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Abstract

The effects of buffer compensation strategies on the electrical performance and RF reliability of AlGaN/GaN
HEMTs have been studied by means of static and dynamic I-V measurements, drain-current transient
spectroscopy, XRD, and RF stress tests. Devices equipped with C-doped and Fe-doped GaN buffer feature
improved subthreshold behaviour (lower source-to-drain leakage current, and lower DIBL) and improved RF
reliability. As a drawback, devices equipped with Fe- and C-doping experience higher dynamic current
disg)ersion, ascribed to higher concentration of the deep levels E2 (0.56 eV / 107 cm?) and E4 (0.84 ¢V / 10™*
cm’).
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1. Introduction

GaN-based HEMTs are excellent candidates for
next-generation high-power microwave applications.
Nevertheless, due to the spontancous n-type
conductivity of GaN crystals, devices equipped with
unintentionally-doped GaN  buffer experience
detrimental short-channel effects, undermining both
the device performances and their long-term
stability. Technological solutions involve the
introduction of carbon and/or iron species, which
compensate the unintentional donors, render the GaN
buffer layer semi-insulating, and improve the
confinement of electrons in the 2DEG. Nevertheless,
the incorporation of foreign impurities and the
related growth conditions may give rise to enhanced
crystallographic defect density and enhanced
parasitic charge-trapping phenomena. Within this
work, we comprehensively investigate the static and
dynamic parasitic effects related to the GaN-buffer
design, and we discuss the implications on the RF
performance and reliability.

2. Experimental Details

Devices under test belong to fourteen wafers
differing mainly for GaN buffer design. HEMTs
were fabricated using the same process steps and
layout, with a 0.5 um Ni/Au gate; they were grown
on silicon carbide substrate and they adopt an
AlGaN/GaN heterostructure with nominal 25% Al
concentration and 23nm AlGaN thickness, but with
different buffer compensation, including either no
doping (type 1), 3x10"7 ecm” C-doping (type II),
2x10" cm™ Fe-doping (type I1I), or 10" cm™ Fe and
10" em™ C co-doping (type IV).

The performed analysis includes (i) static, double-
pulsed, and Load-Pull characterizations, devoted to
the evaluation of static- and dynamic- performances,
(ii) Drain-Current Transient Spectroscopy (DCTS),

performed to identify the involved deep-trap-levels
and related defect-states, and (iii) x-rays diffraction
(XRD), employed to gather auxiliary information on
the crystallographic defectiveness of the samples
under test.

3. Static I-V Analysis

The parasitic conductivity of GaN buffer strongly
impact on the subthreshold behaviour of
AlGaN/GaN HEMTs. Fig. 1 shows the I5-Vg and Is-
Vg characteristics acquired on four representative
samples equipped with unintentionally doped (u.i.d.),
3x10"7 em™ C-doped, 2x10'” cm™ Fe-doped, and 10"
em” Fe- and 10" em™ C-doped buffer. Devices
equipped with wu.i.d. buffer feature remarkable
source-to-drain leakage current and high Drain-
Induced Barrier Lowering (DIBL) effect, which are
proofs of high parasitic buffer conductivity, poor
carrier confinement, and poor pinch-off properties.
Source-to-drain leakage-current and DIBL can be
gradually mitigated by the adoption of acceptor-like
carbon and iron doping, which compensate the
spontaneous n-type of u.i.d. buffer [1][2] [3]. Good
subthreshold behavior is achieved with doping
concentration equal to or greater than 10'® cm™. In
the following, the side effects of buffer doping on the
dynamic performance of the devices are reported.

4. Pulsed I-V and drain current transient
spectroscopy

To investigate the impact of different buffer-
compensation strategies on the dynamic performance
of the devices under test, double pulsed Ip-Vp
measurements [4] have been performed. Dynamic
current dispersion has been evaluated in the
quiescent bias point (Vgo; Vbg) = (-6V;25V). Results
reveal that wafers adopting iron- and/or carbon-
doped buffer show, on average, higher current



dispersion than those adopting u.i.d. buffer (Figure
2).

In order to identify the roots of enhanced charge-
trapping and related current dispersion effects, the
devices under test have been submitted to drain
current transient spectroscopy [5]. Figure 3 depicts
drain-current recovery transients performed on
representative devices equipped with w.i.d., 3x10"
em™ C-doped, and 10" ecm™ Fe- 10" em™ C-doped
buffers, subjected to 100s-long semi-on-state stress
(Vor; Vop)=(Vyt0.5V;25V).  Distinct  electron
detrapping processes are observed in the different
samples. By performing the measurements at
different base-plate temperature, we characterized
the thermal-activation of these detrapping processes,
gathering the activation-energy and the apparent
capture cross-section of involved deep-levels. The
detected deep-levels, labelled E2, E3, E4 and E5 can
be mainly ascribed to Ill-nitride defects. Similar
results have been reported in several research works
on deep-level transient spectroscopy in (Al)GaN
layers [6] [7] [8] [9].

Different research works reported that the iron-
doping may be the cause for enhanced current-
dispersion effects [10] [11] [12]. Consistently with
our results, enhanced dispersion-effects are ascribed
to enhanced density of the deep-trap-level Ec-0.56
eV / 10 cm? labelled in this work as E2.
Interestingly, we noted that the trap E2 could not be
exclusively ascribed to iron [13]: several scientific
papers claim the presence of the E2 in GaN bulk
layers and GaN-based devices grown by means of
different techniques, without the intentional
introduction of foreign, dopant species [6] [14] [15].

These hypotheses are supported by structural
analysis: x-rays diffraction have been performed on
wafers equipped with w.id., 3x10"7 cm™ C-doped,
and 10" cm™ Fe- and C-doped buffer. Figure 4
depicts the diffracted intensity as a function of the
incidence angle with the detector fixed at the Bragg
angle for the (006) GaN reflection (w-scan). This
type of scan is sensitive to the presence of locally
tilted diffraction domains in the crystal lattice. This
feature can be related to the buffer dislocation
density [16]. Interestingly, doped wafers feature
higher Full Width at Half Maximum (FWHM) than
u.i.d. wafer. This would suggest that the doping
process, either due (i) to altered sub-optimal growth
conditions, (ii) to the introduction of nucleation
centers, or (iii) to the Fermi-Level effect on the
dislocation formation energy, may leads to enhanced
dislocation density, and possibly to enhanced
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Fig. 1. Static I5-Vg and Is-V characteristics of
representative samples equipped with unintentionally
doped (u.i.d.), 3x10"7 cm™ C-doped, 2x10"7 cm™ Fe-
doped, and 10" cm™ Fe- and 10" cm™ C-doped
buffer. Vpg is stepped from 0.1V to 50V. Current
compliance has been set at 0.1A/mm to avoid device
degradation. Strong subthreshold issues (high source-
to-drain leakage-current, and high DIBL effects) are
detected in u.i.d. buffer, and are mitigated by the
introduction of carbon and iron compensating species.
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Fig. 2. (a) Representative double-pulse Ip-Vp
measurement, showing the collapse of drain-current
when the devices are exposed to off-state. (b) Wafers
adopting iron- and/or carbon-doped buffer experience,
on average, higher current dispersion (Alpss extracted
at (V,Vp) =(1V,Vpkners)) than those adopting u.i.d.
buffer.

electrically-active  deep-trap-state  density [17].
Rudzinski et al. [18] and Mei et al. [19] support
these inferences by means of SEM, DIC, TEM, AFM
microscopy and RHEED, reporting enhanced
concentration of threading dislocation in iron-doped
GaN layers.
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Fig. 3. (a) drain-current transients performed on
representative devices equipped with u.i.d., 3x10' cm’
3 C-doped, and 10" ¢cm™ Fe- and C-doped buffer,
subjected to 100s-long semi-on-state stress

(Vgr; Vor)=(Vyt0.5V;25V), and (b) related
spectroscopy. (c¢) Thermal-activation of detected deep-
levels.

Similarly to E2, also the level E4 has been observed
in unintentionally doped GaN crystals, again
suggesting the involvement of gallium-nitride native
defects as side effect of carbon doping process.
Higher FWHM in C-doped wafers have also been
observed by Wickenden et al. [2] and Chen et al
[20]. Complementary information on the effects of
iron and carbon doping on the dynamic performance
of AIGaN/GaN HEMTs are discussed by Uren et al.
[21] [22], Verzellesi et al. [23], Meneghesso et al.
[24], and Meneghini et al. [13].
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Fig. 4. X-ray diffraction performed on u.i.d., 3x10"
cm™ C-doped, and 10" cm™ Fe-doped wafers. The Q-
scan on the (006) GaN reflection, and related Full
Width at Half Maximum (FWHM) suggest that doped
wafers feature higher dislocation density, hence likely
higher electrically active defect-states, than u.i.d.
wafers.

5. RF stress tests

Devices from each wafer were submitted to a 24 h
CW RF test at 2.5 GHz with quiescent bias at
(Vps=30 V, Ip=30% Ipss) and driven into a 6 dB
compression point. Base-plate temperature was set to
40°C. No correlation was found between the
dissipated power and the RF output power
degradation (Figure 5).

Devices subjected to 24-hours RF test experienced a
degradation on the RF output power (APoyr) ranging
from -0.05 dBm to -1.1 dBm. From static
measurements performed prior to and after the stress,
no worsening of the gate leakage current was
detected, even in devices with APgyr - -1 dBm
(Figure 6a). This suggests that the gate-edge
degradation [25] is not the dominant degradation
mechanism. Likewise, no correlation has been found
between the degradation of RF performances and the
variation of the dc parameters, such as Ip, g, or Vry.
Conversely, the main evidence of device degradation
is a significant increase of the current-collapse,
suggesting the worsening of charge-trapping effects.
Figure 6b shows the pulsed Ip-Vp characteristics of a
representative device with uw.i.d buffer which
experienced a APour of -1 dBm. Though no
significant degradation is found in the reference
quiescent-bias point, (Vgq;Vpg) = (0V;0V), a
remarkable drain-current degradation (-25% at Vpg =
4 V) is found in the hot quiescent bias-point
(V6.:Vbao) = (Vrut0.5;25V). Figure 7 shows the
correlation between the increase of current-collapse
and the decrease of RF output power among all
tested wafers.

Interestingly, the devices equipped with iron- and
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Fig. 5. No correlation is found between power
dissipated during the rf stress and the degradation of
the rf output power.
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Fig. 6. (a) Ig-V characteristics and () pulsed Ip vs
Vps characteristics acquired prior to and after the
stress of a representative u.i.d. sample experiencing a
APgyr of -1 dBm. The worsening of the current-
collapse is the only relevant evidence of device
degradation induced by rf operations.
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carbon co-doped GaN buffer-layer experience lower
degradation than those equipped with unintentionally
doped (u.i.d.) buffer. This strongly suggests the
involvement  of  buffer-related  degradation
mechanisms: in fact, though featuring similar gate
leakage current, devices equipped with u.i.d. buffer
experience dramatic source-to-drain subthreshold
leakage current (Iprgax), which is order of
magnitudes higher than what found in devices
equipped with optimized, iron and carbon co-doped
buffers (see Fig 1). Good correlation between Ippax
and Poyr degradation (Fig 6b) strongly suggests the
involvement of  hot-electrons degradation

mechanisms: accelerated by the high electric field
existing during off-state conditions, the parasitic
electrons flowing from source-to-drain could gain
enough kinetics energy to generate defect-states in
the AlGaN/GaN active region, through direct
damage of weak lattice bonds or dehydrogenation of
Ga vacancies or N antisites complexes [26] [27].

6. Conclusions

The effects of buffer compensation strategies on the
Electrical Performance and RF Reliability of
AlGaN/GaN HEMTs have been studied by means of
static and dynamic I-V measurements, drain-current
transient spectroscopy, XRD, and RF stress tests.
Devices equipped with C-doped and Fe-doped GaN
buffer feature improved subthreshold behaviour
(lower source-to-drain leakage current and lower
DIBL) and improved RF reliability. As a drawback,
devices equipped with Fe- and C-doping experience
higher dynamic current dispersion, related to
enhanced charge-trapping at the deep levels E2 (0.56
eV / 10"° cm?) and E4 (0.84 eV / 10" cm?). The
comprehensive characterization of parasitic effects
of buffer compensation will play a key role also for
the development of GaN-based HEMTs devoted to
power-switching applications [28].
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