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Fast-Pulsed Characterization of RF GalN
HEMTSs in Lifetest Systems

Bruce M. Paine, Member, IEEE, Steve R. Polmanter, Vincent T. Ng, Neil T. Kubota, and Carl R. Ignacio

Abstract—We report a new application of microsecond-pulsed
current-voltage characterization of field-effect transistor (FET)
devices; namely, in compact, mutlichannel DC and RF lifetest
systems. This application is important for routine monitor-
ing of trap-related signature parameters in lifetests, and is
particularly useful for study of GaN high electron mobility tran-
sistors (HEMTs) due to the wide variety of traps in the present
generations of this technology. Also, we report a systematic
approach to identifying the significant populations of traps, their
general locations, and the qualitative changes that occur during
lifetesting. This enables quick evaluation of device quality, likely
degradation mechanisms and their signature parameters, and
degradation rates—all with good statistics (up to 30 specimens
simultaneously in one of our systems) and high reproducibility
(£ a few %). We use static I-V measurements as well, to sep-
arate the slow trap effects (longer than 10 min) from the fast
ones (a few microseconds to about 1 min). We illustrate these
techniques, with measurements of unstressed specimens of two
GaN HEMT technologies. Evolution of the traps as the lifetests
proceed will be described in a later paper.

Index Terms—Gallium nitride, high electron mobility transis-
tors (HEMT), characterization, trapping, pulsed I-V.

I. INTRODUCTION

AST-PULSED (microsecond) current-voltage (I-V) char-
Facterization is of particular interest for lifetest studies
of GaN HEMTSs because it can detect the effects of fast
charge-traps, which cause degradation of RF power with
aging [1], [2]. In earlier work [3], we have shown how to
compare [-V curves measured with conventional or static I-V
equipment, after different “pre-treatments” that fill or empty
traps, and deduce a qualitative indication of slow trap densities
(i.e., traps with time constants of 10 minutes or more). We now
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extend this technique to pulsed equipment, to get information
on fast trap densities.

Another advantage of pulsed testing is the fact that self-
heating is negligible [4], [5], so the characterizations can be
done at a fixed channel temperature (Tcp), equal to the base
temperature, unlike static testing where T,y varies due to self-
heating with the biases necessary to conduct the measurement.
Also, for the same reason, pulsed testing allows measurements
at high current densities (up to 1 A/mm), without risk of over-
stress. It is helpful to conduct such tests throughout a lifetest,
because they provide:

1. An immediate picture of the quality of the semiconduc-
tor material in a device, after fabrication. This is particularly
useful to evaluate its initial condition, and any traps that may
have been left by the fabrication processes.

2. An early picture of how these trap distributions change
with lifetest time, and how others may be added.

3. Quantitative signature parameters for monitoring trap-
related degradation mechanisms. Two examples are (a) the
change in pulsed threshold voltage (8 Vi), which tracks elec-
tron trapping under the gate, resulting in reduced current flow,
and (b) the change in drain resistance (8 Rq), which tracks
electron trapping in the gate-drain access region (G-D region),
also causing reduced current flow. These are essential for
determining the mean times to failure by these mechanisms.
Also the measured thermal activation energy may help with
identification of known atomic trap structures.

4. Means and standard deviations for the parameters above,
over a large sample size (tens of specimens).

We have found that removing parts from the lifetest system
to characterize them on the bench, sometimes causes paramet-
ric changes that are comparable with those occurring in the
lifetest intervals. This is probably caused by small changes
in plug-in connections, and waveguide connections (for mm-
wave devices). Also, doing this for all specimens, at all
intervals, in a long lifetest, is very time-consuming. Therefore
in-situ testing is essential. However, pulsed I-V testing, in-
situ in multi-channel lifetest systems (up to 30 channels) has
not been reported before, most-likely because of two chal-
lenges: 1) there is usually minimal space in a lifetest rack,
for an extra set of high-speed cables, and 2) bias circuitry for
the test specimens usually incorporates large capacitors, which
prevent high-speed characterization.

We have solved these challenges, in both DC and RF lifetest
systems, and developed systematic techniques for getting qual-
itative information on trap densities, as well as their general
locations in the FET — under the gate, or in the G-D region.
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These are based on well-established principles [6], [7], but to
our knowledge, a systematic approach to extract all the avail-
able information when several different trap phenomena are
occurring, has not been reported before. We will report the
use of this approach in actual lifetests, separately [8].

Traps in GaN HEMT have been monitored versus stress,
by a variety of techniques including measurement of light
response, gate-lag, drain lag, Gy, dispersion, low-frequency
noise measurement, and frequency-dependent capacitance
and conductance (see [9]-[14]). Also, it has recently been
shown that trap energies, densities, and approximate loca-
tions can be found for stressed HEMT devices, by
transient-based deep level transient and optical spectroscopy’s
(DLTS/DLOS) [15], [16]. Similar analysis can be applied to
capacitance- and conductance-based DLOS [17]. But all of
these techniques require custom equipment (making in-situ
measurement nearly impossible) and significant time, for
example to measure time- and temperature-dependences.
Therefore we regard these techniques as best suited for defini-
tive identification of traps, in a small number of specimens, at
the beginning and end of a lifetest. But for routine character-
izations of the overall trap distributions in many specimens,
at many intervals throughout a lifetest, the techniques that we
describe, with static and fast-pulsed IV curves, are optimal.

The traps that we detect directly are those whose popula-
tions can be changed by simple “pre-treatments” before the [-V
characterization. These were designed to produce “traps full”
and “traps empty” states. They were generated with biases
within the range of voltages covered in normal RF oscilla-
tions — that way we avoided populating traps that may not
occur during normal operation. In addition, there are deeper
traps (i.e., requiring more energy to de-populate) that can have
a significant effect on RF operation. We measure changes
in the densities of these traps, from characteristic changes
in the I-V curves, with increased time on lifetest. We sub-
divide the traps in our study into “slow traps” with time
constants of 10 minutes or more and “fast traps” with time
constants between microseconds and 1 minute.

For static measurements [3], the pre-treatments were “traps
empty” (E) which consisted of a bake at 150 °C for 60 min,
and “traps full” (F) which consisted of holding a large gate-
drain voltage for a few milliseconds. Of course all traps
were not emptied or filled, but significant, and reproducible,
numbers of slow traps were. For pulsed measurements, the
pre-treatments were the quiescent biases we chose, which
were applied by the test instrument throughout a measure-
ment, except for microsecond pulsed excursions to measure
the points of the I-V curves.

II. PARTS, EQUIPMENT AND TEST FIXTURES

Foundry 1 devices are designed for operation at V- and
W-bands. The epitaxial material is grown by nitrogen plasma-
enhanced (PE) MBE on SiC, giving a Ga-polar surface. The
FETs have 150 wm gate periphery, and gate length of 0.15 pm.
They have “mushroom” gates with minimal overhangs, com-
pared to the gate length. The recommended drain operating
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Fig. 1. Instrumentation for static and pulsed characterization of FETs in

a lifetest fixture. Manual switches within the fixture allow disconnection of
the stabilization circuitry and associated instruments, while pulsed testing is
in progress. The pulsers are connected with coaxial cabling that is attached
manually only for the pulsed tests. RF matching circuitry is not shown.

bias is 12 V. The Foundry 2 parts are designed for opera-
tion at C-band. For these, the material is grown by MOCVD
on SiC, presumably also giving a Ga-polar surface. We uti-
lized FETs with nominal output powers of 2 W - they have
total gate peripheries of 1.2 mm, and nominal gate lengths of
0.7 pwm. They have a wide “mushroom” profile, with over-
hangs of about 0.5 pm. The recommended drain operating
bias is 40 V.

The DC lifetest system was from a commercial sup-
plier. The RF lifetest systems were built in-house, designed
for 62 and 4 GHz, for Foundries 1 and 2 respectively.
Static I-V characterization was done with an HP 4142B
Modular DC Source/Monitor for DC lifetests, and an Agilent
B1500A Semiconductor Parameter Analyzer for RF lifetests.
Pulsed characterization was done with an Auriga Microwave
Model 4750, for all lifetests. All of the characterizations were
in-situ, i.e., the fixture was not moved from the lifetest rack,
and in darkness, since the lifetest fixtures were fully closed.

The fixtures in our RF lifetest systems were configured for
pulsed testing, as shown in Figure 1. An extra pair of RF
ports was constructed, to bring in the pulsed signals. For our
DC lifetest system, the configuration was the same, except we
used existing RF ports, since actual RF characterization was
not needed. Switches (operated manually from outside the fix-
ture) were added, to disconnect the FET from the normal bias
lines, with their slow stabilization circuitry, and connect them
to the fast pulsers for microsecond I-V measurements. (But the
RF stabilization remained in the circuit.) The geometry of the
switch elements ensured that they did not add significant para-
sitic impedances. The normal bias lines were switched outside
the fixture, under program control, between the bias supplies
for the lifetest, and the static I-V characterization equipment.

Coaxial cables from the pulsers were attached manually, to
each fixture in turn, followed by operation of the switches.
This was labor-intensive, but necessary to keep the density of
cabling in the lifetest racks manageable. And the time (a few
minutes) was much less than the time taken by the actual suite
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of pulsed measurements (several hours). Each fast-pulsed mea-
surement was repeated 64 times, to attain accuracy of a few
percent because with the fast timing, the pulsed measurements
are relatively noisy. On completion, the cables from the pulsers
were removed, and the manual switches restored.

Our in-situ testing allowed the cables to be short (30 cm),
and 50 Q termination to be provided in the stabilization cir-
cuit, immediately adjacent to the device. This avoids possible
problems with impedance mis-matches that require sophisti-
cated measures [18]. For all pulsed tests V, and Vg4 go on
and off simultaneously, the pulse length was 4 ps, and the
pulse period was 4 ms. Transients after the leading edge of
a pulse settled in < 0.5 ps, and sampling was done over a
0.25 ps window centered 3.0 s after the leading edge. The
reproducibility of currents through the manual switches was
+ 2 %; reproducibility of the I-V curves was £+ 3 % with no
identifiable trends with time. Checks were made for changes
caused by self-heating at the highest pulse powers, and they
were found to be negligible.

III. PROCEDURES
A. Static I-V Curves

The timing of stress, pre-treatments and static character-
izations is shown schematically in Figure 2(a). After the
lifetest stress was turned off for all specimens simultane-
ously, there was an interval of up to 10 hrs, before the
pre-treatments and static DC characterizations were conducted.
This is due to the large quantity of specimens, and the need to
measure them sequentially. As a result, some of the traps pop-
ulated by the stress may have de-populated, so we designed
the pre-treatments to reverse these. We did not attempt to
run the static -V curves immediately (say after a few mil-
liseconds) after the pre-treatment because it is difficult to
program conventional I-V systems in this manner. Instead, the
pre-treatment was applied once, and a sequence of three static
I-V’s were measured within a few minutes — quick enough
to preserve the traps with time constants of 10 minutes or
more (Fig. 2(b)). The voltages during the characterizations
were limited carefully to avoid changing slow trap popula-
tions significantly. This was established by trial-and-error, with
repeated checks of the reproducibility of the curves — any
loss was an indication of a change of slow traps caused by
the characterization itself [3]. We now give the details of the
measurements for Foundry 1. For Foundry 2, they are exactly
analogous, with Vg increased and V decreased to cover the
wider voltage swings of the lower-frequency devices.

The pre-treatments for static measurements were (in this
order):

E. “Traps empty”: (Vg, V4, Tp) = (0 V, 0V, 150 °C) for
60 min, up to several hours.

F. “Traps full”: (Vg, Vq, Tp) = (Vg, 10, 50), with V, stair-
stepped from +1 to -4 V.

After each one of these, the following static I-V curves were
measured, in this order, in immediate succession, with the base
held at 50 °C.

1. Drain I-V curve with Vg = 0 V only, V¢ millisecond
pulsed from 0 to 3 V only.

Lifetest Pre-Treatment Static Characterizations
(a) Bias F
Hours Minutes
AN
(b) Slow [T F
Trap \-[—\
Conc.
N R B
(c) Fast
Trap
Cone: LR N e e

Elapsed Time

Fig. 2. Schematic time lines for static DC characterization. The pre-treatment
is applied just once, before the characterizations are begun.

2. Standard transfer curve with V4 = 10V, and V, millisec-
ond pulsed, from +1 to —4 V. (This is similar to the “traps
full” pre-treatment, but is conducted with millisecond pulsing,
instead of stair-step mode. This minimizes any changes to the
trap populations.)

3. Low-voltage transfer curve with V4 = 1.0 V, and V,
millisecond pulsed from —4 to +3 V.

4. Forward gate 1-V curve with V4 = 0, V, stair-stepped
from +3 V to 0 V. (Done after “Traps Full” pre-treatment only.
Results are the same for either pre-treatment because starting
with Vo = +3 V is an effective pre-treatment itself.)

Parameters extracted from these were labelled X¢, or X.
for pre-treatments F and E respectively. A key parameter
that is found from the transfer curve is the threshold volt-
age (Vin), defined as Vpeak — Ipeak/Gmp, where Vpea and
Ipeax are the Vo and Iy corresponding the maximum of the
transconductance, Gy,.

The slow and fast traps’ reactions to this sequence of
biases during static I-V testing are illustrated schematically in
Figs. 2(b) and (c). During the minutes-long interval between
the pre-treatment and the characterization, the slow traps stay
close to where they were left by the pre-treatment, while all the
fast traps relax to the zero-bias equilibrium, which is indepen-
dent of the pre-treatment. Then during static characterization
electric charges in slow traps contribute to a different electric
field distribution, depending on whether the pre-treatment was
traps-full or traps-empty. Thus the difference between the two
gives an indication of the density of slow traps. But the fast
traps respond rapidly to the applied voltages in the same fash-
ion, whether the pre-treatment was traps-full or traps-empty,
so we do not detect them in the differences.

B. Pulsed I-V Curves

These tests were conducted up to 10 days after completion
of the static measurements. (Unlike for the static measure-
ments, these required operator actions.) The sequence is shown
schematically in Figure 3(a). In pulsed testing, the analog of
the pre-treatments described so far is the quiescent bias: it is
applied continually, with only several-microsecond departures
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Fig. 3.  Schematic time lines for pulsed DC characterization. The pre-

treatment is applied before each of the three IV curves.

to points on the I-V curve, which return again. A channel tem-
perature of 150 °C was chosen for the pulsed measurements
because this is a typical temperature in normal operation.
The base temperatures, necessary to give this channel tem-
perature during quiescent bias, were calculated from the net
power deposited in the device channels, with our thermal
models [19].

The quiescent points for pulsed measurements were (in this
order):

E. “Traps empty”: hold Quiescent Point (Vg, Vg, Tep) = (0,
0, 150) for 60 min, up to several hours.

F. “Traps full”: hold Quiescent Point (Vg, Vg, Ten) =
(—4, 15, 150) for 40 s.

By pulsing from each one of these quiescent points, the
following curves were recorded, in this order, in immediate
succession.

1. Drain I-V curve with V4 swept from 0 to 10 V, V, stepped
from —4 to 41 in 0.25 V steps.

2. Standard transfer curve with V4 = 10 V, and V, swept
from —4 to +3 V.

3. Low-voltage transfer curve with V¢ = 1.0 V, and V,
swept from —4 to +3 V. (For efficiency, since V4 is so small,
we recorded Iy as well as Iy, and used this as our pulsed
“forward gate I-V curve” as well. This makes the measured
gate turn-on voltages (Vgon) a little higher than reality.)

Parameters extracted from the pulsed curves are labelled
Yip, and Yep, for pre-treatments F, and E respectively.

The slow and fast traps’ reactions to this sequence of
biases during pulsed I-V testing are shown schematically in
Figs. 3(b) and (c). Again, slow traps stay close to where they
were left by the pre-treatment, but now the fast traps do the
same. So the characterization senses the net effect of the slow
and fast traps.

IV. INTERPRETATION, TRAP DENSITIES AND EXAMPLES

We now interpret the differences between I-V curves in
terms of trap populations, based on well-established principles
for GaAs devices [6], [7]. This is done in terms of electrons
only, but this should be taken to mean also possible converse
effects for holes. The differences are between trap densities

(a) Adds electrons beneath gate

Initial depletion D
Increased depletion AlGaN
fromtrapped electrons 2DEG

GaN

Vy, is increased
(less-negative)

(b) Adds electrons in gate-drain access region

Electron
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7 L Bobo
----------- g Q}/Vir’cual gate  AlGaN
Iﬂ increases R, 2DEG
\ \Gate depletion GaN

V,, is unchanged

Fig. 4. Schematic diagrams showing possible effects of “traps full” treatment.
(a) Electrons populate traps beneath the gate, increasing V. (b) Electrons
populate traps in the gate-drain access region, increasing Rq.

that can be changed by our treatments — a background of deep
traps may be present, but we are not sensitive to them, unless
their populations are changed by external stresses, such as dur-
ing wearout [8]. We refer only to the transfer curves, described
above; some examples are shown in Fig. 7.

A. Summary of Interpretations

1. The “traps full” pre-treatment can populate traps under
the gate or in the gate-drain access region (or both), as
illustrated in Fig. 4. The “traps empty” pre-treatment can
de-populate any of these traps.

2. At Vg’s from Vg, ie., Vg for I < 1 mA/mm, to Vpeqk,
i.e., Vg where Gy, reaches its maximum, changes in the trans-
fer curves are most sensitive to the changes in the populations
of traps under the gate [6], as illustrated in Fig. 5 (a). This is
because at low V’s (large negative) the FET is nearly pinched
off and current is regulated mostly by depletion under the
gate. Meanwhile, traps in the gate-drain access region will
increase the drain resistance (Rg4), and reduce the maximum
current (Iamax) but this does not affect Ig at low V,’s. This can
be seen from electrical considerations [15], the physical pic-
ture (Fig. 5(a)), from typical drain I-V curves [20], and from
experiment [16]. We choose Vpeak as the dividing line because
we calculate threshold voltage, which characterizes the lower
part of the curve, by extrapolating from this point.

a. The Vy,’s for the F curves are at higher (less-negative)
Vg’s, than for the E curves.

b. The difference between the Vy,’s for static E and F curves
(Vindift = Vint - Vine) indicates population of slow traps under
the gate.
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Fig. 5. Illustration of how the transfer curve is sensitive to traps at different
locations, depending on Vg.

c. The difference between the Vy’s for pulsed E and F
curves (Vindiffp = Vinfp - Vinep) indicates population of slow
and fast traps under the gate.

d. Approximate quantitative trap densities can be found
from the Vy, differences, as described later.

e. Comparing static and pulsed curves is less useful because
the static curves will mostly be measured at different channel
temperatures, due to self-heating. Also, the pre-treatments are
not exactly equivalent.

3. At higher Vy’s, from about Vpeax t0 Vgon (Where for-
ward conduction in the gate begins), the transfer curve is most
sensitive to the population of traps in the gate-drain access
region [7], as illustrated in Fig. 5(b). This is because at higher
V,’s depletion under the gate is reduced and the FET current
can become regulated by depletion in the G-D access region
instead [13].

a. The F curves tend to “roll over” to even higher (less-
negative) V,’s, relative to the E curves. This is also evident
as reduced gradient (i.e., reduced Gp,) [13], [21].

b. Further voltage difference between static E and F curves
indicates population of slow traps in the gate-drain access
region.

c. Further voltage difference between pulsed E and F curves
indicates population of slow and fast traps in the gate-drain
access region.

d. While standard transfer curves are convenient for observ-
ing the qualitative changes, it is difficult to extract quantitative
trap densities from them. Rather it is more accurate to use
changes in the drain resistance (8 Ry), extracted from the lin-
ear regions of the drain I-V curves, as will be described later.

However it is not easy to observe these quickly, in standard
plots of these curves.

We note that some researchers use the Gy, curves (i.e.,
dl4/dVy) in an analogous way to what we have described [21].
We prefer the raw I; curves because they are less noisy, and it
is easy to see where current compression begins (if Vg is above
the knee voltage), causing saturation of the transfer curves.

B. Trap Densities

We made rough estimates of trap densities by
means of the analysis developed at Ohio State
University [15], [16], [22], [23]. That analysis was used
for gate-controlled and drain-controlled constant-Iy DLTS
and DLOS measurements of turn-on transients from “traps
full” to “measurement” states. The parameters 8 Vg, and §
Ry that they find from transient measurements can just as
well be measured with our pulsed I-V techniques. But unlike
the DLTS and DLOS techniques, we have very little timing
information, so we cannot extract information about trap
energy levels. Therefore we must assume that a single trap
species is responsible for the observed changes, which puts
uncertainties of perhaps 10x on the absolute results. (But
relative results should be accurate to around £ 20 %.) 8§ Vi
is measured as described above; extraction of § Ry will be
described below.

1. Trap concentration under the gate is deduced from & Vy,,
with constant Iy (zero in our case), maintained by adjusting Vg
(to Vi, in our case). This is measured with Vg4 in the saturated
regime, to ensure that changes of Ry, which would shift Vg,
do not have a significant effect on the current. We assume all
the traps are in the AIGaN layer. Then the surface density of
traps is

np = 2EofAIGaNdVin )
qtAIGaN
where ¢, is the permittivity of free space (8.854 x 10~'* F/cm),
ealGaN 1S the dielectric constant of AlGaN (8.9), q is the ele-
mental electric charge (1.602 x 10719 C) and tpjgan is the
thickness of the AlGaN layer. An analogous formula would
apply for traps in another layer.

2. Trap concentration in the drain access region is deduced
from 3 Ry, the change in Ry after switching from “traps full”
to “traps empty”, again with constant drain current, 19, but
now maintained by adjusting V4. This is measured in the lin-
ear regime of the drain I-V curves, where resistance change
is reflected by a voltage change, but at low current (I <
300 mA/mm), to ensure minimal contributions from changes
in the source resistance. Now

Ldep,max i| ! )
qundRy

where ng is the sheet density of charge in the 2-dimensional
electron gas (2DEG) (typically around 1 x 103 cm™2),
Lgep,max 1s the maximum laterally depleted region associated
with the fill pulse (estimated to be 0.15 pm for devices stud-
ied by Ohio State University [22]), and ., is electron mobility
in the 2DEG (typically 1800 cm?/V.s). For the measurement,
I3 and Vg are chosen to ensure the current stays in the

nr = (ns)2|:ns —



PAINE et al.: FAST-PULSED CHARACTERIZATION OF RF GaN HEMTs IN LIFETEST SYSTEMS 135

1200 20
(a) Vg (b)
| +
1000 Linear Region
800
€
E 1
% 600 -
£ 5
— 400 1y
Ido —_ I °>m
200 L
1>
1
0 11
0 2

Fig. 6. Illustration of extraction of Rq. Gradients are found between the
origin and a chosen Ig (< 300 mA/mm, but in the linear regime for the Vg’s
of interest). Ryfp is Rq measured from “traps full” pulsed I-V curves.

linear regime. But after the first measurement, corrections
should be made at each interval i for the threshold voltage
shift at that interval, by using Vfb, = Vg + 93 Vi[h. The mea-
surement is most-easily done by recording a set of drain I-V
curves, with V, ranging from pinch-off to +1 V, and plot-
ting Ry (i.e., the inverse of the gradients of the curves, read
from the origin to Ig) versus Vg, as illustrated in Fig. 6. Then
R4 can be read off at Vg + 8 Vy,. This Ry increase, caused
by stress, is often termed “knee walk-out” because the onset
of saturation moves to higher V4. Finally we note that this
quantitative method is similar (but not identical) to the easily-
observed qualitative method described earlier (applied at low
Vq): the former measures Vg4 for given Ig (chosen in the lin-
ear I3-Vq4 regime) and Vg (adjusted for Vy, changes): the latter
measures Vg (the transfer curve “roll-over”) for given I and
Vg (both chosen in the linear I4-V4 regime).

It is important to note that the precise locations of the
traps that are detected depend strongly on the device geom-
etry, trap type, and pre-treatments adopted for “traps full”
and “traps empty” characterizations. Therefore the sampling
of traps “under the gate” in one study may be different from
the sampling taken “under the gate” in another one, and only
order-of-magnitude differences between studies are likely to
be significant. However, small changes observed in the same
technology, with the same pre-treatments are likely to be
significant.

Also, it is straightforward to relate these signature param-
eters (8§ Vi and 8 Ry,) accurately to loss of power, or gain
in a FET [24]. Therefore the measurements that we describe
are very important for tracking small changes in trap-related
phenomena in lifetests [25].

C. Example — Foundry 1

Fig. 7(a) shows transfer curves measured on a specimen
from Foundry 1, by both static and pulsed systems, with both
“traps full” and “traps empty” treatments. The inset displays
our conclusions — the numbers are our estimates of the areal
densities of traps, in units of 1012 traps/cmz. Peak Gy, is at V,
~ —2.0 V. First we consider the populations of traps under the
gates, i.e., Vg from —4 to —2 V. The static measurements after

1200
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Fig. 7. Examples of transfer curves. Static measurements are indicated with
continuous curves; pulsed measurements are indicated with dashed curves.
After “traps empty” treatment: gray curves; after “traps full” treatment:
black curves. The insets show schematically the trap speeds, locations, and
approximate areal densities in units of 1012 traps/cmz, all deduced from the
transfer curves. Note that since uncertainties in the absolute densities are large
(~ £10x), their differences between the two foundries are not significant.

the two treatments are nearly identical, indicating negligible
population of slow traps under the gate. But the pulsed mea-
surements after the two treatments show 255 mV separation,
indicating significant combined population of fast and slow
traps under the gate. We therefore conclude there is a sig-
nificant population of fast traps only, under the gate. From
Formula (1), assuming the traps are in the AlGaN layer, we
find their density is 1 x 10'? traps/cm?, with an uncertainty
of +£10x. This is probably significantly higher than the ~1 x
1010 traps/cm? reported from a DLTS/DLOS study of PE MBE
material from another source [16].

For Vg from —2.0 V to Vo, the F static curve diverges
to higher Vy, indicating that there are some slow traps in the
G-D region. To estimate their density, we found the corre-
sponding 8 Rg; it was —0.036 W.mm. Lgep max Was estimated
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to be 0.1 wm, and we used the typical values for n, and ng
quoted above. Then Eqn. 2 gave approximately 5 x 10! slow
traps/cm?, in the G-D region. We believe this is the first time
that quantitative densities of > 10 minute time-constant traps
has been obtained for GaN HEMTs. Meanwhile the pulsed
curves moved further apart slightly, indicating traps (slow and
fast, summed) in the G-D access region, with a density that
is probably greater than the density of slow traps alone, in
that region. Therefore we conclude there is also a significant
population of fast traps in the G-D region. To find its den-
sity, we found 8 Ry and after correcting for the Vy, shift
(as described above and in Fig. 6); it was —1.531 Q.mm.
After subtracting the slow trap density, we deduced approx-
imately 5 x 10'? fast traps/cm?, in the G-D region. This
appears to be consistent with a separate DLTS/DLOS study
of the PE MBE material mentioned above, after allowing for
multi-defect interactions [26].

D. Example — Foundry 2

Fig. 7(b) shows transfer curves measured on a specimen
from Foundry 2. Peak Gy,’s occurred at approximately —1 V.
Since this FET had a dense array of gates, we had to limit the
static measurements to below 360 mA/mm to avoid significant
heating. But we looked at the static Rq data and found there
is no separation, up to Vg = +1 V.

The E and F Vy,’s are equal to < 10 mV, for both static and
pulsed measurement, so with the assumptions above, the trap
densities (both slow and fast) are < 1 x 1010 traps/cmz, which
is consistent with other reports on MOCVD devices [15].

The only visible divergence of F and E curves is between the
pulsed curves, for Vy > Vg(peak Gp). This indicates a sig-
nificant population of fast traps in the drain access region,
and minimal trap population under the gate. To estimate the
quantitative density in the G-D region, we found & Ry was
—1.285 2.mm. No correction was needed for threshold voltage
changes. Lgep,max Was estimated to be 0.35 pm, in mod-
elling by the foundry, and we used the typical values for
W, and ng quoted above. Then Eqn. 2 gave approximately
9 x 10'? traps/cm?, in the drain access region, again with an
uncertainty of £10x. This is certainly consistent with about
5 x 10'2 traps/ cm?, reported for two other industrial suppliers
of MOCVD-grown GaN/AlGaN HEMTs [27].

V. CONCLUSION

We have incorporated microsecond-pulsed I-V character-
ization in DC and RF lifetest racks, and developed sequences
for “traps full” and “traps empty” characterizations, that (in
conjunction with static I-V characterizations) allow us to
deduce qualitative densities of fast and slow traps in different
locations within GaN HEMT devices. Compared to more-
quantitative spectroscopic measures of trap characteristics, this
approach is quick and covers large quantities of specimens
throughout a lifetest. Thus one can have an immediate picture
of the quality of the semiconductor material after device fabri-
cation, and also rapidly develop a picture of trap growth in all
specimens, as a lifetest proceeds. At the same time, these char-
acterizations yield accurate quantitative measures of signature

parameters for trap-related degradation mechanisms, that are
essential for predicting mean times to failure.

In the two GaN HEMT technologies that we used to
demonstrate our approach, we observed rather different trap
distributions, most likely due to different material parameters
and gate configurations. We quantified the slow traps, which
we believe has not been done before. We also quantified the
fast traps, and found some consistency with other such mea-
surements in the literature, for each of the epitaxial material
types. These observations suggest that the technique is appli-
cable GaN HEMT technologies with a wide variety of trap
configurations, and yields trap concentrations that are proba-
bly accurate to within an order of magnitude. However it’s best
application will be to measuring changes in a given technology
(eg. in a lifetest), rather than finding absolute figures.
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