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Abstract— This paper investigates the impact of different
iron (Fe) buffer doping profiles on trapping effects in microwave
AlGaN/gallium nitride (GaN) high electron mobility transistors (HEMTs). We characterize not only the current collapse due
to trapping in the buffer, but also the recovery process, which
is important in the analysis of suitable linearization schemes for
amplitude modulated signals. It is shown that the simple pulsed
dc measurements of current transients can be used to investigate
transient effects in the RF power. Specifically, it is revealed that
the design of the Fe-doping profile in the buffer greatly influences
the recovery time, with the samples with lower Fe concentration
showing slower recovery. In contrast, traditional indicators, such
as S-parameters and dc as well as pulsed I–V characteristics,
show very small differences. An analysis of the recovery shows
that this effect is due to the presence of two different detrapping
processes with the same activation energy (0.6 eV) but different
time constants. For highly doped buffers, the faster process
dominates, whereas the slower process is enhanced for less doped
buffers.
Index Terms— Dispersion, gallium nitride (GaN), high electron
mobility transistors (HEMTs), semiconductor device doping,
trap levels.

I. I NTRODUCTION

T

HE HIGH output power density and efficiency offered by
power amplifiers (PAs) based on gallium nitride (GaN)
high electron mobility transistors (HEMTs) make them
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a strong candidate for high-frequency power applications.
However, the dispersive behavior of these transistors inhibits
both Continuous Wave performance and linearity, and has
delayed their adoption in many microwave systems. The
dispersive effects are mainly caused by deep electron traps in
the buffer and at the surface. These dispersive effects are manifested as a decrease in maximum current (current slump) and
ON -state conductance (knee walkout) during large signal
operation, leading to lower maximum output power and
efficiency [1], [2]. Also of great concern from a system
perspective but less studied on device level is the distortion of
amplitude modulated signals due to these memory effects. Linearization schemes using digital predistortion are impractical
for long time constants, which require a large computational
capacity and memory [3], [4].
Research on traps in GaN has primarily been focused
on understanding their physical mechanisms and minimizing
the current collapse. Earlier, much efforts were dedicated to
minimize the effects of surface traps by utilizing different
passivation schemes [1], [2], [5]. More recently, there has been
a growing interest in the influence of the characteristics of the
GaN-buffer on the large-signal performance of GaN HEMTs.
The GaN-buffer is commonly doped with a deep acceptor such
as iron (Fe) to reduce leakage currents and increase breakdown
voltage [6], [7]. However, the design of the buffer, in terms
of compensation doping concentration and profile is known to
have an effect on trapping phenomena. In particular, a trap
with activation energy ∼0.6 eV is thought to be localized
in the buffer, and it has been seen that its concentration
increases with the Fe-dopant concentration [8]–[11]. In [11],
it was predicted from simulations that Fe traps would cause
a small current collapse that is almost independent of the
Fe concentration above a certain threshold level. However,
it has also been suggested that the 0.6 eV traps seen in
measurements on the Fe-doped buffers are not due to the
Fe atoms but another trap indirectly affected by the doping [8].
This paper presents an application-focused investigation of
the effect of different buffer Fe-doping profiles on GaN HEMT
PA performance, focusing in particular on transient effects
due to trapping after high-power operation. This is important
in the analysis of suitable linearization schemes but often
not considered in other studies. It is shown that the simple
pulsed dc measurements of current transients can be used to
investigate transient effects in the RF power. While standard
device characterization methods (e.g., dc and pulsed I –V ,
S-parameters, and so on) reveal only small differences between
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Fig. 1. (a) Illustration of the three tested buffer doping profiles. (b) Picture
of a mounted transistor connected to the package with bond wires.

samples with different buffer Fe profiles, we show that the
recovery process after a high-power pulse is significantly
affected by the Fe doping. Furthermore, these effects are
analyzed by determining the time constants and activation
energies of the traps involved.
This paper is organized as follows. In Section II, the devices
under test (DUT) and the differences in buffer doping are
explained. Section III compares the dc and small signal performance of the devices. Section IV describes the measurements
used to characterize trapping effects in the devices and presents
the results of these measurements. Finally, the conclusions are
drawn in Section V.
II. T ECHNOLOGY
The DUT is 0.5-μm gate length GaN HEMTs with
6-μm × 400-μm gate width, fabricated by United Monolithic
Semiconductors using Cree GaN wafers grown on SiC. The
gate-source and gate-drain distances are 1.5 and 3 μm, respectively. A gate-connected field plate extends 0.5 μm toward
the drain side and a source-connected field plate 2.3 μm
from the source and above the gate. The lower part of the
GaN buffer is Fe doped in order to obtain high resistivity
and increase the breakdown voltage. Since Fe-doping in the
channel has been shown to cause severe current collapse [7],
the Fe-doping profiles are designed to have an exponential
decrease with a distance toward the AlGaN/GaN interface.
This is inherently achieved during the metal–organic chemical
vapor deposition growth by memory effects after the closing
of the Fe source. Fig. 1(a) shows the three tested buffer Fe
profiles. The total buffer thickness is 1.8 μm for all devices.
The standard doping profile has an approximately 1-μmthick plateau with an Fe concentration in the 1018 cm−3
range, decreasing exponentially to around 1016 close to the
AlGaN/GaN interface. Besides the standard buffer design,
the Fe-doping close to the channel was varied by reducing
the thickness of the Fe plateau by 20% while keeping the
total buffer thickness the same (reduced thickness) or by
reducing the Fe concentration in the plateau by 50% (reduced
concentration). All measurements have been carried out on
two devices of each type to assure the reproducibility of
observed variations. However, only the data for one device
of each type are presented, unless there are specific reasons to
comment on differences between nominally identical devices.
The transistors were mounted in a package, and bond wires
were used to connect the gate, drain, and source terminals to
the package [Fig. 1(b)].

Fig. 2. DC characteristics of the three tested device types. (a) Drain current–
voltage characteristics. Inset: measurement of the drain–source breakdown
voltage where the drain voltage is measured, while the gate voltage is
swept and the drain current is kept at a constant 200 μA/mm. (b) Pinchoff
characteristics at Vds = 0.5 V (--) and Vds = 50 V (-).
TABLE I
F IGURES OF M ERIT F ROM DC C HARACTERIZATION

III. DC, S-PARAMETER , AND T WO -T ONE
C HARACTERIZATION
The devices were characterized by measuring the
dc characteristics and the S-parameters up to 9 GHz. The
drain current characteristics of the three device types are
summarized in Fig. 2 and Table I. Both the maximum current
(at +1 V gate bias) and the maximum transconductance
decreased by ∼5%–10% in the devices with reduced Fe doping. The breakdown voltage was measured using a current
injection technique [12], where the drain current was kept
constant at 480 μA (200 μA/mm), while the gate voltage
was decreased to maintain the current level at higher Vds . The
measured Vds is shown in Fig. 2(a) (inset). The more highly
doped buffers exhibit the highest breakdown voltage, but the
values higher than 150 V were measured for all samples.
The pinchoff characteristics as a function of drain and
gate voltage were characterized by the drain-induced barrier
lowering (DIBL) and subthreshold slope (SS). DIBL is here
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Fig. 4. Ids –Vds characteristics under pulsed conditions for a gate voltage
of +1 V, when the devices are pulsed for 1 μs from three different bias points.

Fig. 3. Comparison of (a) S21 , (b) S22 , and (c) Mason’s gain of the three
different types of devices for a bias point of Ids = 100 mA and Vds = 20 V.

performance and linearity at low power levels and none of
the tested devices showed leakage currents or breakdown
voltages that are problematic for PA operation. This implies
that the Fe buffer can be optimized to a large degree for other
characteristics, such as reduced dispersive effects.

TABLE II
F IGURES OF M ERIT F ROM S MALL S IGNAL C HARACTERIZATION

defined as the difference in gate threshold voltage in order
to obtain 1-mA current between 0.5 and 50 V drain bias,
and SS is the slope of log10 (Ids ) with respect to the gate
voltage in the subthreshold region, measured in decade/V.
As shown in Table I, DIBL is slightly higher in the devices
with decreased Fe doping. Although small, the differences
are consistent across samples and expected, since a higher
doping level reduces the short-channel effects by improving
the electron confinement in the channel [13]. The differences
in SS were small and inconsistent across different samples.
The OFF-state drain current is ∼0.1 mA and dominated by
gate leakage for all devices at Vds = 50 V.
The measured S-parameters show very small differences
between the different buffers. Fig. 3(a) and (b) shows
S21 and S22 , and the two S-parameters that can be expected
to be most affected by changes in the buffer. Fig. 3(c) shows
Mason’s gain and the extrapolation of f max . Some figures of
merit derived from the small signal characterization at this bias
are summarized in Table II. The extrinsic transconductance,
output conductance, and output capacitance were extracted
from the Y-parameters at 100 MHz.
Furthermore, two-tone measurements have been performed
on conjugate matched HEMTs at 2.65 GHz at several bias
points and tone spacings and showed no significant variations
in the third-order intercept point (IP3) between the three device
types up to output powers of 29 dBm per tone. The HEMTs
achieved an output IP3 of 43 dBm at 28 V and 200 mA bias.
In conclusion, the different Fe-doping profiles did not
demonstrate any significant effects on dc, small signal

IV. C HARACTERIZATION OF T RAPPING E FFECTS
To characterize the different consequences of dispersive
effects caused by electron trapping in the buffer, several
characterization methods are needed. The traditional method
of characterizing trapping effects is pulsed I –V measurements,
which are carried out in Section IV-A. This gives information
on the current collapse and knee-walkout that affect the output
power and efficiency. However, the pulsed I –V characteristics
do not reveal transient effects on the device RF performance
after a change in operating conditions, such as moving from
a high RF power level to a lower power level.
Direct characterization of the transient behavior is performed in Section IV-B. We use a vector modulator to supply a
high-power RF input signal to a matched HEMT at 2.65 GHz
for 300 μs before backing off the input power level by 15 dB.
The output power is monitored in the time domain during and
after the pulse using a vector signal analyzer.
However, this method requires expensive instrumentation
and is impractical on device level, since it requires engineering
of the output current and voltage waveforms (e.g., using tuners,
matching networks, or active injection) in order to create
realistic operating conditions for the device. Therefore, a more
practical method to obtain information of these effects on
device level is desired. In Section IV-C, we propose that the
effects of high-power microwave operation can be mimicked
by dc-pulsing to a high drain voltage, and the transient effects
can be monitored by measuring the drain current after the
pulse at an application relevant bias.
A. Pulsed I –V Characterization
To obtain information about current collapse due to gate and
drain lag, both the drain and gate voltages were pulsed for 1 μs
from three different quiescent points: {Vgs (V), Vds (V)} =
{0, 0}, {−4, 0}, {−4, 20}. Fig. 4 shows the measured drain
current–voltage characteristics at Vgs = +1 V, for all quiescent
points along with the dc data.
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Fig. 5. Transient measurement of (a) gain and (b) drain current after the three different transistors were subjected to a 300-μs pulse into 3-dB compression.
The drain bias was 20 V, and the quiescent current was 100 mA. Black lines in (a): estimation based on drain current transients combines with the static
bias-dependent S-parameters. Black lines in (b): prediction of model (1) with two exponential terms. (c) Gain collapse 0.5 ms after the pulse, measured and
estimated from Ids transients.

TABLE III
R ELATIVE D ROP IN K NEE C URRENT U NDER P ULSED C ONDITIONS

Table III summarizes the drop in current at the knee voltage
(Vgs = +1 V, Vds = 4 V) for the quiescent points, relative
to the {0, 0} point. Pulsing the gate from below the pinchoff
voltage (−4 V) results in a small drop in current, by 2%–3%,
whereas a large dc voltage (20 V) on the drain cause a larger
degradation in the maximum current, more than 10% for all
buffers. This indicates that traps excited by high fields could
cause degradation in the RF performance. The devices with the
standard buffer show slightly larger current slump compared
with HEMTs with reduced doping.
B. Pulsed RF Transient Characterization
Fig. 5(a) and (b) shows the gain and dc drain current as
a function of time after the RF-pulse for the three devices
at a quiescent drain voltage of 20 V and a drain current
of 100 mA. The output power is 35 dBm, leading to 3-dB
gain compression. Immediately after the pulse, the gain drops
by ∼0.5 dB, accompanied by a drop in the drain current down
to 60 mA. The gain drop is larger for quiescent bias points
closer to the pinchoff.
Whereas all the different devices experience a similar drop
in gain and current, the devices with the more highly doped
standard buffer recovers very close to the quiescent levels
within ∼10 ms, whereas the initial recovery is slower in the
two variations with a lower Fe content.
The correlation between the drop in gain and drain current
makes it possible to roughly evaluate transient effects measuring only the latter, allowing a much simpler setup. This is
shown in Fig. 5(a), where the gain transient is estimated using
the measured Ids (t) and the static S-parameter measurements
at different values of Ids . It is assumed that the matching

is only slightly affected by the current transient, so that the
amplifier gain varies with drain current as |S21 |2 . Furthermore,
it is also assumed that the dynamic |S21 | during the transient
is equal to the static |S21 | measured at the same drain current
and voltage. Fig. 5(c) shows the measured and predicted gain
collapse versus output power 0.5 ms after the pulse, compared
with the quiescent level, for the three doping profiles. While
this method does not exactly predict the transient, it gives a
rough indication of the gain collapse as well as the recovery
time.
Analysis of time constants can give insights on the
mechanisms behind the current collapse and subsequent
recovery [14], and on the reasons to the differences between
different buffers. By fitting the measured data to a sum of
exponentials



t
an exp −
(1)
Ids = Idsq +
τn
we can extract the different time constants τn (in the following
numbered in order of magnitude with τ1 being the largest
one) and corresponding amplitudes an using optimization.
A good fit could be obtained for different conditions with
two exponential terms in (1). Fig. 5(b) shows the fit of the
model to the measured transients. The time constants τn and
the corresponding amplitudes an at different output power
levels are shown in Fig. 6. Two distinct time constants in the
millisecond range, separated by 1–1.5 orders of magnitude,
can be seen in all devices. The time constants are very similar
across the different devices, but their magnitudes differ. The
highly doped standard buffer has a larger magnitude of the
faster time constant but a smaller magnitude of the slower
one, explaining the faster recovery in these devices. The time
constants increase with power level, as well as the amplitudes.
C. Pulsed DC Transient Characterization
In order to mimic PA operation, we have pulsed the drain
voltage from a quiescent point of 20 V to higher values for
1 μs and measured the current response after the pulse. The
gate voltage was kept constant at a value giving 100 mA
quiescent current. The current was chosen as low as possible
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Fig. 6. (a) Time constants and (b) corresponding amplitudes of the Ids transient after the RF pulse, as the functions of peak power. The colors and markers
in (b) represent the different doping profiles as in (a).

Fig. 7. Drain current transients after a 1 μs pulse to Vds = 40 V from a
quiescent point of Vds = 20 V, for a quiescent current, Idsq = 100 mA. The
end of the pulse is at t = 0. Black lines: fit to model (1) including three
exponential terms.

to minimize effects of self-heating but high enough to keep
the transconductance in a fairly linear region during the
experiment. Fig. 7 shows the drain current transients after
pulses to Vds = 40 V from 20 V for a quiescent current
of 100 mA, compared with model (1) with three time constants
extracted using optimization. The time constants τn (with
τ1 being the largest one) and the corresponding amplitudes an
are plotted in Fig. 8 versus the magnitude of the voltage pulse
(VDS = Vpulse − Vquiecscent).
The drain current shows a similar drop in current and
subsequent recovery as during the pulsed RF measurement
(Figs. 5 and 6), indicating that pulsing the drain voltage can
indeed be used to characterize transient effects in these transistors and find their associated time constants. The initial current
drop is a few milliamperes larger in the standard devices,
which is consistent with the results of the pulsed I –V characterization in Section IV-A, where the more highly doped standard devices showed slightly stronger current collapse. On the
other hand, the recovery is faster for the more highly doped
buffer, similar to what the RF transient measurements showed.
The two slowest time constants τ1 and τ2 , around
300 and 10 ms, respectively, after a 40 V pulse, have the
largest amplitudes and, thus, dominate the current collapse

Fig. 8. Extracted parameters of model (1) using three terms, as the functions
of voltage pulse magnitude. Dashed line: 1 dB/dB slope, showing that the two
slower time constants are close to proportional to the voltage step.

and subsequent recovery. Similar to the case of RF pulsing,
the difference between the samples with varied buffer doping
profile is that reduced doping seems to lead to increased |a1 |
but reduced |a2 |, thus making the recovery slower by shifting it to the slower time constant. The time constants also
decrease with smaller voltage pulses, which is consistent with
RF pulsing leading to shorter time constants at lower power
levels.
Drain current transient measurements were also carried
out at elevated ambient temperatures in order to extract the
activation energies of the traps behind the different time
constants. Fig. 9(a) shows the Arrhenius plots and the extracted
energies. The two larger time constants have similar activation
energies in the range of 0.5–0.6 eV for all samples, whereas
the activation energy of the fastest time constant is difficult
to extract without faster measurement systems. The activation
energies were extracted using temperatures measured on the
fixture, without considering any temperature gradient inside
the device. Assuming a 25 K/W · mm thermal resistance
between the fixture and the buffer would result in a 21 K
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previous studies of GaN buffers with as well as without
Fe doping [8]–[10], [15]–[18]. The faster time constant
increased in significance with increasing Fe doping similar
to what was reported in [8]–[10]. However, the second time
constant associated with the same energy with the opposite
Fe concentration dependence was not found in other studies.
In [8], a slower time constant was found at 0.82 eV, but
it differed from our observations not only in the activation
energy, but also in the fact that it did not show notable
dependence on Fe doping.
The similarity of the drain current transients after pulsing
the drain voltage from its operating point to the transient
after a high-power RF pulse shows that the former can be
used as a simple method to characterize memory effects in
the RF domain and can be used as a complement to pulsed
I –V characterization.
The almost identical dc and S-parameter performances of
the different Fe-doping profiles imply that the buffer doping
profile largely can be optimized for minimizing the negative
effects of trapping in the buffer. However, it should be noted
that the buffer doping differences between the tested samples are relatively small. Reducing the compensation doping
further would eventually lead to short-channel effects and
decreased breakdown voltage [13], as well as larger effects on
trapping [11].
Fig. 9. Temperature dependence of the extracted parameters from model (1).
(a) Arrhenius plot gives activation energies ∼0.6 eV for the two slowest time
constants. (b) Amplitudes associated with the two time constants as a function
of temperature. Colors and markers: different doping profiles as in (a).

temperature rise at the quiescient bias and an 80 meV higher
activation energy. The elevated temperature also affected the
amplitude of the different time constants [Fig. 9(b)]. The
amplitude of the slowest time constant |a1 | increased for
higher temperatures, whereas |a2 | decreased, resulting in the
total current collapse staying constant with temperature.
V. C ONCLUSION AND D ISCUSSION
In this paper, the trapping effects in differently Fe-doped
GaN buffers in high-power microwave AlGaN/GaN HEMTs
were evaluated. Traditional performance indicators, such as
dc and pulsed I –V characteristics, S-parameters, and IP3, are
very similar between the different buffers and the small differences cannot conclusively be attributed to the buffer doping
rather than to unintended variation in epitaxy or processing.
However, a large impact of the buffer doping level is seen
in the recovery after a large dc or RF pulse. We detect
two detrapping processes with the same activation energy
but different time constants. In the highly doped buffers,
the initial current collapse is slightly larger, but a larger
proportion of the trapped electrons is emitted through the
faster process, resulting in a faster recovery. In contrast, lower
Fe concentration in the buffer and channel leads to a slower
recovery, since a larger proportion of the electrons is emitted
through the slower process.
The activation energy of the two time constants (0.6 eV)
is in the same range as what have been found in the
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