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This paper presents an original characterization method of trapping phenomena in gallium nitride high electron mobility
transistors (GaN HEMTs). This method is based on the frequency dispersion of the output-admittance that is characterized
by low-frequency S-parameter measurements. As microwave performances of GaN HEMTs are significantly affected by trap-
ping effects, trap characterization is essential for this power technology. The proposed measurement setup and the trap char-
acterization method allow us to determine the activation energy Ea and the capture cross-section sn of the identified traps.
Three original characterizations are presented here to investigate the particular effects of bias, ageing, and light, respectively.
These measurements are illustrated through different technologies such as AlGaN/GaN and InAlN/GaN HEMTs with non-
intentionally doped or carbon doped GaN buffer layers. The extracted trap signatures are intended to provide an efficient
feedback to the technology developments
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I . I N T R O D U C T I O N

The very high potential of gallium nitride (GaN) high electron
mobility transistors (HEMTs) at microwave frequencies has
already been confirmed through many studies. Moreover,
the alloy of indium–aluminum–nitrogen (InAlN), when
used in adequate proportions inside the InAlN/GaN HEMT
structure, permits a lower strain in the crystal lattice of the
barrier layer and to achieve higher current densities compared
with the more conventional AlGaN/GaN structure. However,
despite the high-voltage and power capabilities of GaN
HEMTs, they still have some limitations of their microwave
performances.

Indeed, trapping phenomena are still present in GaN
devices due to physical defects such as those induced by dislo-
cations, atoms incorporation (intentionally or not), dandling
bonds, etc. These physical defects are responsible for degrada-
tions in microwave performances, such as power slump, or
even complex bias current variations and ACPR degradation
in the case of modulated signals [1]. Thus, the knowledge

and understanding of these technological defects are critical
for improving the quality and consequently the electrical
behavior of GaN HEMTs.

Several characterization techniques of traps already exist
[2, 3] but the proposed method, which is based on vector
network analyzer (VNA) measurements, presents some key
advantages: it is precise because it features a wide dynamic
range; it can reveal signal variations in one sweep over a
large frequency scale; it performs on-wafer measurements of
low-frequency S-parameters and the temperature can be com-
pletely mastered.

These measurements are used to determine the activation
energy Ea and the capture cross-section sn of the identified
traps from the low-frequency dispersion of the output admit-
tance. In addition to other measurements like pulsed I–V or
load-pull measurements, this method can also be used to
improve and validate the nonlinear electrical models of trap-
ping effects [4, 5] in GaN HEMTs.

In this paper, Section II describes the identification method
of trap parameters and its illustration through the simulation
of a physical InAlN/GaN HEMT model including a prede-
fined trap. Section III presents the developed measurement
setup and the characterization techniques that were imple-
mented to investigate the particular impacts of bias, ageing,
and light on the trapping behavior. These measurements
were performed on three different InAlN/GaN and AlGaN/
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GaN technologies. Finally, the conclusion discusses the issues
pointed out in the previous section with regard to the impacts
of bias voltage, ageing, and light exposure on the trapping
behavior.

I I . P R I N C I P L E O F T R A P
C H A R A C T E R I Z A T I O N F R O M
L O W - F R E Q U E N C Y D I S P E R S I O N O F
T H E O U T P U T A D M I T T A N C E

A) Simplified small-signal HEMT model
including one trap
The principle of this characterization method is to investigate
the trapping behavior of GaN HEMTs by measuring the low-
frequency dispersion of their output admittance Y22 [6, 7],
which can be related to the emission rate. Since the emission
rate of traps changes with temperature, this characterization is
performed at different temperatures and the Arrhenius’ law is
used to extract the trap signatures from the temperature
dependence of Y22 measurements.

Figure 1 shows how the low-frequency dispersion of Y22,
which is due to a single trap with an emission time constant
tn, can be modeled by an additional parasitic network
(gn, Cn) at the output of the small-signal HEMT model [8, 9].

At low frequencies, the output admittance Y22 simplifies to:

Y22 = gd +
gn(vtn)2

1 + (vtn)2

( )
+ j

gn(vtn)
1 + (vtn)2 with

tn = Cn

gn
.

(1)

Calculations on derivative forms of the real and imaginary
parts of Y22 equation (1) show that the emission time constant
tn of the active trap can be extracted from the frequencies fRinf

and fIpeak that correspond to the inflexion points of real[Y22]
and the peaks of imag[Y22], respectively. Indeed, the frequen-
cies fRinf and fIpeak can be derived from (1) and written as

fRinf = fReal Y22[ ] at inflexion point = 1
2p

��
3

√
tn

, (2)

fIpeak = f Imag Y22[ ] at peak point = 1
2ptn

. (3)

The number of peaks of imag[Y22] or the number of inflexion
points of real[Y22] reflects the number of traps. As it will be

illustrated through measurements in Section III, the extraction
of frequencies fIpeak from the peaks of imag[Y22] is more con-
venient and precise than the extraction of frequencies fRinf

from the inflexion points of real[Y22].
As the capture time constant of a trap is much smaller than

its emission time constant, the capture time constant can be
neglected at low frequencies. The emission rate follows the
Arrhenius’ law and increases with temperature. Indeed, if
the emission rate increases, the emission time constant tn

decreases, and thus the peak value of imag[Y22] is shifted
toward higher frequencies as indicated by (3). Therefore, the
measured evolution of fIpeak with the temperature allows us
to determine the activation energy Ea and the capture cross-
section sn by using the Arrhenius’ equation written as

en

T2
= snAn

g
exp( − Ea

kT
),

(4)

with An = Nc vth

T2
and en = 1

tn
,

where en is the emission rate, T is the temperature, sn is the
capture cross-section, Nc is the effective density of states for
electrons in the conduction band, vth is the thermal velocity,
g is the degeneracy factor, Ea is the apparent activation
energy, and k is the Boltzmann constant.

As indicated in (5), the natural logarithm of the Arrhenius’
equation (4) shows that a plot of ln(tnT2) versus (kT)21 gives a
straight line whose slope is equal to the apparent activation
energy Ea, while its y-intercept can be used to determine the
capture cross-section sn.

ln (tnT2) = Ea

kT
− ln

snAn

g

( )
. (5)

Therefore, the trap signatures can be extracted from the mea-
sured imaginary part of Y22 at low frequencies and its depend-
ence on the temperature.

B) Physical simulations
To illustrate the principle of this electrical measurement
method for trapping characterizations, physical simulations
were performed using the Silvaco ATLAS code for an
InAlN/AlN/GaN/SiC HEMT device structure. Shockley–
Read–Hall and Fermi–Dirac statistics were enabled while
the effects of self-heating and impact ionization were not
implemented in these simulations. The surface potential and
the polarization charge at the InAlN/AlN and AlN/GaN inter-
faces were adjusted in the physical model to match the
measured pinch-off voltage, sheet resistance and DC trans-
conductance of our device.

The physical simulation was defined to study only the
impact of traps located in the buffer region on the small-signal
parameters. In the physical model, no trap was implemented
for the moment on the surface region, neither in the barrier
nor at the layer interfaces. Therefore, both acceptor and
donor traps were defined and added inside the GaN buffer
with an identical capture cross-section set to 10215 cm2.
Acceptor and donor traps were located at 0.9 eV from the
valence band energy and 0.3 eV from the conduction band
energy, respectively. The acceptor and donor trap densities
were fixed at 5 × 1016 cm23 and 2 × 1016 cm23, respectively.Fig. 1. Small-signal HEMT model including one trap (gn, Cn).
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Using this physical model with predefined trap values, a
small-signal simulation was performed using Silvaco ATLAS
and the imaginary part of Y22 was extracted. These results of
a physical simulation are intended to be used as measurement
results for the proposed extraction technique. Figure 2 shows
the imaginary part of Y22 simulated at different ambient tem-
peratures ranging from 100 to 1758C. The corresponding
Arrhenius plot is shown in the inset of Fig. 2. From this
plot, we extracted activation energy of 0.26 eV that corre-
sponds to the donor energy level of 0.3 eV entered for the
physical simulation.

However, we did not succeed to detect the acceptor trap
and more simulations are needed to investigate this issue.

This physical simulation confirms qualitatively the appar-
ent activation energy that can be extracted from the low-
frequency dispersion of the output admittance Y22 and its
measured dependence on temperature.

I I I . E X P E R I M E N T A L W O R K

This section presents some measurement results to illustrate
the trap characterization method based on the low-frequency
dispersion of Y22 versus temperature.

The measurement setup developed for the trapping charac-
terization is shown in Fig. 3. A low-frequency to high-
frequency (LF–HF) vector network analyzer (Agilent
E5061B-3L5 [10]) is connected in one-port configuration to
the drain terminal of the device for measuring its Y22 param-
eter. The network analyzer can operate from 5 Hz up to
3 GHz and integrates its own bias system allowing 100 mA
current and 40 V, while the gate port is biased by an external
DC voltage source. All measurements are performed on-wafer
and the probe station is equipped with a thermal chuck allow-
ing a temperature range from 265 to 2008C. The on-wafer
calibration of the vector network analyzer is performed
using a classical SOLT method.

As trapping effects have long emission time constants,
the measurements presented in this section were performed
from 10 Hz to 10 MHz with a filter bandwidth of 5 Hz and
ambient temperatures ranging from 25 to 1708C. The next
subsections present the characterization techniques that

were implemented to investigate the particular impacts of
bias, ageing and light on the trapping behavior. This section
is essentially dedicated to the measurement results while the
next section will be dedicated to a discussion on the measured
impacts.

This experimental work was performed on three different
GaN HEMT technologies grown on SiC substrate by low-
pressure metal-organic chemical vapor deposition. Ohmic
contacts of Ti/Al/Ni/Au multilayer showed a typical resistance
of 0.45 V.mm. The Argon ion implantation was used for
device isolation and Ni/Pt/Au T-gates were realized. The
devices were passivated with a 250-nm-thick Si3N4 layer
deposited by plasma enhanced chemical vapor deposition.

A) Measured impact of the drain voltage on
trap parameters
The measured impact of the drain bias voltage on trap para-
meters is illustrated here through a 2 × 50 mm carbon
doped InAlN/GaN HEMT grown on SiC with 250-nm gate
length. This device was fabricated using a 3-inch reactor.
The heterostructure consists in 1.8-mm-thick carbon doped
GaN buffer layer, 1-nm AlN spacer layer, and 8-nm
undoped In0.19Al0.81N barrier layer with 18.7% of indium
content, giving rise to InAlN barrier layer close to lattice-
matched conditions to GaN.

The device was first characterized at a drain bias voltage
VDS of 21 V and a drain current density IDS of 100 mA/mm.
Figures. 4 and 5 show the measured real and imaginary
parts of Y22 versus frequency and temperature. Both figures
demonstrate a positive dispersion of fRinf and fIpeak toward
high frequencies when the temperature increases.

It is clear from the Figs. 4 and 5, that the peaks of imag[Y22]
are more precisely determined than the inflexion points of
real[Y22], both methods giving tn, as explained in Section II.
Therefore, the frequencies fIpeak corresponding to the mea-
sured peak values of imag[Y22] at each temperature are used
to determine the temperature dependence of the emission
time constant tn.

At this first drain bias voltage VDS of 21 V, Fig. 5 shows that
each measured curve of imag[Y22] at a given temperature pre-
sents two peaks that reveal the presence of two traps. Thus, the
measured evolution of fIpeak was extracted from Fig. 5 for both
traps to determine the temperature dependence of their emis-
sion rate (3). Then, using the Arrhenius’ equation, both trap
signatures were determined with apparent activation energies

Fig. 3. Schematic of the LF–HF (5–3 GHz) measurement setup in one-port
configuration for the characterization of the output admittance [7].

Fig. 2. Imaginary part of Y22 versus frequency derived from a physical
simulation at various ambient temperatures. The inset shows the Arrhenius
plot with an extracted activation energy of 0.26 eV [7].
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Ea of 0.8 and 1.02 eV, respectively, and capture cross-sections
sn of 1.3 × 10215 cm2 and 3.37 × 10215 cm2, respectively.
The extracted Arrhenius plots of both traps are shown in
Fig. 6.

The elevation of the component’s temperature due to the
self-heating is taken into account. We previously extracted
the thermal resistance of our transistor by using the Ansys

software and by applying three-dimensional finite elements
simulations. Thus, knowing the thermal resistance Rth, the
temperature of the thermal chuck Tchuck and the dissipated
power Pdiss we were able to extract the junction temperature Tj:

Tj = Tchuck + Rth × Pdiss. (6)

After these first measurements at a constant voltage of 21 V, a
second characterization process was defined to investigate the
impact of the electric field on trap parameters. Indeed, as the
temperature causes a strong frequency dispersion of Y22,
the characterization was defined to separate the impact
of the electric field with the thermal effect due to a variation
of the drain voltage. Thus, to impose the same thermal state
when varying the drain bias voltage VDS, the ambient tem-
perature and the drain bias current IDS were monitored to
keep constant the dissipated power during measurements.
Finally, at a fixed ambient temperature of 1358C and a fixed
DC power of 2.1 W/mm, Fig. 7 shows the measured imaginary
part of Y22 for a drain voltage VDS varying from 15 to 23 V.

As previously observed in Fig. 5, each measured curve of
Fig. 7 at a given VDS voltage shows two peaks of imag[Y22]
that characterize two traps. Moreover, when the drain voltage
VDS increases, the frequencies fIpeak move towards high fre-
quencies, and thus the emission rate increases. Therefore, the
emission rate increases not only with the temperature but
also with the applied electric field. As shown on the curves of
Fig. 7, the magnitude of peaks is also very sensitive to the bias
voltage VDS. During this measurement process, it has been
observed that this phenomenon saturates for drain voltage
lower than 10 V and higher than 25 V, as shown in Fig. 8.

The dependence of the emission rate on the electric field
was already observed [11, 12] and could be attributed to
Poole–Frenkel effects. This mechanism of field-assisted emis-
sion is defined by the Poole–Frenkel equation that relates the
variation of the ionization energy Ei to the square root of the
applied electric field F

Ei(F) = Ei(0) − b
��
F

√
with b =

����
q3

p1

√
, (7)

where Ei(0) is the zero-field binding energy of the electron in

Fig. 4. Measured real part of Y22 versus frequency in the temperature range
25–1708C. Dashed lines show the inflexion points for one trap.

Fig. 5. Measured imaginary part of Y22 versus frequency in the temperature
range 25–1708C. The arrow shows the shift of peak values toward high
frequencies with increasing temperature.

Fig. 6. Arrhenius plots of both traps extracted from Fig. 5.

Fig. 7. Measured imag[Y22] versus frequency at a fixed temperature of 1358C
for a drain voltage varying from 15 to 23 V. The arrow shows the shift of peak
values towards high frequencies with increasing voltage.
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the trap, q is the electron charge, and 1 is the dielectric con-
stant of the material.

During this first experimental study at different drain vol-
tages, the trap signatures were extracted and their dependence
on the applied voltage was compared with the theoretical
Poole–Frenkel mechanism.

On a small range of drain voltage from 21 to 24 V, where
the electric field F is assumed proportional to the drain
voltage, Fig. 9 plots the extracted apparent activation energy
Ea of the first trap (Trap1 in Fig. 7) as a function of the
square root of the drain voltage. As a first conclusion for
this measured device, Fig. 9 shows that the apparent activation
energy increases with the square root of the applied field,
which is contrary to the Poole–Frenkel model demonstrating
that the Poole–Frenkel mechanism is not the dominant effect
in this case.

This first study of Section III dealt with the issue of
field-assisted emission through the low-frequency measure-
ments of a 2 × 50 mm carbon doped InAlN/GaN HEMT.
For this device, two deep-level traps called trap 1 and trap 2
were characterized in Figs 5 and 6 with activation energies
of 0.8 and 1.02 eV, respectively.

Moreover, the measurements performed at different drain
voltages clearly demonstrated in Fig. 7 that the extracted

activation energies strongly depend on the electric field. This
suggests that they are donor traps [13], which are also con-
firmed by the physical simulations. As previously explained,
this also suggests that the Poole–Frenkel effect might be
responsible of this field-assisted emission. To assess whether
the measured dependence of the activation energy on the
applied voltage follows the Poole–Frenkel equation, the appar-
ent activation energies Ea were extracted in Fig. 9 at a fixed
thermal state for a small variation range of the drain
voltage. Finally, the plot of Fig. 9 shows that the activation
energy Ea are quite proportional to the square root of the
drain voltage, which would be consistent with the Poole–
Frenkel model. However, Fig. 9 shows that the apparent acti-
vation energy increases with the square root of the applied
voltage, which is contrary to the Poole–Frenkel equation (7).
It should be noted that the same measurement process was
applied to other similar technologies that demonstrated acti-
vation energies decreasing with increasing drain voltage.

As a result, these measurements show that the Poole–
Frenkel effect may be one of the physical mechanisms that
explain the measured field dependence of trap parameters
but it seems that other unidentified mechanisms are also
involved.

In addition, it is also interesting to point out that saturation
effects are observed when the applied field is too low or too
high. As shown in Fig. 8, we can notice that the shape of
imag[Y22] at the lower drain voltage of 10 V was clearly modi-
fied with even a reverse peak that goes into negative value.
Finally, Fig. 8 shows that the peak of imag[Y22] tends to dis-
appear at low VDS voltages below 10 V, and thus the zero-field
activation energy cannot be directly extracted. This demon-
strates that the simplified RC model of traps can only
explain the positive peaks and shows its limitations in the
cases of low fields or interactions between several traps.

B) Measured impact of ageing on trap
characteristics
The measurement of ageing effects and their impact on trap
characteristics are illustrated here through a 2 × 250 mm non-
intentionally doped InAlN/GaN HEMT grown on SiC sub-
strate with 150-nm gate length. This device was fabricated
using a 2-inch reactor. The heterostructure consists in
1.7-mm-thick non-intentionally doped GaN buffer layer,
1-nm AlN spacer layer, and 11.5-nm undoped In0.18Al0.82N
barrier layer.

Two procedures of ageing were performed during ~4000 h
on two device samples by applying a DC stress of 25 V drain
voltage and 237 mA/mm current density. During this DC
stress, the two devices were set at high ambient temperatures
of 2258C (case 1) and 3308C (case 2), respectively.

To quantify the classical impact of ageing on drain cur-
rents, I–V measurements were periodically performed
during the ageing time. As shown in Fig. 10, we can note a
quick decrease of the measured current at the beginning of
ageing, and thereafter the negative impact on the drain
current is gradually reduced.

Moreover, to assess the impact of ageing on the trapping
behavior of devices, after-stress low-frequency measurements
were performed in three cases of ageing. The first two cases of
ageing correspond to cases 1 and 2 of DC stress during

Fig. 8. Bias dependency of the measured imag[Y22] versus frequency at a fixed
temperature of 1358C and a fixed dissipated power of 2.1 W/mm for a larger
range of the drain bias voltage from 10 to 23 V.

Fig. 9. Extracted apparent activation energies as a function of the square root
of the drain voltage VD ranging from 21 to 24 V (Trap1 of Fig. 7).
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~4000 h, as previously described above. The third case corre-
sponds to an unstressed device.

Figure 11 shows the after-stress measurements of
imag[Y22] under 20-V drain voltage and 100-mA/mm
current density at four ambient temperatures of 35, 60, 85,
and 1358C. When comparing the after-stress low-frequency
measurements of unstressed and stressed devices, this charac-
terization demonstrates the strong impact of ageing on trap
behaviors.

In the case of the after-stress measurement at an ambient
temperature of 858C, three vertical dashed lines of Fig. 11
point to the peaks of imag[Y22] that correspond to the three
cases of ageing. This helps to illustrate that the frequency
fIpeak is shifted towards low frequencies when we move from
the peak of the unstressed device towards that of the worst
case of stressed device (case 2). The same observation
applies to each temperature of Fig. 11 indicating that the emis-
sion rate decreases with ageing. In addition, not only the peak
frequencies fIpeak but also the peak magnitudes decrease with
increasing stress.

Moreover, the after-stress measurements of Fig. 11 clearly
show that a second peak appears in the worst case of stressed
device (case 2). This is particularly evident from the measured
curve of case 2 at 358C.

This second study of Section III dealt with the measured
impact of ageing on trap parameters for a 2 × 250 mm non-
intentionally doped InAlN/GaN HEMT. Two identical
device samples were exposed to a DC stress of 25-V drain
voltage and 237-mA/mm current density during ~4000 h at
high ambient temperatures of 2258C (case 1) and 3308C
(case 2), respectively. I–V measurements were first reported
to illustrate the impact of ageing [14] with a decrease of
15% for the maximum current and a shift of 0.25 V for the
pinch-off voltage after 380 h of ageing.

To evaluate the impact of ageing on trap characteristics,
after-stress low-frequency measurements of imag[Y22] were
performed versus temperature on the two stressed devices
and compared to that of an unstressed device. These
after-stress measurements of Fig. 11 clearly demonstrate the
strong impact of ageing on trap behaviors. In addition, it
was observed that the emission rate decreases with ageing
for this particular device with a second peak appearing in
the worst case of stressed device (case 2). This shows that low-
frequency measurements of imag[Y22] can be very helpful to
assess whether some extracted traps are responsible for stron-
ger post-stress degradation and to witness the creation of new
traps due to this stress. This would be very useful for the reli-
ability work of technology developments. It should be noted
that the low-frequency measurement technique is well suited
for reliability measurements because of its dynamic range
and speed.

C) Measured impact of light on trap
parameters
The impact of light on trap characteristics is illustrated
through low-frequency measurements of a 2 × 250 mm non-
intentionally doped AlGaN/GaN HEMT grown on SiC sub-
strate with 0.7-mm gate length. This device was fabricated
using a 3-inch reactor. The heterostructure consists in
1.7-mm-thick non-intentionally doped GaN buffer layer and
26.6-nm undoped Al0.19Ga0.81N barrier layer.

During initial on-wafer I–V measurements, the active
devices of this wafer were found to be very sensitive to light
exposure. Figure 12 shows on-wafer I–V measurements of
gate and drain current densities versus the gate voltage in
the cases of dark conditions or light exposure. In both cases,
the measured drain currents were identical above pinch-off.
However, near the pinch-off region, Fig. 12 shows that the
drain current density increased dramatically when the
device was exposed to light coming from a fluorescent lamp.
In this case, the light exposure was responsible for the degrad-
ation of pinch-off characteristics.

Thereafter, the impact of light exposure on the trapping
behavior was characterized by low-frequency measurements
of Y22 to assess whether particular trapping effects are respon-
sible for this high level of light sensitivity.

Figure 13 shows the comparison between measured
imag[Y22] with and without light exposure at an ambient tem-
perature of 1358C under bias conditions of 20-V drain voltage
and 100-mA/mm drain current density. In the case of light
exposure, it can be observed that a distinct peak appears at

Fig. 11. Comparison between measured imag[Y22] of stressed and unstressed
devices. Cases 1 and 2 correspond to 4000 h ageing with a DC stress of 25 V
and 237 mA/mm at 225 and 3308C, respectively. After-stress measurements
were performed under (20 V, 100 mA/mm) at the temperatures of 35, 60,
85, and 1358C. At 858C, the dashed lines show the shift of fIpeak toward low
frequencies from the unstressed case to cases 1 and 2.

Fig. 10. Measured drain current IDS versus the gate voltage VGS during the
ageing caused by a DC stress of 25 V and 237 mA/mm at a temperature of
3308C. The arrow shows the decrease of current with the ageing time.
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a significantly higher frequency, while the peak that was pre-
viously observed at a lower frequency under dark conditions is
greatly decreased. Therefore, temperature measurements were
performed with light exposure to extract this trap signature.

Figure 14 shows the measured imag[Y22] with light expos-
ure at ambient temperatures ranging from 60 to 1708C under
the same bias conditions of 20 V drain voltage and 100 mA/
mm drain current density. One can clearly observe that the
measured behavior of this trap is opposite to that observed
in the previous cases. Indeed, the frequency fIpeak of Fig. 14
is shifted toward low frequencies with increasing temperature,
and thus the emission rate is decreased.

As a result of this, the Arrhenius plot extracted from the
measured temperature dependence of Fig. 14 still gives a
straight line, but with a negative slope, and thus a negative
value of 20.18 eV for the extracted activation energy Ea.

This third experimental study reported in Section III dealt
with the impact of light on the trap parameters of a 2 ×
250 mm non-intentionally doped AlGaN/GaN HEMT.
Indeed, initial on-wafer I–V measurements of this particular
device demonstrated a high sensitivity to light exposure with
a great increase of the drain current from 40 mA to 10 mA
near the pinch-off voltage. Thus, low-frequency

measurements were performed with and without light expos-
ure to investigate the role of traps in this light sensitivity.
Figure 13 demonstrates that the degradation of drain
current can be clearly attributed to a specific trap that
appears with the light exposure. Indeed, a trap is initially
detected at low frequencies under dark conditions, while its
magnitude is greatly reduced with light exposure, which
reveals another trap at higher frequencies.

Thus, temperature measurements were performed with
light exposure to extract the signature of this trap activated
by the light. In this case, Fig. 14 shows that the emission
rate of this trap decreases with increasing temperature,
which is opposite to the most commonly observed behavior.
Indeed, this might be explained by the characteristic of an
acceptor-like trap instead of a donor-like trap [15]. A future
experimental work is planned to determine what wavelength
is responsible for this trap activation using LEDs of different
colors associated to a monochromator for illuminating the
device.

I V . C O N C L U S I O N

This paper reports the characterization principle of trapping
effects in GaN HEMTs by low-frequency measurements of
their output-admittance versus temperature. The extraction
technique of activation energies and capture cross-sections
for detected traps is based on the Arrhenius equation
applied to temperature-dependent measurements of the
imaginary part of Y22. The extraction principle of trap signa-
tures from low-frequency measurements was qualitatively
validated in Section II through the simulation of an actual
physical model, which integrated a predefined trap. In
Section III, the particular impacts of bias voltage, ageing,
and light on trapping behavior are experimentally investigated
and reported through the low-frequency measurement of dif-
ferent GaN technologies such as non-intentionally doped or
carbon doped In0.19Al0.81N/GaN HEMTs.

This characterization method presents an advantage
over the other methods based on pulsed voltage principle
(DLTS, etc.) by avoiding pulse effects like voltage stabilization
time or non-constant temperature. It also offers a number of
key advantages such as its wide dynamic range and

Fig. 13. Comparison between measured imag[Y22] versus frequency with and
without light exposure. The device is biased under 20-V drain voltage and
100-mA/mm drain current density at an ambient temperature of 1358C.

Fig. 12. Comparison between measured drain and gate current densities
(ID and IG) versus the gate voltage VG under dark conditions or light
exposure from a fluorescent lamp.

Fig. 14. Measured imag[Y22] versus frequency with light exposure in the
temperature range 60–1708C. The arrow shows the shift of peak values
towards low frequencies with increasing temperature.

highlighting trapping phenomena in microwave gan hemts 293

https://doi.org/10.1017/S1759078715000094 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078715000094


measurement speed. As this method is very sensitive, it reveals
some complex behavior of the trapping phenomena. However,
we still have to overcome some difficulties such as the weak
trap excitation under low fields, the interactions between
several detected traps or the extraction of acceptor-like traps.

Given the strong dependency of the extracted activation
energy with the applied bias, it is difficult to compare these
extracted values with other works. Nevertheless, in further
studies, these extracted values of activation energy and
capture cross-section can be used within a cycle of physical
simulations to assess the possible origin of the detected traps.

The future work on this characterization method is to over-
come these drawbacks and improve the measurement inter-
pretations with the help of physical device simulations, in
order to provide an efficient feedback to the technological
developments.
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