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Abstract— We have developed a new methodology to investigate
the dynamic ON-resistance (Ron) of high-voltage GaN field-effect
transistors. The new technique allows the study of Roy transients
after a switching event over an arbitrary length of time. Using
this technique, we have investigated dynamic RN transients
in AlIGaN/GaN high-voltage, high electron-mobility transistors
over a time span of ten decades under a variety of conditions.
We find that right after an OFF-to-ON switching event, Ron can
be several times higher under dc conditions. The increase in
Ron is enhanced as the drain—source voltage in the OFF-state
increases. The Roy recovery process after an OFF-to-ON switching
event is characterized by a fast release of trapped charge through
a temperature-independent tunneling process followed by con-
ventional thermally activated detrapping on a longer timescale.
After a high-power-to-ON switching event, in contrast, detrapping
only takes place through a temperature-independent process.
We postulate that the fast temperature-independent detrapping
originates from interface states at the AlGaN barrier/AIN spacer
interface. The thermally activated detrapping can arise from
traps at the surface of the device or inside the AlGaN barrier.
These findings are relevant in the quest to engineer a reliable
GaN power switch with minimum dynamic Rgyn problems.

Index Terms—Border traps, current collapse, dynamic
ON-resistance, FET, GaN, high electron-mobility transistor
(HEMT), transient, trapping.

I. INTRODUCTION

N THE last few years, there has been a tremendous

interest in the development of energy-efficient electrical
power management systems. Recently GaN field-effect tran-
sistors have emerged as a disruptive technology with great
potential for improved power switching performance. This
arises from the outstanding material properties of GaN [1].
A better than three orders of magnitude improvement in
ON-resistance/breakdown-voltage tradeoff is projected to be
achievable with GaN FETs over current Si-based power-
switching technology [2].
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Among several technical requirements on an efficient power
switch, a critical one is obtaining a very low ON resistance
(Ron) immediately after switching from a high-voltage OFF
state to a low-voltage ON state. In more mature RF power GaN
high electron-mobility transistors (HEMTs), dynamic switch-
ing problems, such as current collapse, gate lag, and drain
lag, are often present and detract from RF power performance
[3], [4]. In power switching applications, these same issues
manifest themselves as a dynamic Ron in which after an
OFF-ON switching event, Ron remains high for a period of
time [5], [6]. To date, there has been little research on this
important issue [7], [8].

Toward the goal of achieving fundamental understanding of
this problem, we have developed a new dynamic Ron transient
measurement methodology which allows the observation of
Ron transients after a switching event over a time period
that can span many decades. This technique combines the
measurements of two different instruments. The acquired
dynamic ON-resistance transients are then analyzed using a
current-transient methodology recently developed [9].

We demonstrate the usefulness of this approach by carry
out a systematic study of dynamic Ron on high-voltage GaN-
HEMTs on SiC substrate as a function of time, temperature,
and pulse conditions. In the samples that we have investigated,
we find that after biasing at an OFF-state voltage, the initial
value of Ron increases as the voltage increases. Also, on a
short timescale, we find that Ron recovers in a temperature-
independent manner. In contrast, on a longer timescale, the
Ron transients are found to be thermally activated.

We propose that the fast recovery behavior takes place
through an electron-tunneling process from traps located inside
the AlGaN barrier close to the GaN channel layer. Likely
candidates are interface states at the AIN spacer/AlGaN barrier
interface. The slower thermally activated recovery is attributed
to traps in the AlGaN or at the surface.

This paper provides a methodology toward understanding
and mitigating dynamic Ron issues in high-voltage GaN
FETs. This paper presents an augmented version of a recent
conference presentation [10]. It is organized as follows.
Section II explains the measurement technique. Section III
briefly describes the devices used to illustrate the technique
and presents detailed results obtained under different condi-
tions. Section IV illustrates the importance of epitaxial growth
details on dynamic Ron. Lastly, Section V hypothesizes the
physical origin of the trapping behavior that is observed.
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Fig. 1.  Ip waveform measured by pulsed /-V system. The device is
synchronously switched from an OFF-state quiescent bias of Vggg = —10V,
Vbsq = 50 V to an ON-state of Vgs = 1 V and Vpg changing from
50 mV to 1.2 V at ambient temperature of 25 °C. Through the simultaneous
measurement of both Ip(t) and Vpg(¢) transients in the linear regime, the
instantaneous Ron (200 ns < ¢ < 3 ms) is extracted as shown in the inset.

II. DYNAMIC Ron MEASUREMENT TECHNIQUE

The dynamic Ron measurement technique that we have
developed is capable of collecting Ron transients from 200 ns
to any arbitrary length of time. For this, we use two different
instruments: an Auriga AU4750 pulsed /-V system for Ron
transients from 200 ns to 3 ms and an Agilent BIS00A semi-
conductor device analyzer (SDA) for Ron transients beyond
3 ms. In both the cases, synchronous switching of Vgs and
Vps is performed.

With the pulsed /-V system, we successively switch from
an OFF-state quiescent (Q) bias to an ON state given by
Vs = 1 V and several Vpg values in the linear regime
of device operation (<1.2 V). In this manner, we measure
the linear drain current characteristics close to the origin.
Fig. 1 shows a typical measured Ip waveform in a high-
voltage GaN HEMT after it is switched from an OFF state
(Vesq = —10 'V, Vpsg = 50 V) to ON state. In(t) and Vps(z)
are measured every 200 ns within a pulse width of 3 ms and
a duty cycle of 10%. For each data point, the measurement
time is 5 ns. To minimize noise and enhance measurement
accuracy, each extracted data point represents an average of
300 measurements. As a result of heavy electron trapping
that occurs during the OFF-state period, ON-state /p in the
linear regime shows a very slow increase in time toward the
expected dc value. In addition, because the pulsed /-V system
itself has an internal source resistance, as the device Ron
decreases, the range of Vpg values in the ON state decreases
accordingly. Through the simultaneous measurement of both
Ip(t) and Vpg(?) transients in the linear regime (Fig. 1, inset),
the instantaneous Ron (200 ns < ¢ < 3 ms) can be extracted.

Ron transients for longer time periods can be explored using
SDA. The synchronous pulsed mode of B1500A allows the
continuous measurement of Ron transient from 3 ms to any
arbitrary time. In contrast to the pulsed /-V system, B1500A
can measure Ip(f) transients at a constant Vpg value (0.5 V
has been used here). By adjusting the time that the device
resides in the OFF state, one can closely match the beginning
of transient as measured by SDA with the end point of the

3191

O 4mm Pulsed |V M) qummm Semiconduclor gy,

Device Analyzer
8t
B
£
S 7t
z
O
1d
6l
R =52 Q'mm
5-7 -6 , ~-5 ‘-4 l-3 -2 4 -1 ‘0 1 ........ 2 lllll 3
10 10°10°10 '10°10°10 10" 10 10" 10
Time [sec]

Fig. 2. Ron transients from 200 ns to 1000 s on GaN-on-SiC high-
voltage HEMTs from an OFF state (VgsQ = —5 V, Vpsg = 40 V) to
ON-state switching at ambient temperature of 55 °C. Blue line is obtained
from pulsed /-V system (Auriga AU4750) and red line from SDA (Agilent
B1500A). Also shown are the dc values of Ron obtained after fully detrapping
the device (marked as Ron_pc). This shows 66% higher Ron at 200 ns than
in dc.

transient measurement obtained by the pulsed /-V system and
obtain a complete transient that spans many decades of time.
One example is shown in Fig. 2 for the transients obtained
over ten decades. The blue line is measured from the pulsed
I-V system and the red one comes from SDA. Also shown
are the DC values of Ron obtained after fully detrapping the
device under visible light illumination.

In these synchronous pulsed measurements using the pulsed
I-V system and SDA, fast switching of Vgs and Vpg is
important so as to prevent the occurrence of a momentary
high-power state during the transition (hard switching). Fig. 3
shows the waveforms of three different switching events from
the OFF state (VgsqQ = —5 V, Vpsq = 40 V) to the ON state
in one of the test samples. These measurements are obtained
through the pulsed /-V system. In one event, the pulsing of
Vps and Vgs is synchronous. In the other two events, a delay
of 200 or 400 ns is introduced between the switching-off of
Vps and the switching-on of Vgs. The corresponding Ron
transient measurements are shown as follows.

The time lapse between the samples in the waveforms at the
top of Fig. 3 is 5 ns. With our relatively small-size devices,
when tested through the pulsed /-V system, a fast slew late
of 1 V/ns is measured. In the synchronous case, this results in
a very short overlap (a few nanoseconds) of Vpgs and Vgs
waveforms at relatively low values of Vps. This does not
introduce any visible trapping in the device as evidenced by
the resulting Ron transients which are essentially identical to
those obtained when a delay of 200 or 400 ns is introduced
between the two pulses. The situation might be different in
the case of large-size devices where the slew rate can be
significantly slower and an adjustment of delay time between
Vps and Vgs pulses might be needed.

In the synchronous pulse mode of B1500A, there is no way
to control the relative delay between the gate and drain pulses.
However, because the switching occurs on a much slower time
scale and we always observe a good match of characteristics
at the boundary with the data acquired from the pulsed /-V
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Fig. 3. Top: Vps and Vs waveforms of three switching events from an
OFF state (VgsQ = —5 V, Vpsg = 40 V) to ON state. In one event, the
pulsing is synchronous. In the other two, a delay of 200 ns or 400 ns is
introduced between the falling edge of Vpg and the rising edge of Vgs.
Bottom: resulting Ron transients are unaffected by the relative alignment of
Vps and Vg pulses, indicating that trapping during the transient is negligible.
In our relatively small size devices, a fast slew late of 1 V/ns is obtained.

system, we conclude that any hard switching that might occur
results in negligible trapping on the time scale in which we
use this tool (r >3 ms).

The stitching approach shown in Fig. 2 is time-consuming
and inevitably leaves a small residual discrepancy between the
measurements obtained through the two techniques at 3 ms
stitching point. This can cause noise in the final time constant
spectra [9]. We have eliminated this problem by appropriately
scaling the transient data obtained from SDA. Fig. 4 shows
how this scaling works. We show here Ron transients obtained
with the pulsed /-V system, as specified earlier, and SDA.
Both sets of transients are obtained with the device at the same
OFF-state bias point. Before SDA measurements, the device is
kept in the OFF state for 50, 75, or 100 s. All of them result
in a visible mismatch with the pulsed IV data. As the OFF-
state time increases, the initial value of Ron at 3 ms increases
because of higher electron trapping. The evolution of transient
beyond that initial point, however, is independent of this initial
value. This can be seen in the inset of Fig. 4 that graphs
[RoN () — Ronpcl/[Ron(f = 3 ms) — Ron.pc] for the three
cases. As seen, the transients closely overlap each other. This
suggests that the Ron transients are largely independent of the
initial value of Ron at 3 ms and that simple scaling can be
used to stitch the Ron measurements obtained from SDA to
those derived from pulsed /-V system.

From this paper, we have synthesized the following
approach to obtain complete Ron transients. First, an Ron
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Fig. 4. Ron transients in OFF (Vgsq = —5 V, Vpsg = 40 V) to ON-state
switching from pulsed IV in the blue line and from SDA using different OFF-
state times of 50, 75, or 100 s. A visible mismatch occurs with the pulsed IV
data. Scaling the SDA-obtained data to match ARQN(1)/ARoN (3 ms)
makes all lines overlap with each other as shown in dotted line. Inset: identical
normalized RoN recovery rates suggesting that the Ron transients are largely
independent of the initial value of Ron (3 ms).

transient is obtained using the pulsed /-V system. Then, the
OFF-state time in the B1500A is controlled to produce an Ron
transient that closely matches the final value obtained from the
pulsed -V system. The residual mismatch is resolved through
scaling of B1500A data set to match with the pulsed IV data
at + = 3 ms. The overall transient is then analyzed using the
time constant spectrum approach of [9].

III. DYNAMIC Ron IN HIGH-VOLTAGE
GaN HEMTs oN SiC

We have demonstrated the usefulness of our proposed
dynamic Ron technique by studying in detail industrially
prototyped AlGaN/GaN HEMTs grown by metal organic
chemical vapor deposition on SiC for S-band power amplifier
application. The heterostructure includes a GaN cap and an
AIN spacer. The device design features an integrated field
plate and a source-connected field plate. The gate width is
6 x 100 gm. The devices are depletion mode with a threshold
voltage ~—3 V. The breakdown voltage of devices is ~160 V.
All the measurements are performed in dark and in air. There
was no discernible permanent degradation of devices as a
result of repeated testing under the conditions used in this
paper.

Fig. 2 shows Ron transients from representative devices
when the device is switched from an OFF state with
VesQq = —5 V and Vpsq = 40 V at T = 55 °C. Ron at
200 ns is ~66% higher than in dc (Ron_pc). Such a high
dynamic Ron represents a big problem for power-switching
applications. The pattern of recovery of Ron exhibits a very
slow transient in the s—ks time range.

To gain insight into the physics of this dynamic behavior, we
have carried out OFF to ON transients from different quiescent
Vps values at ambient temperature, as shown in Fig. 5.
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Fig. 5. Top: dynamic Roy transients after OFF-to-ON switching events from
different quiescent Vpg conditions from Vpgg = 25 V to 125 V. in 25 V
increments at ambient temperature of 25 °C. Red dots are measurements and
blues lines are fitting curves through a sum of exponential terms with time
constants ranging from 10=7 to 10%s as shown in the bottom. The device
exhibits prominent time constants in the 1-1000 s range and some in the
submicrosecond to millisecond range. As Vopp increases, the dynamic Ron
also increases, but the time constants do not change.

As Vpsq increases, the dynamic Ron increases in a prominent
manner presumably as a result of increased extension of high-
field region into the drain.

The dominant time constants underlying these transients
can be obtained using a time constant spectrum analysis [9].
We use a sum of exponentials with 20 time constants per
decade within the range from 1077 to 103 s. Examples of
fits are shown at the top of Fig. 5 and the resulting time
constant spectra are shown on the bottom of this figure. These
indicate that there are multiple time constants with values
that do not change as the applied electric field in the OFF
state increases. Only the magnitude of the signals are affected
by increasing Vpsq. In particular, there are two prominent
time constants in the 10-1000 s range and some more in the
submicrosecond to millisecond range. All get more prominent
as Vpsq increases. There is also a time constant ~50 ms that
prominently increases when Vpsqg > 100 V. This could be
because of the depletion region sweeping through a particular
defect at higher values of Vpsq.

To further understand the physical processes behind these
transients, we have performed dynamic Ron measurements
at different ambient temperatures and their time constant
spectra have been derived as presented in Fig. 6. In this
figure, the dominant transients substantially speed up as the
temperature increases. The time constant spectra at different
temperatures show this acceleration very clearly. Dynamic
Ron at 200 ns shows slightly negative dependence as the
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Fig. 6. Top: RoN/RoN_Dc transients at different ambient temperatures for
VGsq = —5 Vand Vpgg = 40 V. The resulting time constant spectra (bottom)
clearly indicate that the dominant transients for long time substantially speed
up as the temperature increases, whereas short time constants are independent
of temperature.
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Fig. 7. Arrhenius plot of time constant spectrum of Fig. 6. The size of the
symbols is proportional to the height of time constant peak. Dominant traps
at 0.79, 0.82, and 0.76 eV are identified. A set of short time constants, which
are independent of temperature, are also observed. They are responsible for
fast transients.

temperature increases. This is most likely because of the
high voltage trapping process resulting in less trapping as
the temperature increases because in the OFF state, there is
always a counterbalancing detrapping process that is enhanced.
In addition to this, the device also exhibits fast transients that
change less with temperature. This temperature-independent
behavior for short times is also verified in the corresponding
spectra.

Following the methodology of [9], we have plotted the
evolution of dominant time constants with temperature in an
Arrhenius plot (Fig. 7). The size of the symbols in this figure is
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Fig. 8. High power to ON-state transients at different ambient temperatures
and the resulting time constant spectra (inset). The high-power-state bias
is VgsQq = 2 V and Vpgg = 7 V (the power level was 5.4 W/mm at
ambient temperature of 25 °C corresponding to the red line). The transients
are dominated by temperature-independent fast time constants. No thermally
activated slow-transients are observed.

proportional to the height of the time constant peaks. From this
Arrhenius plot, two distinct patterns emerge: a set of long time
constants with thermally activated behavior and another set of
short time constants that are independent of temperature. The
long thermally activated time constants can be associated with
conventional traps. The dominant traps are estimated at 0.79,
0.82, and 0.76 eV below the conduction band edge. Traps at
similar energies have been reported by other authors in similar
structures [11]-[13].

To further clarify the physics, we have also performed high
power (HP) to ON transients. Fig. 8 shows the dynamic Ron
transients from a quiescent bias of Vgs =2V, Vps =7V,
and their respective time constant spectra at different ambient
temperatures. The power level was 5.4 W/mm at ambient tem-
perature of 25 °C corresponding to the red line. The transients
are dominated by fast time constants only. In contrast to the
data in Figs. 5 and 6, there are no slow thermally activated
transients present. Furthermore, the dominant time constants
of transients in Fig. 8 are temperature-independent as the
spectrum clearly reveals. The initial value of Ron/RoN_Dc at
200 ns decreases with temperature, again reflecting a compe-
tition between trapping and detrapping during the HP trapping
state. These temperature-independent and fast recovery charac-
teristics support the notion that the fast time constant processes
that are observed in Figs. 5, 6, and 8 have a common origin.
Additional HP-to-ON transients at different Vpg values but
the same power dissipation [10] reveal that the fast transients
emerge from electrons that were trapped through a hot-electron
process. Hot-electron phenomena have also been prominently
observed in several other studies [12], [14], [15] along with
severe impact on Ron degradation.

IV. IMPACT OF EPITAXIAL GROWTH ON DYNAMIC RoN

We have studied the importance of epitaxial growth details
on dynamic Ron characteristics by applying our methodol-
ogy to identical devices fabricated on a nominally identical
epitaxial wafer that was grown by a different commercial
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Fig. 9. Dynamic Ry transients in the alternative wafer (see text) after

identical OFF-to-ON switching events, as in Fig. 5, at ambient temperature of
25 °C. Inset: corresponding time-constant spectra. In contrast to Fig. 5, devices
in this wafer have much weaker time constants in longer time periods, whereas
short time constants in the submicrosecond to millisecond range dominate and
do not change as Vopf increases.

epitaxial vendor. The device layer stack comprising GaN
cap, AlGaN barrier, AIN spacer, and GaN channel layer
follows an identical design with the same AlGaN mole frac-
tion and thicknesses. Most likely, there are differences in
buffer structure design which is the proprietary information
of each epitaxy-growth supplier and is unknown to us. This
alternative wafer was processed into devices in the same
lot with the same layout as the sample discussed earlier
in this paper. The breakdown voltage of these new devices
is >200 V.

A different buffer could well result in a different defect
structure in the top active layers that produce different dynamic
Ron characteristics as evaluated by our methodology. As is the
case for the wafer discussed earlier, many different devices
have been tested and the results are consistent. The observed
differences shown here between devices from the two wafers
reflect wafer-to-wafer differences.

Dynamic Ron transients under identical OFF-to-ON switch-
ing conditions as in Fig. 5 have been measured in a device
from this alternative wafer at ambient temperature of 25 °C
and are shown in Fig. 9. The observed pattern of RoN recovery
is rather different from those shown earlier. In contrast to
the dominance of long time constants in the data of Fig. 5,
the alternative wafer exhibits much weaker time constants
for longer time periods whereas short time constants in the
submicrosecond to millisecond range dominate. This is clearly
seen in the time constant spectra shown in the inset of Fig. 9.
These measurements show that these two wafers have a rather
different defect structure.

Dynamic Ron measurements at different ambient tempera-
tures following trapping at Vgsg = —5 V and Vpsg =40 V
in the alternative wafer are shown in Fig. 10. These data are
equivalent to those of Fig. 6 earlier in this paper. Once again
we find that the recovery transients with short time constants
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Fig. 10. Top: RoN/RoN_Dc transients in devices from the alternative wafer
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resulting time constant spectra (inset) show that the dominant transients with
short time constants are temperature-independent.
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Fig. 11.  Arrhenius plot of time constant spectra of Fig. 10. The size

of the symbols is proportional to the height of the time constant peak.
A rich spectrum of traps with activation energies between 0.57 and 1.12 eV
is observed, but their concentration is much lower than that in Fig. 7.
The dominant time constants are short and do not exhibit any temperature
dependence.

change little with temperature. This temperature- independent
behavior is also verified in the corresponding spectra in the
inset of Fig. 10.

An Arrhenius plot for the dominant time constants of Fig. 10
is shown in Fig. 11. As shown in Fig. 7, the size of the symbols
indicates the magnitude of corresponding time constant. In
this alternative wafer, a richer spectrum of traps with energies
between 0.57 and 1.12 eV is observed but their concentration
is much lower than in Fig. 7. The short time constants are
clearly dominant in this wafer and they are again temperature-
independent.

These results reveal that there are at least two distinct
mechanisms that dominate dynamic Ron transients at short
times and at long times. The long time transients are associated
with conventional traps. The noticeable differences in the
two wafers indicate that these can be engineered through
proper growth protocols. The short time transients arise from
a different mechanism and both the wafers suffer from it. This
suggests that they might be associated with an intrinsic aspect
of heterostructure.
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Fig. 12.  Postulated mechanisms responsible for dynamic Ron of GaN
HEMTSs observed in this paper. In the OFF state, electron-trapping at the
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V. MECHANISMS RESPONSIBLE FOR DYNAMIC Ron

Our methodology when applied to GaN HEMTs on SiC
reveals a rich dynamic behavior of Ron. A picture that can
explain all the experimental observations described earlier is
shown in Fig. 12. In the OFF state, electrons are trapped
as they flow outside the gate into the AlGaN barrier and
eventually into the channel (Fig. 12, left). These electrons can
be trapped inside AlGaN, at the surface or at the interface
states at the AIGaN/AIN interface right above the channel [16].
In the HP state, on the other hand, electrons in the channel
gain kinetic energy and overcome the energy barrier with the
AlGaN and get trapped. possible sites for this trapping process
are interface states at the AlGaN/AIN interface right above the
channel (Fig. 12, middle).

During the detrapping process that follows OFF state biasing,
we observe fast temperature-independent detrapping processes
as well as long thermally activated detrapping processes.
On the other hand, after HP-state trapping, only fast
temperature-independent detrapping is observed. This suggests
that the fast processes observed in both the cases have the same
origin and that detrapping takes place through a tunneling
process. This is consistent with detrapping from interface
states at the AlIGaN/AIN spacer interface [16], [17]. Traps that
are physically located behind a barrier, but very close to the
channel and that release their electrons through a tunneling
process, are known as border traps [18]. We postulate that
AlGaN/AIN interface states behave as border traps as the
AIN layer is very thin. The longer thermally activated time
transients observed after OFF-state trapping are associated with
conventional traps at the surface on the gate—drain gap or
inside the AlGaN barrier. These are accessible from the gate
in the OFF state but not from the channel in the high-power
state because of the relatively large electric field across the
AlGaN barrier.

The defects at the Al1GaN/AIN interface are perhaps intrinsic
to the nature of this interface and the high stress under which
AIN is grown. If our hypothesis is correct, this detrapping
mechanism could be eliminated through the removal of AIN
spacer layer.
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Many studies have been devoted to buffer trapping which
depends on the various types of traps that are introduced
during the growth process [19]. Some buffer trapping could
be present in the devices that are studied. Separation of buffer
trapping, barrier trapping, and surface trapping is an important
topic that is explored by other techniques [20]. The dynamic
Ron characterization methodology proposed in this paper
should also be helpful to study this issue.

VI. CONCLUSION

In summary, we have developed a new methodology to
investigate RoN transients over arbitrary lengths of time.
We have used this new technique to study trapping effects
in high-voltage GaN HEMTs under a variety of pulsing
conditions. In OFF-to-ON time transients, dynamic Ron iS
enhanced up to several times of the original dc value, partic-
ularly as the OFF-state voltage increases. We have identified
two distinct mechanisms with different timescales and tem-
perature behavior. On a short timescale, the fast release of
trapped charge takes place through a temperature-independent
tunneling process. We postulate that interface states at the
AlGaN barrier/AIN spacer interface are responsible for this.
Conventional thermally assisted detrapping follows on a longer
timescale. This postulate occurs from traps at the surface or
inside the AlGaN barrier. In contrast, after a high power to
ON switching, only fast detrapping through a temperature-
independent process is observed. This is also consistent with
trapping at the AIGaN/AIN interface. These findings provide
a path to engineer a reliable GaN power-switching transistor
with minimum dynamic Ron problems.

ACKNOWLEDGMENT

The authors would like to thank Dr. J. Joh from Texas
Instruments, Austin, TX, USA, for the helpful discussions.

REFERENCES

[1] O. Ambacher, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu,
M. Murphy, W. J. Schaff, and L. F. Eastman, “Two-dimensional electron
gases induced by spontaneous and piezoelectric polarization charges in
N-and Ga-face AlGaN/GaN heterostructures,” J. Appl. Phys., vol. 85,
no. 6, pp. 3222-3233, Mar. 1999.

[2] W. Saito, I. Omura, T. Ogura, and H. Ohashi, “Theoretical limit estima-
tion of lateral wide band-gap semiconductor power-switching device,”
Solid-State Electron., vol. 48, no. 9, pp. 1555-1562, Sep. 2004.

[3] S. C. Binari, P. B. Klein, and T. E. Kazior, “Trapping effects in GaN
and SiC microwave FETSs,” Proc. IEEE, vol. 90, no. 6, pp. 1048-1058,
Jun. 2002.

[4] G. Meneghesso, G. Verzellesi, F. Danesin, F. Rampazzo, F. Zanon,
A. Tazzoli, M. Meneghini, and E. Zanoni, “Reliability of GaN high-
electron-mobility transistor: State of the art and perspectives,” IEEE
Trans. Device Mater. Rel., vol. 8, no. 2, pp. 332-343, Jun. 2008.

[5] G. Meneghesso, G. Verzellesi, R. Pierobon, F. Rampazzo, A. Chini,
U. K. Mishra, C. Canali, and E. Zanoni, “Surface-related drain cur-
rent dispersion effects in AlGaN-GaN HEMTSs,” IEEE Trans. Electron
Devices, vol. 51, no. 10, pp. 1554-1561, Oct. 2004.

[6] R. Chu, A. Corrion, M. Chen, R. Li, D. Wong, D. Zehnder, B. Hughes,
and K. Boutros, “1200-V normally off GaN-on-Si field-effect transistors
with low dynamic on-resistance,” IEEE Electron Device Lett., vol. 32,
no. 5, pp. 632-634, May 2011.

[71 M. Faqir, G. Verzellesi, A. Chini, F. Fantini, F. Danesin, G. Meneghesso,
E. Zanoni, and C. Dua, “Mechanisms of RF current collapse in
AlGaN-GaN high electron mobility transistors,” IEEE Trans. Device
Mater. Rel., vol. 8, no. 2, pp. 240-247, Jun. 2008.

[8]

[9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 60, NO. 10, OCTOBER 2013

B. Lu, T. Palacios, D. Risbud, S. Bahl, and D. Anderson, “Extraction of
dynamic on-resistance in GaN transistors: Under soft-and hard-switching
conditions,” in Proc. IEEE CSICS, Oct. 2011, pp. 16-19.

J. Joh and J. A. del Alamo, “A current-transient methodology for
trap analysis for GaN high electron mobility transistors,” IEEE Trans.
Electron Devices, vol. 58, no. 1, pp. 132-140, Jan. 2011.

D. Jin and J. A. del Alamo, “Mechanisms responsible for dynamic
on-resistance in GaN high-voltage HEMTSs,” in Proc. 24th ISPSD,
Jun. 2012, pp. 333-336.

A. R. Arehart, A. Sasikumar, G. D. Via, B. Winningham, B. Poling,
E. Heller, and S. A. Ringel, “Spatially-discriminating trap charac-
terization methods for HEMTs and their application to RF-stressed
AlGaN/GaN HEMTs,” in Proc. IEDM, Dec. 2010, pp. 464-467.

D. Jin and J. A. del Alamo, “Impact of high-power stress on dynamic
ON-resistance of high-voltage GaN HEMTSs,” Microelectron. Rel.,
vol. 52, no. 12, pp. 2875-2879, Dec. 2012.

A. R. Arehart, A. Sasikumar, S. Rajan, G. D. Via, B. Poling,
B. Winningham, E. R. Heller, D. Brown, Y. Pei, F. Recht, U. K. Mishra,
and S. A. Ringel, “Direct observation of 0.57 eV trap-related RF output
power reduction in AlGaN/GaN high electron mobility transistors,”
Solid-State Elctron., vol. 80, pp. 19-22, Feb. 2013.

N. Killat, M. Tapajna, M. Fagqir, T. Palacios, and M. Kuball, “Evidence
for impact ionization in AlIGaN/GaN HEMTs with InGaN back-barrier,”
Electron. Lett., vol. 47, no. 6, pp. 405-406, Mar. 2011.

M. Meneghini, A. Stocco, R. Silvestri, G. Meneghesso, and
E. Zanoni, “Degradation of AlGaN/GaN high electron mobility tran-
sistors related to hot electrons,” Appl. Phys. Lett., vol. 100, no. 23,
pp. 233508-1-233508-3, Jun. 2012.

S. A. Vitusevich,O. A. Antoniuk, M. V. Petrychuk, S. V. Danylyuk,
A. M. Kurakin, A. E. Belyaev, and N. Klein, “Low-frequency noise in
AlGaN/GaN HEMT structures with AIN thin film layer,” Phys. Status
Solidi (C), Appl. Res., vol. 3, no. 6, pp. 2329-2332, May 2006.

S. Huang, Q. Jiang, S. Yang, Z. Tang, and K. J. Chen, “Mechanism of
PEALD-grown AIN passivation for AlIGaN/GaN HEMTs: Compensation
of interface traps by polarization charges,” IEEE Electron Device Lett.,
vol. 34, no. 2, pp. 193-195, Feb. 2013.

D. M. Fleetwood, M. R. Shaneyfelt, and J. R. Schwank, “Estimating
oxide-trap, interface-trap, and border-trap charge densities in metal-
oxide-semiconductor transistors,” Appl. Phys. Lett., vol. 64, no. 15,
pp. 1965-1967, Apr. 1994.

M. J. Uren, J. Moreke, and M. Kuball, “Buffer design to minimize
current collapse in GaN/AlGaN HFETS,” IEEE Trans. Electron Devices,
vol. 59, no. 12, pp. 3327-3333, Dec. 2012.

D. W. Cardwell, A. R. Arehart, C. Poblenz, Y. Pei, J. S. Speck,
U. K. Mishra, S. A. Ringel, and J. P. Pelz, “Nm-scale measurements of
fast surface potential transients in an A1GaN/GaN high electron mobility
transistor,” Appl. Phys. Lett., vol. 100, no. 19, pp. 193507-1-193507-4,
May 2012.

Donghyun Jin (S’09) is currently pursuing the
Ph.D. degree with the Massachusetts Institute of
Technology, Cambridge, MA, USA.

He has been with Microsystems Technology Lab-
oratories, Massachusetts Institute of Technology,
since 2008.

Jesiis A. del Alamo (S’79-M’85-SM’92-F’06)
received the Ph.D. degree in electrical engineering
from Stanford University, Stanford, CA, USA, in
1985.

He is currently a Donner Professor and MacVicar
Faculty Fellow with the Massachusetts Institute of
Technology, Cambridge, MA, USA.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


