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Abstract— Aluminium
gallium
nitride
(AlGaN)/GaN
high-electron mobility transistor performance is to a large extent
affected by the buffer design, which, in this paper, is varied
using different levels of carbon incorporation. Three epitaxial
structures have been fabricated: 1) two with uniform carbon
doping profile but different carbon concentration and 2) one
with a stepped doping profile. The epitaxial structures have been
grown on 4H-SiC using hot-wall metal–organic chemical vapor
deposition with residual carbon doping. The leakage currents
in OFF -state at 10 V drain voltage were in the same order of
magnitude (10−4 A/mm) for the high-doped and stepped-doped
buffer. The high-doped material had a current collapse (CC)
of 78.8% compared with 16.1% for the stepped-doped material
under dynamic I–V conditions. The low-doped material had
low CC (5.2%) but poor buffer isolation. Trap characterization
revealed that the high-doped material had two trap levels
at 0.15 and 0.59 eV, and the low-doped material had one trap
level at 0.59 eV.
Index Terms— Current collapse (CC), dispersion, gallium
nitride (GaN), high-electron mobility transistor (HEMT), trap
levels.

I. I NTRODUCTION

G

ALLIUM nitride (GaN)-based high-electron mobility
transistors (HEMTs) offer exceptional high frequency
and power performance due to its high-electron mobility
and wide bandgap. In terms of traditional high-frequency
figures of merit GaN devices have matured in the last decade,
reaching f T /f max of up to 450/600 GHz [1] and output power
up to 40 W/mm [2].
High output power is enabled by a highly semi-insulating
buffer, which improves breakdown characteristics, minimizes
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buffer leakage, and short-channel effects [3]. Buffer isolation
can be achieved using intrinsic growth defects to form
deep donors and acceptors [4]. This approach yields highly
resistive (HR) buffers but at the expense of crystal quality.
Alternatively, an intentional dopant, such as iron (Fe),
carbon (C), or magnesium (Mg), enables HR buffers without
compromising crystal quality [5], [6]. Both procedures
introduce trap states which may reduce the ON-state conductance and maximum drain current under dynamical conditions,
effectively limiting the RF output power and efficiency [7].
The most commonly used buffer dopant is Fe, which suffers
from memory effects during growth, rendering arbitrary
design of the doping profile impossible [6]. The carbon
doping process lacks such memory effects, making it possible
to have discontinuous C-doping profiles and sharp transitions
to the GaN channel [8]. However, simulations on
carbon-doped HEMTs indicate a problem where the buffer
can become floating, possibly pinching the active channel [9].
Nevertheless, both iron and carbon doping suffer from severe
current collapse (CC) if the compensation-doped buffer is
placed close to the GaN channel [10]–[13]. Several reports
show that the doped buffer should be placed at a sufficiently
long distance from the GaN channel to reduce CC [10], [14].
The optimal buffer design is a tradeoff between several
HEMT characteristics (e.g., breakdown voltage, short-channel
effects, subthreshold leakage, CC, and maximum drain–source
current) and may vary for different applications.
In this paper, we have fabricated three types of
AlGaN/AlN/GaN:C HEMTs with different carbon doping
concentration and profile. A comprehensive characterization,
including dc, small signal RF, and large signal RF, has been
carried out in order to evaluate the device performance,
focusing on microwave power amplifiers. Trap characterization
has been carried out using pulsed I –V , drain current
transient (DCT), and conductance dispersion measurements.
This paper will also form a foundation for physical device
simulations to further understand carbon trapping phenomena,
and to optimize the carbon doping profile in the buffer.
This paper is organized as follows. Material growth and
the HEMT fabrication process is covered in Section II.
The device characterization and measurements are presented
in Section III. Finally, the conclusion is drawn in Section IV.
II. E XPERIMENT
A. Growth of AlGaN/AlN/GaN Heterostructures on SiC
The epitaxial structures were grown by a hot-wall
metal–organic chemical vapor deposition system [15], [16].
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TABLE I
M ATERIAL C HARACTERIZATION B EFORE AND A FTER P ROCESSING .
B EFORE P ROCESSING , Rsh WAS M EASURED U SING A E DDY-C URRENT
T ECHNIQUE AND µ AND n s W ITH L EHIGHTON . A LL PARAMETERS
A FTER P ROCESSING W ERE E XTRACTED
F ROM H ALL M EASUREMENTS

Fig. 1.
Specification of the epitaxial design. (a) High-C. (b) Low-C.
(c) Stepped-C. Figures are not to scale.

The heterostructure consisted of a 100-nm high-temperature
AlN nucleation layer, a thick GaN layer with different carbon
doping profiles followed by a 2-nm AlN exclusion layer, and
an undoped AlGaN layer grown on semi-insulating 4H-SiC.
The carbon doping in the GaN layer was realized using
residual carbon impurities, which is controlled by the
growth temperature [17]. Four different carbon levels were
utilized in this paper, i.e., 1 × 1018 cm−3 , 5 × 1017 cm−3 ,
1 × 1017 cm−3 , and 1 × 1016 cm−3 that were
prepared at the growth temperatures of 980 °C, 1000 °C,
1040 °C, and 1080 °C, respectively. Three epiwafers were
grown to study the dispersion and memory effects, denoted
as High-C, Low-C, and Stepped-C. The structural parameters
and carbon profiles of the epiwafers are shown in Fig. 1.
Two single-level carbon profiles were designed for the GaN
layers in High-C and Low-C, respectively. The Stepped-C
wafer contains a three-level carbon profile.
The crystalline quality of the three epiwafers was assessed
by high-resolution X-ray diffraction rocking curve measurements. The values of full width of half maximum of the
GaN (102) peaks for High-C, Low-C, and Stepped-C were
365, 282, and 436 arcsec, respectively.
The sheet resistance was measured using a noncontact
eddy-current technique. The mobility and the sheet carrier
density were determined using a noncontact low-power
microwave reflectance technique supplied by Lehighton on the
center position of each epiwafer (Table I) [18].
B. HEMT Fabrication
The HEMT process used in this paper is a passivation-first
process. Silicon nitride (SiNx ) was deposited at 820 °C with
low-pressure chemical vapor deposition. H2 SiCl2 and NH3
were used as precursor gases at a flow ratio of 6:1. These
parameters resulted in a 60-nm thick Si-rich SiNx with a
refractive index of 2.3. The mesas were then defined with a
stepper and etched with an inductive coupled plasma/reactive
ion etch (ICP/RIE) using NF3 -plasma (to etch the SiNx ) and
Cl/Ar-plasma (to etch the AlGaN/AlN/GaN heterostructure).
Ohmic contacts were formed by self-aligned recessing, metalstack evaporation, and liftoff. The structure was recessed
to a depth just above the AlN exclusion layer [19] and a

Ta/Al/Ta (20/280/100 nm) ohmic metal stack was electron
beam evaporated [20]. The gates were defined in a twostep electron beam lithography process. In the first step,
the footprint of the gate was defined and patterned with a
low-bias ICP/RIE NF3 -plasma process. The resulting gate
length was 0.2 µm. In the second stage, the gate metalization pattern was defined. The gate metalization, Ni/Pt/Au,
was evaporated with a thickness of 20/10/400 nm. Finally,
gate, source, and drain electrodes were defined and metalized
with sputtering of Ti/Au with a thickness of 30/320 nm.
All measurements were performed on HEMTs with a total
gate width of 50 µm. The gate–source and gate–drain
distances are 0.75 and 2 µm, respectively, for the High-C and
Low-C HEMTs. The corresponding dimensions of the
Stepped-C HEMT are both 0.9 µm. Transfer length
method (TLM) and van der Pauw structures were also defined
simultaneously on all wafers.
III. R ESULTS
This section describes and discusses the HEMT
measurements. The Stepped-C device has a different
layout and structure compared with the Low-C and High-C
devices, which has been accounted for where necessary.
Overall, the Stepped-C HEMT has lower parasitic resistance
due to shorter source–drain distance.
A. Hall
After processing, Hall measurements were performed using
a Hall effect measurement system (HL5500PC, Biorad).
The measured quantities are in good agreement with the
preprocessing measurements (Table I). The passivationfirst process, with a high-quality SiNx combined with a
low-temperature ohmic contact anneal, preserves the mobility
and electron density. However, the High-C structure showed
a large nonuniformity. This is likely associated with nonuniform carbon distribution over the epiwafer. As mentioned
in Section II-A, the residual carbon from the growth chamber
and the precursor itself (tri-methyl gallium) were utilized
as the carbon source. The carbon incorporation rate was
controlled by the growth conditions. Therefore, the uniformity of the carbon doping depends greatly on the temperature and deposition profiles in the growth zone. In this
investigation, no focus has been in optimizing the carbon
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TABLE II
TLM M EASUREMENT R ESULTS

uniformity over large area. Since carbon is known for its
adverse impact on two-dimensional electron gas properties,
it is reasonable to attribute the variance of Rsh to the
uniformity of the carbon distribution. The mobility of
the Stepped-C wafer was not as high as expected, and
the mechanism is not completely understood. However, it
should be noted that its AlGaN structure contained a high
Al content, 30%, that accordingly built up high strain on the
GaN, which might give rise to an early partial relaxation of
the AlGaN, leading to a degraded mobility.
B. DC
TLM measurements were performed on three positions on
each wafer (Table II). All materials show a similar contact
resistance (Rc ), demonstrating the feasibility of a repeatable
recessed ohmic contact process. The Rsh after device
fabrication is in good agreement with the preprocess and
Hall measurements (Table I).
The I –V characteristics were measured with a parameter
analyzer and are shown in Fig. 2(a) and (b). A significantly
lower leakage current is seen for devices with a high and
stepped carbon doping. The higher gate leakage for the
low-doped device can be affiliated with the pinchoff
voltage, which is more negative compared with the
high-doped device. This will increase the slope of the
energy band in the AlGaN/GaN interface. Therefore, electron
tunneling is more prominent, effectively increasing the gate
leakage. Drain-induced barrier lowering (DIBL) is comparably
small for the Stepped-C and High-C devices, but severe for
the Low-C device [Fig. 2(b) (inset)]. For Low-C HEMTs,
the threshold voltage is continuously lowered as the drain
voltage increases and drops dramatically beyond 30 V. This
can be explained by high-energy electron injection into the
buffer. Table III contains extracted values of the subthreshold
slope (SS), ON-resistance (RON ), saturated drain current (IDSS ),
transconductance (gm ), and DIBL. As expected the SS is
higher for devices with better electron confinement
(High-C and Stepped-C). The variation in ON-resistance
between the devices is due to differences in Rsh , Rc ,
and the device layout. The lower saturation current and
transconductance for the High-C device can be attributed to
the lower carrier density and carrier mobility in the material.
The Low-C and Stepped-C devices are comparable in terms
of saturation current, while Stepped-C has slightly higher
transconductance.
Breakdown was measured using a drain current injection
technique [21] [Fig. 2(c)]. A sharp step is seen at the pinchoff
voltage for the High-C and Stepped-C materials. The step
is followed by a slope, where channel breakdown occurs.

Fig. 2.
DC characteristics. (a) Drain current and transconductance at
VDS = 10 V versus gate voltage. (b) Gate and drain currents at VDS = 10 V
as a function of gate voltage. Inset: threshold voltage versus drain voltage.
(c) Drain–gate voltage normalized with L GD as a function of the gate–source
voltage while keeping a constant drain current.
TABLE III
DC C HARACTERIZATION R ESULTS . A LL PARAMETERS E XCEPT
DIBL AND RON E XTRACTED AT VDS = 10 V

Eventually, gate breakdown occurs in the last region where
VDG saturates. The measurement of the Low-C material shows
a different behavior with no sharp transitions. This is explained
by the electron injection in the low-doped buffer, and the
majority of the drain current in this device is leaking through
the buffer.
C. S-Parameters
S-parameters were measured from 10 MHz to 110 GHz.
The measured S11 , S22 , |U |, and |h 21 | at the bias point with
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Fig. 3. S-parameter measurement. (a) Input impedance, S11 . (b) Output
impedance, S22 . (c) Magnitude of U and magnitude of h 21 .
TABLE IV
S MALL S IGNAL C HARACTERIZATION R ESULTS . PARAMETERS gm,ext ,
gds,ext , AND Cout E XTRACTED AT B IAS P OINT FOR M AX f T

maximum f T are shown in Fig. 3. The devices have similar
small signal behavior in terms of input and output impedance,
while the device with Stepped-C has noticeably higher gain
than devices with High-C and Low-C. Table IV summarizes
the small signal characterization in terms of maximum f T ,
maximum f max , extrinsic gm , extrinsic gds, and extrinsic Cout .
The small signal parameters were extracted at 285 MHz at the
bias point for maximum f T (VGS = −2 V and VDS = 4 V for
High-C, VGS = −3.5 V and VDS = 7 V for Low-C, and
VGS = −2.5 V and VDS = 4 V for Stepped-C). The
Stepped-C device shows the best performance in terms of
f T and f max mostly due to its different layout and structure.
The output capacitance and output conductance are similar
for all devices, and the extracted transconductance shows
reasonable agreement with the values obtained from the
dc characterization.
D. Output Conductance Dispersion
An investigation of the output conductance dispersion
was performed by measuring low-frequency Y-parameters at
different ambient temperatures. This enables extraction of the

Fig. 4.
Output conductance dispersion (phase of Y22 ) measurements.
(a) High-C. (b) Low-C. (c) Stepped-C.

activation energies of trap states [22]. The temperature was
swept from 20 °C to 160 °C. Calibrated two-port Y-parameter
measurements were made from 5 Hz to 3 GHz with the
quiescent drain current set to 15% of IDSS . The quiescent drain
voltage was adjusted so that the dissipated power was equal
to 0.1 W, resulting in low self-heating.
The measurements are shown in Fig. 4. The High-C device
is suffering from severe dispersion with two prominent peaks
and the Low-C device is showing similar dispersion at low
frequencies as the High-C device. The activation energies
of traps E 2 and D1 are extracted from an Arrhenius
diagram (Fig. 5); E 2 = 0.59 eV and D1 = 0.15 eV.
Traps associated with the E 2 activation energy are interesting
because this trap level is also found in devices with iron
doping. It is speculated that this trap is related to defects
in the GaN material, which is dependant on the buffer
doping concentration. The physical origin of the trap is not
determined, but can be due to either impurities or intrinsic
defects, such as vacancies or antisites [23]. The D1 trap is also
related to defects and dislocations in the GaN material [24].
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TABLE V
C URRENT S LUMP AND DYNAMIC RON C OMPARISON . Q UISCENT
P OINTS I NDICATED W ITHIN PARENTHESIS

Fig. 5.

Arrhenius plot for identified traps in the dispersion measurements.

Fig. 6. DCT measurement showing the drain current derivative with respect
to logarithmic time. Inset: DCT normalized with the quiescent current versus
logarithmic time.

In [25], a trap with similar activation energy (0.18 eV) is
found, and is suggested to be located at the surface. The
Stepped-C device does not show any consistent shift in the
dispersion peaks versus frequency and no activation energy
could, therefore, be extracted.
E. Drain Current Transient
Trapping time constants were investigated using an
oscilloscope-based DCT measurement setup. The gate was
biased at a constant voltage, setting the quiescent drain current
to 25% of IDSS . The drain voltage was pulsed from
VDSQ to 2 · VDSQ . Measurements with this pulse type and
bias point will probe channel trapping and deep buffer traps
under ON-state device operating conditions. The drain voltage
is normalized to consider the different layout of the Stepped-C
device.
Application-like conditions were invoked by having a short
and periodic trap filling pulse. The trap filling pulse was 10-µs
long and the period time was set to 1 s to facilitate full
recovery of the drain current. The drain current was monitored
from 1 µs to 10 ms. The measured DCT is shown in
Fig. 6 (inset). The time constants were extracted using a
polynomial fitting method [26], and are shown in Fig. 6.
A trap with an emission time of ∼50 µs is observed for
both the High-C and the Low-C materials. However, the
high-doped material also has a trap with an emission time
of ∼1 ms, indicating the presence of another trap level. This
is in line with the trap state characterization in Section III-D.
Even though no trap levels were identified for the Stepped-C
material in Section III-D, it has a large peak emission

Fig. 7. Current slump (1) versus different quiescent states. (a) VDSQ = 0 V,
VGSQ stepped. (b) VGSQ = −6 V, VDSQ stepped.

at ∼0.3 ms. The amplitude of the current lag is higher than for
the other materials and may be due to errors in normalization
of the quiescent voltages, but does not effect the qualitative
analysis.
F. Pulsed I–V
CC and knee walkout effects were characterized using a
dynamic I –V analyzer (Accent D225). The pulselength was
set to 1 µs with a 1 ms period time. The gate voltage was
pulsed from −6 to 1 V in 0.5 V steps and the drain voltage
was pulsed from 0 to 15 V in 0.1 V steps. This measurement
was carried out to investigate surface trapping and deep buffer
trapping under OFF-state quiescent conditions.
The magnitude of the CC is given by the slump ratio
defined as
IDS |VGSQ ,VDSQ − IDS |0,0
Z (VGSQ , VDSQ ) =
· 100
(1)
IDS |0,0
where IDS |VGSQ ,VDSQ , and IDS |0,0 are the drain current
measurements with a quiescent state of (VGSQ and VDSQ )
and (0 and 0), respectively. The drain currents used
for calculating the slump ratio are taken from readings
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Delivered output power and drain efficiency versus delivered input

G. Load-Pull
Large signal device characterization was carried out using
an active load-pull setup [27] at a fundamental frequency
of 3 GHz. The devices were biased in Class AB, with a
quiescent current of 15% of IDSS and VDSQ = 15 V.
An input power sweep was carried out for each device with
the load impedance optimized for maximum output power, and
the corresponding output power and drain efficiency is shown
in Fig. 9. The Low-C and Stepped-C devices show comparable
performance and deliver similar output powers. The gain is
slightly higher for the Stepped-C device, resulting in higher
drain efficiency at lower input powers and earlier saturation.
As expected from the previous measurements, the large signal
RF performance of the High-C device is degraded due to the
severe CC, effectively lowering the output power and drain
efficiency. The maximum obtained output power is in good
agreement with estimations from pulsed I –V measurements
and amount to ∼0.9, 2.4, and 2.3 W/mm for High-C, Low-C,
and Stepped-C, respectively.
IV. C ONCLUSION

Fig. 8. Pulsed I –V measurements showing the dynamic IDS –VDS behavior
for different quiescent states. (a) High-C. (b) Low-C. (c) Stepped-C.

at VGS = 1 V and VDS = 10 V. The current slump and dynamic
RON is given for two quiescent states in Table V. The slump
ratio versus VDSQ and VGSQ is shown in Fig. 7. The dynamic
IDS –VDS characteristics for five different quiescent states are
shown in Fig. 8.
The High-C device exhibits a major CC and drops to ∼75%
of the reference current, while the Low-C device has very
slight CC throughout the VDSQ stepping. The Stepped-C
HEMT shows similar VDSQ dependence as the Low-C device.
However, the Stepped-C device has larger CC due to the
drop in drain current when a nonzero quiescent gate voltage
is applied. The current slump performance of the Stepped-C
device is not entirely in line with the DCT measurements,
which might be due to the normalization in the DCT
measurements. The high-doped device shows large dynamics
in RON and severe knee walkout, with a near eightfold increase
in ON-resistance. The significant increase in ON-resistance for
the high-doped device confirms that the D1 -trap is located on
the surface.

We have shown an extensive characterization of
GaN HEMTs fabricated from three different materials
with a high, low, and stepped carbon doping profile. Results
show that low leakage current and low CC can be achieved
by optimizing the doping profile, thus maintaining good large
signal RF performance. In consistency with other reports,
placing a highly doped buffer close to the GaN channel
severely degrades large signal RF performance due to the
high CC. The Low-C and Stepped-C devices show similar
performance in terms of dc and RF, where the former offers
slightly less CC and the latter lower leakage current.
The use of carbon doped buffer in [9] is shown to form a
floating p-n junction, causing severe dispersion. The characterizations carried out in this paper indicates that the dispersion
of C-doped GaN HEMTs is not as severe, and in line and
even better than the previous work on Fe-doped buffers. The
dispersion in C-doped buffers might, therefore, be due to
other defects in the crystal not considered, but discussed,
in [9]. A recent meta study on iron-doped buffers has found
a trap with an activation energy of 0.6 eV, which is not
directly related to the Fe-atoms in the buffer [13]. In this
paper, we have found a trap with a similar activation energy
(E 2 = 0.59 eV). We also observe another defect-related surface trap in the high-doped HEMT with an activation energy of
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D1 = 0.15 eV. These traps may explain the different results
in this paper and in [9]. Furthermore, as explained in [28],
if vertical leakage paths exist between channel and buffer the
device can still have low CC.
Trapping effects can be extremely dynamic and sensitive
to the stimuli. Depending on application needs, certain measurements can be focused on and different device properties
can be emphasized by optimizing the buffer. Carbon is indeed
a viable dopant for low-dispersive, HR buffers, and there is
room for further development and improvement of the doping
profile.
R EFERENCES
[1] K. Shinohara et al., “Scaling of GaN HEMTs and Schottky diodes for
submillimeter-wave MMIC applications,” IEEE Trans. Electron Devices,
vol. 60, no. 10, pp. 2982–2996, Oct. 2013.
[2] Y.-F. Wu, M. Moore, A. Saxler, T. Wisleder, and P. Parikh, “40-W/mm
double field-plated GaN HEMTs,” in Proc. 64th Device Res. Conf.,
Jun. 2006, pp. 151–152.
[3] M. J. Uren et al., “Control of short-channel effects in GaN/AlGaN
HFETs,” in Proc. 1st Eur. Microw. Integr. Circuits Conf., Sep. 2006,
pp. 65–68.
[4] P. B. Klein, J. A. Freitas, Jr., S. C. Binari, and A. E. Wickenden,
“Observation of deep traps responsible for current collapse in GaN
metal–semiconductor field-effect transistors,” Appl. Phys. Lett., vol. 75,
no. 25, p. 4016, Dec. 1999.
[5] Y. Wang, N. Yu, D. Deng, M. Li, F. Sun, and K. M. Lau, “Improved
AlGaN/GaN HEMTs grown on Si substrates by MOCVD,” in Proc.
10th Russian–Chin. Symp. Laser Phys. Laser Technol. (RCSLPLT) Acad.
Symp. Optoelectron. Technol. (ASOT), Jul./Aug. 2010, pp. 68–71.
[6] S. Heikman, S. Keller, S. P. DenBaars, and U. K. Mishra, “Growth
of Fe doped semi-insulating GaN by metalorganic chemical vapor
deposition,” Appl. Phys. Lett., vol. 81, no. 3, p. 439, 2002.
[7] S. C. Binari, P. B. Klein, and T. E. Kazior, “Trapping effects in GaN
and SiC microwave FETs,” Proc. IEEE, vol. 90, no. 6, pp. 1048–1058,
Jun. 2002.
[8] J. B. Webb, H. Tang, S. Rolfe, and J. A. Bardwell, “Semi-insulating
C-doped GaN and high-mobility AlGaN/GaN heterostructures grown
by ammonia molecular beam epitaxy,” Appl. Phys. Lett., vol. 75, no. 7,
p. 953, Aug. 1999.
[9] 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.
[10] E. Bahat-Treidel, F. Brunner, O. Hilt, E. Cho, J. Wurfl, and G. Trankle,
“AlGaN/GaN/GaN:C back-barrier HFETs with breakdown voltage of
over 1 kV and low RON × A,” IEEE Trans. Electron Devices, vol. 57,
no. 11, pp. 3050–3058, Nov. 2010.
[11] C. Poblenz, P. Waltereit, S. Rajan, S. Heikman, U. K. Mishra, and
J. S. Speck, “Effect of carbon doping on buffer leakage in AlGaN/GaN
high electron mobility transistors,” J. Vac. Sci. Technol. B, Microelectron.
Nanometer Struct., vol. 22, no. 3, pp. 1145–1149, 2004.
[12] V. Desmaris et al., “Comparison of the DC and microwave performance
of AlGaN/GaN HEMTs grown on SiC by MOCVD with Fe-doped or
unintentionally doped GaN buffer layers,” IEEE Trans. Electron Devices,
vol. 53, no. 9, pp. 2413–2417, Sep. 2006.
[13] M. Meneghini et al., “Role of buffer doping and pre-existing trap states
in the current collapse and degradation of AlGaN/GaN HEMTs,” in
Proc. IEEE Int. Rel. Phys. Symp., Jun. 2014, pp. 6C.6.1–6C.6.7.
[14] S. Rajan, A. Chakraborty, U. K. Mishra, C. Poblenz, P. Waltereit, and
J. S. Speck, “MBE-grown AlGaN/GaN HEMTs on SiC,” in Proc. IEEE
Lester Eastman Conf. High Perform. Devices, Aug. 2004, pp. 108–113.
[15] U. Forsberg, A. Lundskog, A. Kakanakova-Georgieva, R. Ciechonski,
and E. Janzén, “Improved hot-wall MOCVD growth of highly uniform
AlGaN/GaN/HEMT structures,” J. Crystal Growth, vol. 311, no. 10,
pp. 3007–3010, May 2009.
[16] A. Kakanakova-Georgieva, R. R. Ciechonski, U. Forsberg, A. Lundskog,
and E. Janzén, “Hot-wall MOCVD for highly efficient and uniform
growth of AlN,” Crystal Growth Design, vol. 9, no. 2, pp. 880–884,
Feb. 2009.
[17] J.-T. Chen, U. Forsberg, and E. Janzén, “Impact of residual carbon
on two-dimensional electron gas properties in Alx Ga1−x N/GaN heterostructure,” Appl. Phys. Lett., vol. 102, no. 19, p. 193506, May 2013.

[18] D. Nguyen, K. Hogan, A. Blew, and M. Cordes, “Improved process
control, lowered costs and reduced risks through the use of nondestructive mobility and sheet carrier density measurements on GaAs
and GaN wafers,” J. Crystal Growth, vol. 272, nos. 1–4, pp. 59–64,
Dec. 2004.
[19] M. Fagerlind and N. Rorsman, “Optimization of recessed ohmic contacts
for AlGaN/AlN/GaN heterostructures using C(V) characterization
of MSHM structures,” Phys. Status Solidi C, vol. 8, nos. 7–8,
pp. 2204–2206, Jul. 2011.
[20] A. Malmros, H. Blanck, and N. Rorsman, “Electrical properties,
microstructure, and thermal stability of Ta-based ohmic contacts
annealed at low temperature for GaN HEMTs,” Semicond. Sci. Technol.,
vol. 26, no. 7, p. 075006, Jul. 2011.
[21] S. R. Bahl and J. A. del Alamo, “A new drain-current injection technique
for the measurement of off-state breakdown voltage in FETs,” IEEE
Trans. Electron Devices, vol. 40, no. 8, pp. 1558–1560, Aug. 1993.
[22] G. A. Umana-Membreno et al., “Low-temperature shallow-trap related
output-admittance frequency dispersion in AlGaN/GaN MODFETs,”
in Proc. Conf. Optoelectron. Microelectron. Mater. Devices, 1999,
pp. 252–255.
[23] M. Meneghini et al., “Buffer traps in Fe-doped AlGaN/GaN HEMTs:
Investigation of the physical properties based on pulsed and transient
measurements,” IEEE Trans. Electron Devices, vol. 61, no. 12,
pp. 4070–4077, Dec. 2014.
[24] J. H. Na et al., “A study of defects in AlGaN/GaN heterostructures,” in
Proc. Int. Conf. Molecular Bean Epitaxy, Sep. 2002, pp. 189–190.
[25] M. Faqir et al., “Characterization and analysis of trap-related effects
in AlGaN–GaN HEMTs,” Microelectron. Rel., vol. 47, nos. 9–11,
pp. 1639–1642, Sep. 2007.
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