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Abstract—The radiation hardness of AlGaN/GaN high-
electron-mobility transistors (HEMTs) is found to improve with
increasing GaN channel thickness. Epitaxial MgCaO shows
promise as a radiation-tolerant gate dielectric, with only small
shifts in operating parameters of metal-oxide—semiconductor
HEMTSs observed at doses up to 1 Mrad(SiO2). Bias-induced
electron trapping and radiation-induced-hole trapping can occur
in the MgCaO, depending on the applied bias during stress and/or
irradiation. AC transconductance measurements are used to help
understand charge trapping in these devices.
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I. INTRODUCTION

ALLIUM Nitride (GaN) is promising for the next
Ggeneration power devices for its excellent material
properties. Research activities regarding breakdown volt-
age [1], [2], enhancement mode operation [3], [4], contact
resistance [5], [6], surface passivation [7]-[10], etc., have been
undertaken to optimize GaN-based power transistor perfor-
mances. Its wide bandgap, large breakdown electric field, and
excellent chemical and thermal stability also make GaN a pos-
sible candidate for devices tailored for high-temperature and
radiation-intensive environments [11]. The presence of defects
in the AIGaN/GaN hetero structure, primarily arising during
growth, affects the performance of GaN-based high-electron-
mobility transistors (HEMTs) [12]. For example, electrical
properties, like mobility and charge trapping, of AIGaN/GaN
HEMTs are affected by the presence of threading dislocations
in the heterostructure. With increasing GaN channel thickness,
threading dislocations arising from lattice mismatches between
substrate and GaN layers are more effectively prevented from
reaching the upper layers where conduction takes place [12].
Thus, the crystallinity of the heterostructure improves with
increasing GaN channel thickness, which in turn improves
the electrical performance of as-processed devices. But the
effect of channel layer thickness on the total-ionizing-
dose (TID) response of AlGaN/GaN HEMTs is not well
known.

The quality of the gate dielectric also affects the perfor-
mance of metal-oxide—semiconductor HEMTs (MOSHEMTS),
particularly in terms of gate leakage, subthreshold slope, and
ON-OFF current ratio. Recently, GaN-based transistors with
extremely high ON—OFF ratios (up to 10'2) and low gate
leakage have been reported, thanks to the use of atomic
layer deposition (ALD) grown epitaxial Mg 25Cag.750 as gate
dielectric [13], [14]. The performance of earlier-generation
GaN HEMTs and MOSHEMTSs in a TID has been evaluated,

0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0003-3746-192X
https://orcid.org/0000-0002-3119-0850
https://orcid.org/0000-0002-8021-2411
https://orcid.org/0000-0003-4713-1473

BHUIYAN et al.: TID RESPONSES OF GaN-BASED HEMTs

Resistive Buffer Laver

Substrate

Fig. 1. HEMT structure with various GaN channel thicknesses.
and found to depend on charge trapping in both the AlGaN
and oxide layers [15], [16].

In this paper, we evaluate the effects of GaN channel
thickness on the TID response of GaN-based HEMTs, and
the effects of epitaxial Mg 25Cagp 750 as a gate dielectric on
the TID response of MOSHEMTs. We use ac transconduc-
tance measurements to help characterize the trapping in these
devices. Both electron and hole trapping can be observed,
depending on the bias applied during irradiation. Generally,
favorable radiation response is observed in all cases.

II. DEVICES AND EXPERIMENTS

Wafers for HEMTs and MOSHEMTs were obtained from
different sources. The fabrication procedure for Al 24Gag 76N/
GaN HEMTs (Fig. 1) starts with mesa isolation, followed
by Ti/Al- and Ni/Au-based source/drain and gate formation,
respectively. The access regions (source/gate and gate—drain
regions on top of the heterostructure) are passivated with SiO;.
For the HEMT devices, radiation responses of devices with
similar dimensions [gate length (Lg) = gate—source length
(Lg) = 5 pm, and gate—drain length (Lgq) = 10 um] and
various GaN channel thicknesses (0.5, 2, 3.5, and 6.3 um)
have been evaluated. The thickness of the Aly24Gag 76N layer
is 24 nm.

The fabrication processes for AlGaN/GaN and InAIN/GaN
MOSHEMTs (Fig. 2) also start with mesa isolation to an
etch depth of 150 nm. Subsequently, ohmic contact formation
involves deposition of Ti (15 nm)/Al(60 nm)/Au (50 nm)
metal stack, followed by annealing at 775 °C in a nitrogen
ambient. Before gate dielectric deposition, the wafers are
treated with buffered oxide etch and ammonium hydroxide
solution. The oxide stoichiometry is maintained by alternating
ALD cycles (one cycle of MgO and three cycles of CaO). The
precursors are bis (N, N’-di-rert-butylacetamidinato) calcium,
bis (N, N’-di-sec-butylacetamidinato) magnesium, and water
vapour. During oxide growth, the ALD chamber is maintained
at 310 °C. The AlGaN MOSHEMT [Fig. 2(a)] consists
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Fig. 2. (a) Schematic of MOSHEMT. (b) TEM image of MgCaO/InAIN
interface showing the crystalline quality of the epitaxial oxide [13].

of 8 nm of Mgp25Cag 750 capped with 4 nm of Al,O3 as
gate dielectric, and the InAIN MOSHEMT [Fig. 2(a) and (b)]
consists of 4 nm of Mgyo5Cap750 capped with 2 nm
of Al,O3. Thicknesses of the AlGaN and InAIN capping layers
are 17 and 6.5 nm, respectively. The intrinsic GaN channel
thicknesses for AIGaN and InAIN MOSHEMTs are 600 nm
and 1.2 um, respectively.

For AlGaN MOSHEMTSs, the device dimensions are
Ly =08 um, Lgs = Lgg = 1.1 um, and W = 10 gm. For
InAIN MOSHEMTs, Ly = 0.12 um, Loy = Lgq = 0.7 um,
and W = 20 um. Devices are irradiated with 10-keV X-rays
at a dose rate of 31.5 krad(SiO;)/min at room temperature,
with all terminals grounded, unless otherwise noted.

III. RESULTS AND DISCUSSION
A. Impact of GaN Channel Thickness

Fig. 3(a) shows the impact of 10-keV X-ray irradiation on
the drain current/gate voltage (I;—V,) characteristics of an
HEMT device with channel thickness of 0.5 gum. All pins
were grounded during irradiation. Electron-hole pairs (EHPs)
are created in the structure during irradiation; a fraction
are separated by the internal electric field. The generated
EHPs may interact with the defects present in the AlGaN layer
of the heterostructure during the subsequent carrier-transport



48
10|
| @
< 10°f
- 3k-1Mrad
c
Q
E
10
o
£
]
5 -10
10 pre-irrad.
10'12 1 1 1
-5 -4 -3 -2
Gate Voltage (V)
0.00 =——pre-imrad. -n—6.3um
—e—3.5um
-0.04 —4—2pm
Increasing GaN channel thickness |[“¥— 0.5pm
-0.08 | —s - . a
==
— [————
> b
T 012f e
e - "'h....
[
£ 016 | ol "
"'---..._,'.,.--Y"—-——._.__,'
020 | ““'\_v
(b) _
-0-24 -I L L L
1 10 100 1000
Dose (krad(Si02))
Fig. 3. (a) Effects of 10-keV X-rays on I;-V, characteristics, measured

with Vgg = 50 mV, for a 0.5-um GaN channel HEMT at doses up
to 1 Mrad(SiO2). (b) Vi shifts of HEMTs with four different GaN channel
thicknesses for X-ray doses up to 1 Mrad(SiOo). All terminals are grounded
during irradiation.

process [15], [17]-[19]. A significant negative shift in the
14—V, (drain current versus gate voltage) curve is observed
at low doses [~3 krad(SiO)].

Fig. 3(b) shows the threshold voltage Vi, shifts of
AlGaN/GaN HEMTs with four GaN channel thicknesses after
various X-ray doses. The devices show significant Vi, shifts
for the initial 3 krad(SiO;) of dose, with smaller changes
observed at higher doses. These Vi, shifts are consistent
with the responses of similar GaN-based HEMTs in previous
studies, and are attributed to: 1) a shallow energy level for hole
traps in the AlGaN layer; 2) neutralization of electron traps
that were initially charged in the as-processed devices; and/or
3) the dehydrogenation of defects that were initially passivated
with hydrogen [15], [17]-[19]. Any of these three processes
can lead to negative shifts in the postirradiation /-V curves,
and all are sensitive to the densities of defect precursors in
the as-grown devices. It is therefore plausible that a thicker
GaN channel leads to reduced Vy, shifts because the quality of
the AlGaN layer is also improved when it is grown on higher
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Fig. 4. (a) Effects of bias stress alone. (b) Combined effects of X-ray

irradiation and bias stress, on the Vy, shifts of devices with two different
GaN channel thicknesses.

quality GaN layer in the thicker channel devices. Hence, the
improved postirradiation response is a natural consequence of
the reduced defect densities in the as-processed devices.
Next, the impact of bias during radiation is evaluated.
Fig. 4(a) shows a significant positive Vi; shift when devices are
biased with 15-V drain-to-source bias (Vys) and 1-V gate-to-
source bias (V). For both GaN channel thicknesses, electron
trapping in the AlGaN layer induced by hot electron injection
can explain the observed Vi shifts in Fig. 4(a). For the thinner
GaN channel, a larger positive shift is observed, which is
also consistent with an increased defect density in the AlIGaN
layer for the thinner channel layer devices. Fig 4(b) shows
the Vi shifts when the devices are irradiated with similar
applied bias. For both GaN channel thicknesses, the observed
Vin shifts are positive, but smaller than those in Fig. 4(a).
This result suggests that radiation-induced holes are captured
at bias-induced electron-trapping sites, leading to the partial
neutralization of the trapped negative charge in the
AlGaN layer, and resulting in a smaller Vy, shift [18], [19].
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TABLE I

PEAK MOBILITY VALUES FOR AlGaN/GaN HEMTs
WITH DIFFERENT CHANNEL THICKNESSES

Channel

Thickness Peak 1\2/10bility Dislocatli)on I?zensity
(um) (cm™/V.s) (10" cm™)
0.5 758 7.6
2 1010 1.24
35 1190 0.92
6.3 1185 0.87

In addition to improved radiation response, it is also found
that the effective peak channel mobility increases with increas-
ing GaN channel thickness, as shown in Table I. Details of the
mobility extraction method can be found in [20]. This may be
attributed to a reduced amount of Coulomb scattering due to
lower density of traps in the AlGaN and/or GaN layers, which
is consistent with a reduced as-processed defect density in both
device layers [12].

B. My 5Cag.750 as Gate Dielectric

Fig. 5 shows I;—V, curves for (a) AlGaN and (b) InAIN
MOSHEMTs with (a) 4-nm Al,O3 and 8-nm MgCaO and
(b) 2-nm Al,O3 and 4-nm MgCaO as gate dielectric. All
pins were grounded during irradiation. Negative Vyy, shifts are
observed for all radiation doses, indicating net hole trapping.
The initial Vi, shift at ~3 krad(SiO») is similar to the shifts
in Fig. 3 for which no oxide is present, and thus likely
results from trapping in the heterostructure itself, a conclusion
that is consistent also with the results of Sun et al. [15].
But in contrast to the saturation of the shift in Fig. 3
at 3 krad(SiO;), the value of Vi, continues to increase with
dose in Fig. 5. The additional Vi, shift at higher doses in Fig. 5
is therefore likely to be due to hole trapping in the epitaxially
grown Mg 25Cag750/A1,03 gate dielectric. This contrasts
with epitaxially grown crystalline LayO3 on GaAs substrate,
which shows radiation-induced electron trapping [21].

Fig. 6 summarizes (a) the Vi shifts and (b) the subthreshold
swing (SS) and peak transconductance (Gys) degradation for
the devices of Fig. 5. The values of the SS are obtained from
the dc I;—V, curves in the subthreshold region via the relation
SS = dVy/d(log 1;) [22]. Values of Gy are calculated from
the first derivative of the dc I;—V, curves.

The Vi shifts for the InAIN MOSHEMTs in Fig. 6(b) are
smaller than those of the AlIGaN MOSHEMTs in Fig. 6(a)
most likely because of the reduced dielectric layer thickness,
which naturally leads to reduced radiation-induced-hole trap-
ping in amorphous [23] and epitaxial [21] oxides. Furthermore,
InAIN MOSHEMTSs have a thinner capping layer than AIGaN
MOSHEMTs, which may also contribute to the observed
improvement in response. Finally, we note that similar channel
thickness effects on TID response also have been observed in
germanium on insulator transistors [24].

Fig. 6(b) shows a significant increase in SS for the AlGaN
MOSHEMT, but little change in peak transconductance. It is
likely that the increase in SS results from radiation-induced
border traps and/or charge lateral nonuniformities (LNUs)
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Fig. 5. 14-Vg curves, measured with Vyg = 50 mV, for (a) AlGaN and

(b) InAIN MOSHEMTs with (a) 4-nm AlpOg and 8-nm crystalline MgCaO
and (b) 2-nm AlpO3 and 4-nm crystalline MgCaO as gate dielectric for X-ray
irradiation up to 1 Mrad(SiO5). All terminals are grounded during irradiation.

in the dielectric layer than the buildup of radiation-induced
interface traps because each of these types of traps are more
easily passivated during TID exposure than are interface
traps [23]. Charge LNUs are due to variations in the trapped
charge density along the channel; border traps result from slow
charge exchange between near-interfacial traps in the dielectric
and the carrier channel. These radiation-induced border traps
and/or LNUs in the dielectric layer can cause stretchout in
the current voltage characteristics without affecting mobility
significantly because the trapped charge is more distant from
the charge carriers in the channel than are interface traps. Each
of these possibilities are similar to what has been observed
in Si-based MOS devices subjected to ionizing radiation
exposure [25]-[27], as well as in as-processed and irradiated
GaN-based HEMTs [17], [18], [28], [29].

C. Bias Dependent Radiation Response of Mgp.25Cag.750
Gate Dielectric

The effects of bias are evaluated for AlIGaN MOSHEMTSs
with 4-nm Al,O3 and 8-nm MgCaO as gate dielectric.
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1000

The application of negative gate bias (V, = —6 V) leads to
a positive Vi, shift that increases with time [18], as shown
in Fig. 7. The positive Vi, shift for the bias-only case may
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occur in this case due to electron injection from the gate,
which is electrostatically favored under this bias condition.
This charge may become trapped in the dielectric layer or
neutralize the process-induced positive charge. For irradiation
under negative bias, a combination of electron and hole
trapping is observed, with net hole trapping dominating over
electron trapping in these MOSHEMTs, thus leading to net
negative Vi, shifts for the biased irradiation in Fig. 7. Similar
effects are commonly observed in high-K dielectrics [30]. For
the 0-V irradiation, radiation-induced-hole trapping is present,
but bias-induced electron trapping is not, leading to the most
negative Vi, shift of the three cases shown.

D. AC Transconductance Measurements

To provide insight into the source of electron trapping
during the bias-only stress, ac transconductance (ACGM) mea-
surements were performed. The measurement set up consists
of a lock-in amplifier which produces dc and ac signal with
25-mV amplitude. The signals are superimposed using an
ac—dc mixture and is then applied onto the gate of the device.
The drain current, obtained with the applied signal, is then
fed through a current—voltage converter back into the lock-
in amplifier. Subsequently, the lock-in amplifier measures the
variation of the drain current (i.e., the fed-back signal) which
divided by ac amplitude gives the ACGM [31]. At a fixed
gate voltage, ac signals at frequencies ranging from 1 Hz
to 10 kHz are superimposed on a fixed gate voltage, and
the corresponding values of Gy is recorded as shown in
Fig. 8. Frequency dispersion of G occurs due to trapping
of carriers, provided by the gate metal, by traps existing in
different regions of the gate oxide. More details about the
ACGM measurement can be found in [31].

The sign of the G dispersion with ac signal frequency
(i.e., dGy/dIn w) also provides information about the trap-
ping mechanism. Decreasing Gy (i.e., negative sign) with
increasing frequency suggests electron trapping arising from
gate injection, consistent with the bias stress only results
in Fig. 7, and as also observed in other gate oxides for
MOSHEMTs [31].
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The impact of positive gate (V) and drain (V) biases on
MOSHEMT radiation responses is shown in Fig. 9(a) and (b),
respectively. Similar trends are observed to those in Fig. 7,
depending on the applied bias. For positive (a) gate or (b) drain
bias without irradiation, electron trapping now results from
substrate injection, in contrast to the gate injection observed
in Fig. 7 under negative gate bias. Radiation-induced holes can
neutralize or compensate a fraction of the bias-induced nega-
tive charge, reducing the magnitudes of the observed radiation-
induced Vi, shifts in Fig. 9(a) and (b). Similar trends have
been observed in studies of combined bias and TID effects in
AlGaN/GaN HEMTs [18], [32]. The presence of the dielectric
layers in these devices has not led to significantly greater
TID degradation than observed in Schottky gate devices
of [18], reinforcing the promise of these structures for potential
future application in a space environment.
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IV. CONCLUSION

The radiation hardness of GaN HEMTs improves with
increasing GaN channel thickness, most likely because of
a reduced defect density in as-processed GaN and AlGaN
layers. In epitaxial MgCaO-based GaN MOSHEMTs, when
grounded, net hole trapping in the oxide gate-stack leads to
negative threshold voltage shifts. Electron trapping leads to
positive shifts during bias stressing. Both negative and positive
shifts are observed during biased irradiation, depending on the
bias applied and the relative efficiencies of competing bias-
induced electron and radiation-induced-hole-trapping effects in
these devices. The results of this paper demonstrate the impor-
tance of channel layer thickness to the radiation response of
AlGaN/GaN HEMTs, and also show that epitaxial MgCaO is
a promising radiation-tolerant gate dielectric material for
GaN-based MOSHEMTs.
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