
result of dissipation during a measurement may be easily
determined. Direct heating of the device during isothermal
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Fig. 13. Drain 1oad trajectories before and after nondestructive pulse stress-
ing of a Monofast FET.

measurement should be able to cause a change in S-parameters
similar to that occurring between isothérmal and steady-
state measurement. Table I compares values of S-parameters
measured isothermally at 20°C and 100°C with steady-state
parameters measured at 20°C; the latter resemble the isother-
mal 100°C set quite closely. The pulsed drain characteristics at
100°C are plotted in Fig. 7, along with the 20°C steady-state
characteristics. Note that the dc and 100°C pulsed-7-V curves
intersect near {6, 0}. It may be inferred that the observed
changes are a result of change in device channel temperature,
and hence the channel has reached 100°C when measured at
room temperature by conventional, steady-state, S-parameter
measurement. '

V. TRAPPING EFFECTS

Figs. 8 and 9 show how charge trapping effects may be
identified as distinct from thermal effects. In Fig. 8, three
sets of drain characteristics are presented. Each set has drain
current values measured after a different puise interval; the
longer the pulse, the more time the channel has to approach its
equilibrium point. The longer the pulse, the more the channel
heats during measurement and the more the characteristic
droops, as expected. However in Fig. 9, the pulse timing re-
mains constant, but the quiescent point is changed. The chosen
quiescent operating points give equal power dissipation, and
hence identical quiescent temperature. Since the pulses are



2722

short, the measurement is isothermal, and the change that is
observed must result from changes in trapped charge, brought
about by the change in quiescent field. (The Q-point trajectory
is isothermal but not isodynamic.)

The values of time constants may be determined from the
response to a step change in gate and drain potential. Fig. 10
gives an example of another FET where drain current is
plotted against log-time to expose time constants. Subsequent
processing as outlined in [20] can yield values that may be
used in device models. If it is desired to identify only time
constants associated with charge effects, the stimulus transition
needs simply to be chosen so as to keep dissipation constant
as was done for Fig. 9.

VI. GAIN DERIVATIVE EXTRACTION

The g,,,-compression of HEMT’s is one example of unusual
nonlinear behavior of concern to designers. The fitst deriva-
tives of drain current (g, = 9I4/0Vy, and gqs = 01;/0Vys)
are not the only ones of concern: knowledge of the second
and third derivatives may be used to good effect in circuits
[16] and [24], while the behavior of the third derivative is a
powerful method to evaluate the viability of various device
models [21] and [22]. Normally, the linearity information is
measured by means of small-signal ac sources and a spectrum
analyzer. Such information may be extracted using a PIV
system directly. Fig. 11 shows the variation of g, and its
two derivatives for an MGF1400 MESFET against gate and
drain potential. This is a set of gain-derivative surfaces after
[16], but obtained without the use of synthesized sources,
spectrum analyzer or special filters. The contour plot below
the g/, surface makes it possible to see the adjacent positive
and negative excursions along a slice of constant drain-source
potential, as reported in [22, Fig. 3]. A similar third-derivative
characteristic may be found from S-parameter measurements
[23].

VII. STRESS EFFECTS

Considerable attention has been paid recently to permanent
and/or long-term effects in III-V FET’s related to charge
accumulation in various regions of devices, and their substrate
and passivation layers [25] and [26]. The system can apply
brief, controlled pulses to mimic full-power RF operation or
to induce nondestructive breakdown. Fig. 12 displays a set of
traces representing a FET being characterized before, during
and after stressing by means of high voltage gate-drain pulses.!

The measurement system can also impose stimulus signals
representative of an RF load-line. Fig. 13 presents “before and
after” simulated complex load line trajectories for a Monofast
FET. Between the two (identical) load-line style tests, it was
exposed to short pulses sufficient to break down the gate-drain
junction. The trajectories shown were made by establishing
a series of {V,,Vys} voltages yielding the pseudo-elliptical

"The FET used in this example has been fabricated with an isolated metal
island specifically to investigate the effect.
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voltage-current loops displayed, interspersed with returns to
the quiescent point, shown by the single symbol near the center
of the loop.

VIII. CONCLUSION

Accurate device characterization requires data measured
under isothermal and isodynamic conditions. This in turn
requires identification of the pulse and inter pulse intervals
needed to give results free of device history effects. The
ability to apply such fast stimuli to a device also permits
measurement of instantaneous channel temperature, thermal
and trapping time constants, and derivative characteristics.
Complex load and transient stress effects may be imposed
and device response measured. Results of these measurements
give designers new power and insight.
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