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Experimental characterization of charge trapping
dynamics in 100-nm AIN/GaN/AlGaN-on-Si
HEMTs by wideband transient measurements

Alberto Maria Angelotti, Student Member, IEEE, Gian Piero Gibiino, Member, IEEE, Alberto Santarelli,
Member, IEEE and Corrado Florian, Member, IEEE

Abstract—This work deals with the characterization
of charge-trapping dynamics in a novel 100-nm double-
heterojunction AIN/GaN/AlGaN-on-Si RF HEMT process. In
order to study the de-trapping mechanisms, we perform
wideband acquisitions of the transient behavior by sweep-
ing the pulsed voltages to cover the entire device operating
area. The fast acquisition also enables the characterization
of the charge capture behavior, a key aspect for RF perfor-
mance. From the analysis of the drain current transients,
time constants are extracted, showing a fundamental re-
lease time constant in the order of 0.1-1 ms, and more
than one capture constants, the fastest being in the order
of 300 ns. To the best of our knowledge, this is the first
time that trapping dynamics under large-signal regime are
characterized for this type of process.

Index Terms— GaN-on-Si, HEMT, charge trapping, tran-
sient measurements, pulsed measurements.

[. INTRODUCTION

Allium Nitride (GaN) Monolithic Microwave Integrated
Circuit (MMIC) processes on Silicon Carbide (SiC) [1]
or Silicon (Si) [2] are key enablers for solid-state K/Ka-band
microwave power amplifiers (PAs). Despite the lower thermal
conductivity, GaN-on-Si is of particular interest for the lower
costs and the integrability with Si processes. However, GaN
HEMTs are typically affected by electron trapping mecha-
nisms, whose complex behavior causes well-known effects
such as current collapse, knee walk-out, and kink effects
[3], [4]. These phenomena have a critical impact on radio-
frequency (RF) applications, e.g., in pulsed radar [5], [6] or
broadband-modulated telecom transmitters [7]. Therefore, the
development of characterization methods is fundamental for
process improvement and for accurate empirical modeling.
Pulsed-1V (PIV) measurements are commonly used for trap-
induced gate- and drain-lag characterization and modeling
[8]-[12]. The estimation of the charge de-trapping time con-
stants (7) can be performed by means of low-frequency (LF)
Y -parameters [13], drain current transient analysis [14]-[19],
or noise measurements [20]. Fast charge capture [19], [21] is
usually neglected, despite being important for the RF behavior
[11], [19]. Since 7 in GaN ranges between ~ 1078 and 107! s,
obtaining a comprehensive characterization for both trapping
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and de-trapping mechanisms represents a challenge from the
measurement perspective. In addition, the dynamic behavior
is most often studied at just one or a very few quiescent and
pulsed voltages, whereas large-signal (LS) modeling entails
nonlinear dynamics across the entire safe operating area.

While most of the literature is dedicated to GaN-on-SiC
RF HEMTs or on GaN-on-Si devices for power electron-
ics, this paper investigates the charge-trapping dynamics of
a novel 100-nm double-heterojunction AIN/GaN/AlGaN-on-
Si RF HEMT technology. This type of stack, particularly
developed for obtaining high 2DEG densities with short gate
lengths [22], involves a different trapping configuration with
respect to ordinary AlGaN/GaN HEMTs [23]. As such, it has
been barely addressed in literature. In this work, we exploit the
flexibility of a custom measurement setup to characterize, for
the first time, both fast capture and slow de-trapping transients.
The paper is organized as follows. In Sec. [[l} the technology
is described. Section [lII| outlines the adopted characterization
approach by depicting the measurement bench, illustrating the
configuration of the pulsed excitations and the identification
of time constants. Sections [[V] and [V] are devoted to the
analysis of de-trapping and trapping transients, respectively.
Conclusions are drawn in Sec. [V1l

Il. PROCESS TECHNOLOGY

The considered GaN-on-Si process, a 100-nm mushroom-
gate double-heterojunction AIN/GaN/AlGaN HEMT with
250-nm gate-source distance, is designed to overcome
AlGaN/GaN limitations for sub-200-nm gate lengths [22],
where the punch-through [24] of the buffer layer in the
presence of high electric fields may induce short channel
effects. As shown in Fig.[Th, the epitaxial structure is grown on
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Fig. 1. GaN-on-Si technology: (a) HEMT structure. (b) Die photo.
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(111) high-resistive silicon (HR-Si) substrate. The introduction
of an AlGaN layer acts as a back barrier preventing the
electron flow into the buffer under high drain-source voltage
(50 V breakdown), improving the electron confinement and
allowing for high drain current density (1.3 A/mm at Vpg
= 3 V) without buffer dopants [25], [26]. Due to the high
spontaneous polarization and the wide-bandgap (6.2 eV) of the
AIN barrier, the AIN/GaN heterostructure effectively allows
for high 2DEG density (> 10'* cm™2) [27]. In-situ grown
SiN layer minimizes the strain relaxation, reducing the defects
on the AIN layer and improving the reliability of the device
under high electric fields [28]. The resulting cutoff frequency
is f;=120 GHz. At 30 GHz and Vpg = 12 V, the typical
RF power density is 3.3 W/mm (6.6 W/mm peak), with a
maximum stable gain of 13 dB (2x25 pm device). The device-
under-test (DUT) is a 6 x 30 yum HEMT die in common-source
configuration (Fig.[Ip). The threshold voltage measured at
dc conditions is Vrg ~ —1.6 V for a current density of
Ip ~ 52—;\1. This value displays almost no dependency on
the applied Vpg, due to the AlGaN back-barrier preventing
significant punch-through effects [24].

[11. EXPERIMENTAL CHARACTERIZATION APPROACH
A. Measurement bench

The developed on-wafer bench is shown in Fig.[2} The
pulsed excitations are applied with a two-channel, 120-MHz
arbitrary function generator (AFG) by Agilent (81150A).
A supply based on a wideband current feedback amplifier
(ADA4870), featuring up to 50-MHz LS bandwidth (BW) with
I/V swings of 1 A and 30V, is adopted at the drain-source port.
The voltages are sensed with passive probes, and the drain
current is acquired with a 100-MHz current clamp (Keysight
N2893A). All the probes are connected to a 2.5-GHz, 20-
GSa/s digital sampling oscilloscope (Keysight 9254A).

This wideband setup provides great flexibility for DUT
characterization, allowing to apply pulsed voltage waveforms
with rise/fall times down to 100 ns. Differently from others
[29], [30], this bench avoids the use of bias-tees, which
may influence the device terminations and introduce ringings,
whose instantaneous voltage peaks can jeopardize the char-
acterization. A fixed 100-ms time acquisition window (100
MSa/s sampling rate, 10-ns time resolution, 107 points per
acquisition) allows to finely capture not only the slow de-
trapping transients, but also the fast capture transients which
often fall beyond the BW available in typical pulsed setups.

GSG probes ideband supply

/\.) AFG
700 500 @—Ill
voltage probes
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Fig. 2. Block diagram of the measurement setup.

B. Configuration of the pulsed excitations

The excitation consists of voltage pulses concurrently ap-
plied at gate and drain ports. The periodic pulsed wave-
forms are defined by a period 7" = 100 ms (one period per
acquisition), and pulse widths PW € 5 x [1078,1074] s.
The pulsed voltages applied during PW, i.e., the trap-filling
pulses, are depicted with Vop (gate) and Vpp (drain). The
voltages applied during the 7' — PW time-window (baseline)
are referred to as quiescent voltages Vigq (gate) and Vpg
(drain). An example of actual acquisitions is reported in Fig. [3]
showing the capabilities of the setup to deliver clean pulsed
voltage waveforms.

As the gate-source voltage is decreased and the drain-source
voltage is increased, more charge will be trapped [3], produc-
ing gate- and drain-lag effects. A common way to evaluate
the impact of these phenomena consists in measuring the
differences among PIV characteristics from different quiescent
points, with PW short enough to avoid self-heating (e.g.,
PW= 100 ns). In Fig. @ we report the PIV characteristics
from the nominal quiescent point, in comparison with the ones
pulsed from Voo = 0V, Vpg = 0V and Vg = -2V,
Vb = 20 V, exhibiting the presence of both gate and drain
lag effects, and a trap-induced current reduction in the order
of 100 mA/mm.

Given that trapping mechanisms can be faster than the
typical PW (e.g., in the order of ns), and substantially faster
than de-trapping, any of the pulsed current points of the PIV
is the result of the partial trapping taking place during PW
and of the de-trapping during 7" — PW. In general, a certain
trapping state will be set depending on Vg p, Vpp, PW and T'.
These dependencies can be studied by analyzing the slow de-
trapping current transients recovering to quiescent conditions
(Fig. ) after different pulsed configurations. To this aim, in
Fig. [] we report a representative characterization, in which
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Fig. 3. Actual waveforms acquired with sampling time of 10 ns for
concurrent gate and drain pulsed excitations inducing charge trapping
and causing a drain current transient recovery.
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the pulse amplitudes cover the four possible relationships
between pulsed and quiescent values. These results confirm
that the most evident current drop and longer recovery, hence
the larger amount of trapped charge during PW, takes place
when Vgp < Vag and Vpp > Vpq (Fig. [Sd). This is also
the most evident behavior for LS PA design, as the dynamic
RF loadline will typically reach maximum trapping conditions
[8]. Conversely, Fig. Bh shows a practically constant current,
meaning that almost no de-trapping has taken place during
PW , due to the very short duration of PW w.r.t. the recovery
time constants. Finally, Figs. Pp-c depict hybrid situations
where either gate or drain has induced trapping and vice versa,
with a mixed global effect on the resulting transients.
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Fig. 4. Pulsed-IVs for the characterization of gate and drain lag
from quiescent points (Vgq,Vpg)=(0 V, 0 V), (-2 V, 20 V) and
(-1.65V, 11.25 V). Vgp from-1.8 Vto 0 V with 0.6 V step. PW =100 ns.
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Fig. 5. Current transients in logarithmic time for all possible reciprocal
relationships between pulsed values [PW=500 us, -4 V < Vgp <
—0.5V,10V < Vpp < 30V, (Vagp, Vpp) indicated in each plot]
and quiescent values (Vpg = 5V, Vgg = —1.14 V, T, = 80°C).
a) Slight trapping transients, corresponding to a small amount of de-
trapping during PW; b) de-trapping transients for Vgp = —4, —2
V, corresponding to trapping during PW; slight trapping transient for
Vep = —1.8 YV, corresponding to limited de-trapping during PW; c)
de-trapping transients, corresponding to trapping during PW; d) de-
trapping transients, corresponding to trapping during PW.

Beyond its indirect enhancement of the de-trapping mech-
anisms, self-heating can have a significant direct impact on
the drain current due to the dynamic dissipated power profiles
between pulsed and quiescent conditions [9], so that thermal
and charge trapping are often hard to separate for a given
transient measurement. The thermal sensitivity of the DUT
was measured, in static conditions, as being less than 0.6 m‘f‘:éc
for all the measured quiescent points for 40 ° < T, < 80 °C
(T, being the thermal chuck temperature). Therefore, we can
exclude any significant direct thermal effect across a given
transient. In addition, the quiescent points considered in the
following are chosen to ensure the same quiescent dissipated
power across the evaluated cases.

C. Drain Current Transient Characterization

In order to evaluate the impact of trapping on the DUT
operation, two different metrics were used, both extracted from
drain current transient measurements under pulsed excitations
(Fig. [6): characteristic time-constants and normalized drain
current differences.

The identification of characteristic time constants should
allow to identify dominant trapping energy levels [15]. Beyond
their physical significance, these constants give an estimate
of the device memory time-scale, which is a key behavioral
information for assessing application-like LS performance
[7] and for developing accurate models. In general, current
transients after a pulsed stimulus feature complex de-trapping
dynamics, described by a continuous spectrum of exponential
relaxation time-constants, which can be estimated using a
wide variety of methods [14], [15], [17], [20], [31]. In this
work, the popular method in [15], which is based on the log-
time derivative of the current transient j{(f’g((tt)), is adopted as
a representation of the time-constant spectrum for a given
excitation (Fig. [6f). In this description, the presence of a strong
peak (i.e., local maximum or minimum) is a key signature
of the presence of a relevant trapping energy level, whose
characteristic time-constant can then be deduced as the time
location of the peak. Drain current differences are obtained
between the beginning and the end of the current transient, and
then normalized by the quiescent value to compare different
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Fig. 6. Procedure used for the drain current transient measurements.
(a) Current transient acquisition. (b) Plot of the current transients in
logarithmic time scale and evaluation of the current drop. (c) Log-time
derivative and extraction of trap time constants.
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bias conditions (Fig. [6p). As such, they do not account for the
time-scale in which the transient occurs [32].

IV. ANALYSIS OF SLOW DE-TRAPPING TRANSIENTS
A. Thermal behavior

Arrhenius plots obtained from thermally-induced de-
trapping current transients at different 7, are typically used to
extract the trap activation energy (£, ). The Arrhenius plot for
this DUT, extracted with 7, € [40,80] °C and compensated
for self-heating as in [33] (thermal resistance Ryp=110 5o
as from foundry), displays a single significant trapping process
(Fig. [7). The trap, with typical time constant in the order of
1072 s, experiences a very weak dependence on temperature
and an irregular plot alignment, eventually resulting in an
approximated E, ~ 0.2 eV.

This experimental behavior has already been observed
in 150-nm-gate-length AIN/GaN/AlGaN-on-Si HEMTs [34],
while being significantly different from AlGaN/GaN-on-SiC
HEMTs with similar gate lengths [20], pointing to possible
differences in the underlying combined thermal and trapping
mechanisms. In fact, since the Si substrate and the AlGaN
back-barrier display a significantly higher thermal resistance
w.r.t. the GaN buffer-SiC stack of typical HEMTs, the DUT
internal temperature is mostly set by self-heating, reducing
the sensitivity on 7. and limiting the time-constant variation,
thus eventually leading to an ill-conditioned Arrhenius plot
estimation. In addition, as will be shown in Secs. [V-B] and
[[V=C] for this DUT the emission rate is strongly influenced by
the actual quiescent and pulsed conditions. Whereas the Ar-
rhenius characterization would assume a de-trapping of purely
thermal origin, strong self-heating and field-induced effects
on the carrier emission process, exacerbated by the extremely
scaled gate length, depict a rather complex trapping kinetics.
In this perspective, here E, only represents an experimentally-
derived effective (or apparent) activation energy, rather than a
physical property.

B. Pulsed voltage dependency

We characterize the de-trapping recovery transients due to
different voltage amplitudes when both gate and drain excita-

o
™

o
o

o
N

7-Spectrum (a.u.)
o
N

-7

Iog10(Time) (s)

Fig. 7. Time constant spectra and thermal activation of the trap process.
The resulting Arrhenius plot and activation energy are reported. Quies-
cent Conditions: Vpg = 5V, Vgq = —1.25 V. Pulse parameters:
PW=100 us, Vgp = —4V, Vpp = 20V.

tions cause fast trap activation. In particular, Vg p is setto -4 V
(deep OFF-state), -2 V (sub-threshold region) and -1.8 V (ON-
state), whereas 7 V < Vpp < 30 V. Adopting the definitions
used in Fig. [f] for each current transient acquired we evaluate
the fundamental time-constant and the relative current drop,
obtaining Figs. [Bp and [Bp, respectively. Notably, 7 ranges
from less than 100 ps up to more than 10 ms depending on
the pulsed voltages, remarking that measuring the dynamic
behavior at just one bias, akin to LF Y -parameter, or noise
characterizations [20], or at just one pulsed configuration,
leads only to a local description that will fall short under
LS wideband regimes. The results confirm that the larger
the pulsed drain voltage, and the more the gate voltage is
pushed towards the OFF-state, the longer the recovery time
to quiescent conditions, showing a sub-linear time-constant
dependency on the pulsed drain voltage. Moreover, T decreases
as the drain quiescent voltage increases, pointing to a field-
assisted emission process [31]. The relative current drop shows
a similar dependency, exhibiting substantial variations up to a
full drop of the quiescent current for the larger drain voltage
amplitude. Considering the different trap signatures of this
DUT w.r.t. the ones in C- or Fe-doped AIGaN/GaN HEMTs
[35], buffer dopants are realistically ruled out in determining
the characterized trapping behavior. This aspect, together with
the presence of the SiN cap layer, which is expected to
effectively passivate surface states, suggests that the observed
effects are due to defects in the buffer stack, whose impact is
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Fig. 8. Time-constant (a) and normalized current drop (b) dependence
on filling pulse gate and drain voltages at a pulse width of 500 us and
chuck temperature T, = 80°C, for two different bias points.
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Fig. 9.  Time-constants (a) and normalized current drop (b) depen-

dence on the filling pulse width and temperature for trapping conditions
to ensure full current recovery for all pulse widths and temperatures:

Filling Pulse Width (s)

Vep = —2V, Vpp = 25 V. Two distinct bias points are reported:
VGQ = —1.14 V, VDQ =5V (blue: T. = 40°C, red: T. = SOOC)
and Vgq = —1.5V, Vpg = 15V (green: T = 40°C, purple

T. = 80°C).

augmented by the high electric field induced by the short gate
length [26].

C. Filling pulse dependency

Characterizing the dependency on the filling pulse width
provides additional information on the characteristics of the
trapping mechanisms [17], [30]. As PW increases, a larger
amount of charge gets captured, up to a certain saturation level
for the given pulsed voltages [30], [31]. We sweep PW from
50 ns to 500 ys at two different chuck temperatures. Figure O
shows that 7 increases from a few ms up to hundred of ms for
Veg = —1.14V, Vpg = 5V, demonstrating that the PW still
influences the trapping behavior up to 500 us. The increase
rate of 7 is even larger for Voo = —1.5 V, Vpg = 15V,
despite showing smaller absolute values from less than 100
s up to 1 ms. More in detail, both 7 and the relative current
drop (Fig. [Ob) show a quasi logarithmic dependency on PW,
which is only barely influenced by the chuck temperature.
As documented in literature [17], [36], this type of behavior
could be ascribed to the presence of point defects, given that
the regular reduction of the capture rate would be caused by
a localized Coulomb capture barrier, whose height increases
with the filling pulse.

V. ANALYSIS OF FAST TRAPPING TRANSIENTS

The dependency on the filling pulse in the range up to
500 ps indicates that capture mechanisms critically impact
the RF performance [19], [20]. Thanks to the fine acquisition
of the waveforms (10-ns resolution) and wide-ranging voltage
excitation capabilities, we are able to observe the fast drain
current transients during the filling pulse, which have been
rarely studied in literature [19].

In Fig. [I0h, we show the trapping transients during
PW=500 pus (the longest acquired) with Vg = —1.14
V, Vpg = 5 V for different filling-pulse amplitudes. The
capture transients critically depend on the applied pulsed
voltage, confirming (Sec. [[V) that the electric field distribu-
tion strongly influences the trapping mechanisms. Figure [T0b
shows the extracted time constants with the same technique
as in Sec.[[I=C] with three distinct processes detected: T1
and T3 display a capture-type behavior, while T2 operates
as a weak electron-release trapping center. The dominant fast-
trapping time constant is the one associated with T1, with a
value ~ 300 ns. T2 and T3, characterized by time constants
in the ps - 100 ps range, are enhanced by an increase in the
pulsed drain voltage. The effects of the three processes and the
relative time constants tend to blur for lower values of drain
pulsed voltage, leading to a unique broadened spectral peak
associated with a strongly non-exponential transient behavior.

VI. CONCLUSION

The current transient analysis conducted, for the first time,
on a 100-nm double-heterojunction AIN/GaN/AlGaN-on-Si
RF HEMT process, has revealed a fundamental de-trapping
time-constant in the 0.1-1 ms range, showing reduced ther-
mal sensitivity and strong field dependency. Differently from
AlGaN/GaN HEMTs, this behavior is not due to intentional
doping, but indicates trapping in the buffer stack, whose
impact is exacerbated by the high electric field induced by the
short gate length. In addition, the logarithmic dependency on
the filling pulse width suggests the presence of point defects.
The capture transient analysis has revealed a much smaller
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£0.18 25V4'5
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= 0.16
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Fig. 10.  Current transients (a) and relative time-constant spectra (b)

during trapping pulses for four different pulsed conditions: Vgp =
—1.5V, Vpp = 10 — 25V. The bias points is set at Vgq = —1.14
V, Vpg = 5V, for T = 40°C and a filling pulse PW=500 ps.
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time constant at ~ 300 ns, and further effects in the us range.
These experimental results indicate that known physics models
are not directly suitable for this novel HEMT structure, and
that the common single-bias characterization methods are not
representative of the global trap behavior under LS excitation.
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