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Abstract—An anomalous output conductance that resembled
short-channel effects was observed in long-channel N-polar
GaN-channel/AlGaN-back-barrier/GaN-buffer high electron mo-
bility transistors. The phenomenon could not be reasonably ex-
plained by drain-induced barrier lowering, leakage currents, or
impact ionization events. We propose that the output conductance
was caused by the ionization of a donorlike hole trap state at
the negatively polarized AlGaN-back-barrier/GaN-buffer inter-
face that shifted the threshold voltage at the drain side of the
gate, where a high-field depletion region developed beyond current
saturation. No evidence of increased output conductance or re-
lated device performance degradation was apparent under small-
signal high-frequency conditions. The output conductance was
suppressed by introducing photogenerated holes that compensated
the traps. The effect of several typical back-barrier designs on the
dc output conductance was examined.

Index Terms—AlN, back-barrier, GaN, high electron mobility
transistors (HEMTs), N-polar, output conductance, polarization,
trap.

I. INTRODUCTION

S IGNIFICANT effort has been devoted to establishing
the high frequency performance of AlGaN/GaN high

electron mobility transistors (HEMTs) to enable high-power
microwave and millimeter-wave solid-state power sources.
Recent demonstrations of novel techniques and heterostructures
such as n+ contact regrowth and thin Al(In)N barriers with
strong polarizations offer device scaling advantages for the
next-generation RF and high-speed mixed-signal applications
[1]–[9]. As the gate length LG of the devices decreases to allow
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for higher frequency of operation, increased confinement of the
2-D electron gas (2DEG) becomes important in reducing short-
channel effects (SCEs) such as soft pinchoff and high output
conductance under high electric fields. Double heterostructures,
such as wide-bandgap buffers [10]–[13] and InGaN back-
barriers [9], [14], were commonly employed to reduce current
injection into the buffer by raising the conduction-band edge in
the buffer with respect to the channel.

Alternatively, N-polar (0001̄) GaN-based heterostructures
have been proposed as a new epitaxial approach to advance the
high frequency performance of GaN HEMTs [15]–[19]. The re-
versed direction of polarization in N-polar materials compared
with the conventional Ga-polar (0001) addresses the challenge
of high ohmic contact resistance in GaN-based HEMTs since
the 2DEG is induced on top of the wide-bandgap AlGaN bar-
rier. It has been shown that the use of N-polar heterostructures
effectively eliminates the bottleneck introduced by the AlGaN
barrier in Ga-polar AlGaN/GaN HEMTs to obtaining low
contact resistances [20]–[22]. Degenerately-doped InN/InGaN
regrown contact layers can be integrated with N-polar HEMTs
to fabricate self-aligned transistors with a low contact resistance
< 30 Ω · µm [21]. Moreover, N-polar HEMTs have demon-
strated large-signal C-band and X-band power performance
and cutoff frequencies that compare favorably to state-of-
the-art Ga-polar HEMTs [23]–[30]. The high performance of
N-polar devices attests the enormous potential of this new
technology.

Another major advantage anticipated of N-polar HEMTs
is their inherent AlGaN back-barrier for enhanced electron
confinement and improved output resistance in scaled GaN
HEMTs [31]. Contrary to expectation from simulations and
band diagrams, N-polar HEMTs seemed to show increased dc
output conductance GDS that led to large threshold voltage
(VT ) shifts with increasing drain bias VDS [32], [33]. While this
effect resembled drain-induced barrier lowering, high GDS had
been observed in N-polar HEMTs with a long LG and a high
aspect ratio, where SCEs were insignificant [34]. In all cases,
the off-state leakage was low and could not account for the
increase in drain current IDS. Moreover, the occurrence of high
GDS was independent of the growth technique employed since
HEMTs grown by both molecular beam epitaxy (MBE) and
metal–organic vapor phase epitaxy (MOVPE) have exhibited
high GDS [32], [33], [35]. This paper aims at providing physical
understanding and insight into the anomalous GDS in N-polar
HEMTs, as well as its implications on device performance and
design.

0018-9383/$31.00 © 2012 IEEE
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II. EXPERIMENTS

A. Role of Impact Ionization

A possible cause of poor current saturation in the field effect
transistor (FET) was impact ionization, particularly when the
device was operated under semi-on bias conditions due to a
combination of sizable electric fields and hot-electron effects
[36]. While many researchers considered impact ionization
in GaN HEMTs a rare occurrence due to the wide bandgap
of the semiconductor [36] and a rapid hot-electron relaxation
process via phonon emission [37], electrical and optical signa-
tures of impact ionization in GaN HEMTs have been reported
[38], [39]. To determine the extent to which impact ionization
might influence the output conductance in N-polar devices,
the common-source output characteristics of a well-passivated
N-polar HEMT reported in [33] was measured until destructive
breakdown. The device was subjected to pulsed measurements
to minimize current collapse due to heating using an Agilent
33250A signal generator and a Tektronix TDS 684C oscil-
loscope. With the device biased at pinchoff on a 50-Ω load
line, 200-ns gate pulses at 10% duty cycle were applied. The
pulse width was sufficiently long to induce impact ionization
events in the high field region at a typical rate of 1012/s by hot
electrons traveling at velocities of 1.5 × 107 − 2 × 107 cm/s
[40], [41]. We observed in Fig. 1 that the device showed poor
IDS saturation over a wide range of drain biases from the
saturation voltage VDS,sat ≤ 5 V until destructive breakdown
at approximately 60 V. If impact ionization was the cause of
the output conductance, then the process of impact ionization
would have had to initiate at a low VDS ≈ VDS,sat and sus-
tain until a much higher VDS ≈ 60 V, which was unreason-
able considering the avalanche multiplication nature of impact
ionization.

B. Device Design and Fabrication

Having ruled out impact ionization as a probable cause for
output conductance, we focused this paper on engineering
device structures that were guided by a key experimental
observation of a hole trap state in III-N heterostructures.
For an N-polar GaN/AlxGa1−xN/GaN heterostructure with
x = 0.3, the hole trap level ET was measured by deep-level
transient spectroscopy to be at 60 meV from the valence-band
edge EV [42]. The trap was attributed to the net negatively
polarized AlxGa1−xN/GaN interface, in light of a separate
work using Ga-polar GaN/InGaN/GaN heterostructures by
Schaake who determined that the trap was at the negative
GaN/InGaN interface rather than distributed throughout the
InGaN [43]. This trap state was known to impact the internal
quantum efficiency of III-N light-emitting diodes [43], to cause
large-signal dc–RF dispersion in HEMTs [15], [44], to inhibit
hole transport or create hysteresis in polarization-induced
tunnel junctions [45], [46], and to reduce the efficiency of
polarization-assisted acceptor doping [47]. In a nominally
undoped N-polar GaN-based HEMT consisting of AlGaN-
cap/GaN-channel/AlGaN-back-barrier/GaN-buffer, where the
2DEG was induced at the GaN-channel/AlGaN-back-barrier
interface, the equilibrium Fermi level EF was in close
proximity to the hole traps at the negatively polarized AlGaN-

Fig. 1. 200-ns gate-pulsed I–V measurement of a well-passivated N-polar
GaN HEMT with an AlN back-barrier [33], showing poor IDS saturation over
a wide range of VDS.

back-barrier/GaN-buffer interface (Fig. 2). The accumulation of
a 2DEG in the absence of intentional n-type doping suggested
the presence of a high density of unintentional donors in the
system that could not be accounted for by surface states (since
positive surface donors could not compensate the positive
polarization charge on an N-polar surface) or unintentional bulk
donors (due to their low densities for well-optimized growths)
[48], [49]. The hole trap state, considered donorlike due to its
charge compensating effect at the negatively polarized interface
(NPI) in the sense that it was positive when empty and neutral
when occupied, would screen the net fixed polarization charge
at the negative interface when ionized without a 2-D hole gas
forming and would transfer electrons to the 2DEG channel
[15], [45]. Alternatively, a Si δ-doping sheet could be inserted
below the AlGaN barrier to supply electrons to the 2DEG
channel while the ionized Si donors provided the compensating
positive charges, bringing the equilibrium EF to around
midgap near the AlGaN-back-barrier/GaN-buffer interface (see
Fig. 2). Two devices with a 30-nm Al0.3Ga0.7N back-barrier,
one of which was δ-doped with Si (1 × 1013 cm−2) below
the back-barrier but was otherwise identical to the other,
were designed for the same 2DEG density (see Fig. 3). An
Al0.1Ga0.9N cap (5 nm) protected the GaN channel layer
(25 nm) during the deposition of a 5-nm SixNy gate dielectric
by high-temperature chemical vapor deposition (CVD) at
1020 ◦C prior to fabrication. As will be shown in the following,
the position of the equilibrium EF at the negatively pola-
rized AlGaN-back-barrier/GaN-buffer interface fundamentally
determined the occurrence of dc output conductance in
long-channel N-polar GaN HEMTs. The negatively polarized
AlGaN-cap/GaN-channel interface will not be discussed since
its effect, if any, will be reflected in both devices.

The devices were grown by RF plasma-assisted MBE
on C-face 6H-SiC substrates. A Ti/Al/Ni/Au (200/1200/300/
500 Å) metal stack, annealed at 820 ◦C for 30 s in N2, was
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Fig. 2. Layer structure and band diagrams of an undoped (black dashed line)
and a Si-doped (blue solid line) N-polar HEMT. The Si-doping prevents the
occupancy of the hole trap state (ET ) at the NPI from being modulated by the
EF during transistor operation.

Fig. 3. Device structures of the (a) undoped and (b) Si-doped N-polar GaN
HEMTs. The NPI of interest is indicated in each structure.

used as the ohmic contact. Mesas were formed with a BCl3/Cl2
reactive-ion etch process. A 160-nm SixNy layer was deposited
by plasma-enhanced CVD for surface passivation, followed by
a CF4-based etch of SixNy to form the gate trench with self-
aligned Ni/Au/Ni (300/3500/500 Å) gate metal deposition [50].
The devices were 2 × 75 µm wide with a gate–source spacing
LGS of 0.5 µm, a gate–drain spacing LGD of 2 µm, and a nom-
inal LG of 0.7 µm. Although MBE was the growth technique
employed in this paper, we note again that an anomalous output
conductance has also been observed in MOVPE-grown N-polar
devices [35]. The experiments and discussions that follow make
no specific reference to MBE and may be applied to any growth
technology without loss of generality.

C. Results and Discussion

1) DC Measurements: Room-temperature Hall measure-
ments showed comparable 2DEG characteristics between the
undoped (and doped) devices with a charge density and mo-
bility of 8.4 × 1012 cm−2 and 1160 cm2/V · s (9 × 1012 cm−2

and 1100 cm2/V · s), respectively, which corresponded to sheet
resistance values of 630–640 Ω/�. The dc common-source
output characteristics were measured by using an Agilent
4155B semiconductor parameter analyzer. The undoped device
showed high GDS with a large ∆VT = −0.45 V when VDS was
increased from 10 to 30 V, whereas the Si-doped device ex-
hibited satisfactory IDS saturation with a much smaller ∆VT =
−0.1 V across the same range of drain biases (see Fig. 4). The
undoped device had higher IDS due in part to the VT shift and

Fig. 4. (a) Common-source output characteristics of the undoped (red line)
and Si-doped (black square) N-polar GaN HEMTs. (b) Common-source input
characteristics of the undoped and Si-doped N-polar GaN HEMTs.

Fig. 5. Small-signal performance of the (a) undoped and (b) Si-doped N-polar
GaN HEMTs with pad parasitics de-embedded.

in part to its higher extrinsic transconductance because of its
lower contact resistance and slightly higher intrinsic transcon-
ductance from process nonuniformities (see Section II-C2). We
note that both devices showed low off-state leakage current
(< 0.1 mA/mm) at VDS = 30 V and that the increase in IDS in
the undoped device was reflected in a corresponding increase
in the source current. A contrast of the output characteristics
and band diagrams between these two devices indicated that an
EF close to EV (and hence ET ) at the negative AlGaN-back-
barrier/GaN-buffer interface resulted in high GDS.

2) High Frequency Measurements: To illustrate that a slow
trap could be responsible for the high GDS, the high fre-
quency performance of the two devices was characterized and
compared. Small-signal s-parameter characterization was per-
formed on an Agilent E8361A network analyzer. The unity
current-gain cutoff frequency fT and maximum oscillation
frequency fmax were obtained by linear extrapolation of the
current gain and power gain, respectively, along a 20-dB/dec
slope. The small-signal equivalent circuits of the devices were
extracted by using on-wafer open–short calibration standards to
de-embed the pad parasitics and to extract the intrinsic device
parameters [51]. Good agreement between the measured and
modeled s-parameters was obtained. The intrinsic RF output
resistance rds,int was evaluated as the reciprocal of the real
part of the intrinsic short-circuit output admittance y22,int [52],
obtained after further de-embedding the source/drain series
resistances that were estimated using transmission-line mea-
surements and optimized during s-parameter modeling. At
VDS = 20 V, a peak intrinsic fmax of 61 GHz was obtained
for the undoped device, whereas the Si δ-doped device had a
lower peak fmax of 50 GHz in spite of its higher dc output
resistance (see Fig. 5). We attribute the higher fmax of the un-
doped device to its higher intrinsic transconductance and lower
source resistance due to process nonuniformities. The undoped
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Fig. 6. Measured (red circle) and modeled (black line) s-parameters and
Re[y22] of the (a) undoped and (b) Si-doped devices from 10 MHz to 5 GHz
after de-embedding the pad parasitics, showing a good match. The intrinsic out-
put resistance (rds,int = 1/Re[y22,int]; not shown) was obtained by further
de-embedding the source/drain series resistances.

TABLE I
COMPARISON OF SMALL SIGNAL EQUIVALENT CIRCUIT PARAMETERS

BETWEEN THE UNDOPED AND DOPED HEMTs

device had therefore suffered no apparent degradation in small-
signal high frequency performance, which indicated that the
output conductance was strictly a low-frequency phenomenon.
In fact, the rds,int of the two devices were very comparable at
∼1200 Ω, despite their large GDS ratio of 17500/5500 Ω (see
Fig. 6 and Table I). These rds,int values were in reasonable
agreement with the values reported in literature, taking into
account their dependence on the gate length and width [53],
[54]. The frequency dispersion of rds,int could be due to self-
heating or bulk/surface trapping effects, which had also been
observed in GaAs FETs [55]–[57]. Furthermore, similar rds,int
values of 1100–1500 Ω were measured in an MBE-grown
Ga-polar Al0.3Ga0.7N/GaN HEMT of similar dimensions.
These results suggested that the high GDS was related to the
action of slow traps that were unresponsive to RF signals.

3) Low Temperature Measurements: Further insights were
obtained by comparing the room-temperature and low-
temperature dc I–V of the undoped device. The low temper-
ature measurements were taken in a cryogenic probe station
composed of a wafer stage cooled by liquid nitrogen and a

Fig. 7. DC I–V at room temperature (black square) and 100 K (red line) of
the undoped HEMT showing no significant difference in output conductance.

heater to control the temperature. No significant change in GDS

was observed when the device was cooled to 100 K (see Fig. 7),
which suggested that the physical process that led to poor drain
current saturation was not thermally activated but should be
instead driven by electrostatics when the device was under
dc bias.

4) Suppression of Output Conductance With Holes: The
temperature insensitivity of the GDS was expected if the GDS

was related to the near-valence-band donorlike hole trap. As
the traps that remained unionized were capable of capturing
holes, we anticipated recovering high output resistance in the
undoped device if these traps could be compensated with
holes. However, the intrinsic hole concentration due to thermal
generation in the wide-bandgap (> 3.4 eV) (Al)GaN mate-
rial system was insignificant. High hole concentrations could
be obtained through either p-type doping or photogeneration
to create electron–hole pairs. Grundmann achieved efficient
tunneling in Ga-polar p-GaN/AlN/n-GaN tunnel junctions by
using modulation p-doping to compensate the hole traps at the
negatively polarized p-GaN/AlN interface [45]. In our experi-
ment, a broadband UV light source (EXFO OmniCure S1000
spot curing system) with a power density of 18 mW/cm2 and
a wavelength down to 280 nm, which was capable of optical
excitation across the bandgap of the Al0.3Ga0.7N back-barrier,
was used to illuminate the undoped device. The device was
first illuminated for 3 min with no external bias applied to
achieve a steady state. Under continued illumination, it was
then subjected to a gate-pulsed I–V measurement to minimize
any effect of device heating, as described in Section II-A.
The holes generated by the UV light were collected at the
negative AlGaN-back-barrier/GaN-buffer interface where a po-
tential well for holes existed to compensate the traps. As
a result, the illuminated undoped device showed an order-
of-magnitude reduction in GDS at (VDS, VGS) = (15 V, 0 V),
compared with its unilluminated dc output I–V (see Fig. 8).
The insignificant change in GDS at low drain biases beyond
the VDS,sat suggested incomplete compensation of the traps
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Fig. 8. Room-temperature common-source output characteristics of the
(a) undoped and (b) Si-doped HEMTs without (black dotted line) and with
(red solid line) UV exposure, as well as the GDS of the (c) undoped and
(d) Si-doped HEMTs at VGS = 0 V without (black dotted line) and with (red
solid line) UV exposure.

in the steady state that, considering the donorlike nature of
the traps, could cause high GDS with increasing VDS via an
ionization process under the increasing electric field. Further
increase in VDS led to a fast decrease in GDS when most
traps were either compensated or ionized. For comparison, the
doped device showed no significant change in GDS with UV
illumination, as expected from its high unilluminated dc output
resistance (see Fig. 8). The photogenerated carriers contributed
to increased 2DEG density in both devices that resulted in lower
on-resistances, higher IDS, and shifted VT , all of which were
inconsequential to interpreting the behavior of GDS.

III. PROPOSED PHYSICAL MODEL

OF OUTPUT CONDUCTANCE

The four sets of experimental results presented thus far have
collectively shown that the anomalous GDS in N-polar GaN
HEMTs originated from a slow-responding hole trap at the
negatively polarized AlGaN-back-barrier/GaN-buffer interface,
based on which we propose a physical mechanism to explain
the phenomenon.

The absence of Si-doping below the AlGaN back-barrier in
an N-polar HEMT brought the equilibrium EF in close prox-
imity to the donorlike hole trap state, as suggested by the band
diagram in Fig. 2. As the VDS was increased beyond the VDS,sat

at a given fixed VGS under dc conditions, a depletion region was
formed on the drain side of the gate where the donorlike traps
were ionized, and electrons were transferred to the high field
region of the 2DEG channel. The resultant positive charge in the
traps caused a negative shift in the threshold voltage at the drain
side of the gate. A higher VDS was therefore needed to reestab-
lish IDS saturation as VDS,sat = VGS − VT (drain side of gate) in
the simplest approximation, causing more traps to be ionized to
further shift the VDS,sat toward an even higher drain bias. This
process reiterated such that the IDS continuously increased with
VDS until the device destructively broke down. The Si-doping

could suppress this process by separating the trap level from the
EF to prevent the change in the occupancy and hence the charge
state of the traps. However, our experiments could not rule
out the possibility that the Si-doping increased the formation
energy of the hole traps so that these traps were actually absent
in that device. As for the pulsed I–V measurements employed
in this paper, the device was biased at pinchoff as the VDS was
increased in discrete steps. A series of gate voltage pulses were
applied to the device following each VDS step. For each VDS

increment, the VT (drain side of gate) was shifted according to the
mechanism described above, causing the output conductance
under pulsed conditions.

While the hole trap state was considered to be responsible
for the increase in IDS, dc–RF dispersion or current collapse in
N-polar GaN HEMTs had also been attributed to the same hole
trap state [15]. This apparent contradiction could be resolved
by recognizing that the VGS instead of VDS was the variable
voltage in the mechanism causing current collapse and that the
traps involved in current collapse were located under the gate
instead of at the drain side of the gate. In [15], the 2DEG under
the gate was modulated with the application of a negative VGS

until the device was pinched off at VGS = VT (under gate),
where VT (under gate) was the threshold voltage under
the gate. The concentration of the ionized hole traps under the
gate remained unchanged for |VGS| < |VT (under gate)| since
the 2DEG screened the negatively polarized AlGaN-
back-barrier/GaN-buffer interface from the gate bias. As
|VGS| > |VT (under gate)|, the hole traps under the gate were
no longer screened, and more traps were ionized to image the
negative charges at the gate electrode. These additional hole
traps that were ionized but did not contribute to the 2DEG
charge would cause dc–RF dispersion since they needed time
to recapture electrons before the 2DEG channel could be
reestablished with |VGS| < |VT (under gate)|. A more detailed
discussion of this process is available in [15].

IV. OUTPUT CONDUCTANCE IN ADVANCED

N-POLAR DEVICE STRUCTURES

A. Graded-AlGaN Back-Barrier HEMT

Rajan et al. had first proposed a methodology to elimi-
nate dc–RF dispersion in N-polar GaN HEMTs by grading
the AlGaN-back-barrier/GaN-buffer interface, where ionized Si
donors were used to maintain an equilibrium EF above midgap
throughout the graded-AlGaN layer by compensating the neg-
ative space charge ρ induced by the gradient in polarization P ,
according to the relationship ρ = −∇ · P [15]. Following their
design principle, we fabricated a device with an AlxGa1−xN
back-barrier linearly-graded in x from 0.05 to 0.3 with a
uniform Si doping concentration of 4.5 × 1018 cm−3, followed
by a 5-nm undoped Al0.3Ga0.7N spacer (see Fig. 9). The HEMT
had a 2DEG density and mobility of 9.7 × 1012 cm−2 and
820 cm2/V · s, respectively. This device structure could be
viewed as a variation of the Si δ-doped structure described
above by spreading the negative polarization sheet charge at
the AlGaN-back-barrier/GaN-buffer interface into a 3-D space
charge, as well as distributing the δ dopant sheet as bulk doping
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Fig. 9. (a) Band diagram and (b) dc I–V of the graded-AlGaN back-barrier
HEMT without an AlN interlayer. (c) Band diagram and (d) dc I–V of the
graded-AlGaN back-barrier HEMT with an AlN interlayer, where the NPI of
interest is indicated in (c).

throughout the graded-AlGaN layer. We therefore expected
and indeed measured a high dc output resistance through its
common-source output characteristics (see Fig. 9).

B. Graded-AlGaN Back-Barrier HEMT With an
AlN Interlayer

An effective method of improving the 2DEG mobility in
III-N HEMTs is by inserting a thin AlN interlayer between
the GaN channel layer and the AlGaN spacer layer to reduce
alloy scattering [58]. In an N-polar device structure, the AlN
interlayer creates a NPI with the underlying AlGaN back-
barrier, where hole traps could form. To examine the impact
of the negatively polarized AlN/AlGaN interface on GDS,
we added a 2-nm AlN interlayer to the graded-AlGaN back-
barrier device described in Section IV-A. Due to the additional
negative polarity of the AlN/Al0.3Ga0.7N interface, a higher Si
doping of 5.5 × 1018 cm−3 was needed to maintain a midgap
equilibrium EF throughout the graded-AlGaN layer and near
the AlN/Al0.3Ga0.7N interface (see Fig. 9). As a result, this
device had a higher 2DEG density of 1.4 × 1013 cm−2 and
an improved mobility of 1230 cm2/V · s. Despite the large
energy separation between the EV and the equilibrium EF , the
device with an AlN interlayer clearly exhibited higher GDS than
the interlayer-free structure (see Fig. 9). This result could be
attributed to the action of a hole trap at the negatively polar-
ized AlN/Al0.3Ga0.7N interface, where the trap state might be
deeper in the bandgap than the 60-meV level measured for an
Al0.3Ga0.7N/GaN interface.

It is conceivable that the trap concentration and/or energy
might depend on the bandgap of the materials or the net neg-
ative polarization charge density at the interface. The bandgap
effect could be overcome by engineering the Si dopant pro-
file, whereas the interfacial charge density could be reduced
by increasing the Al content of the underlying spacer layer.
However, grading the AlGaN barrier to AlN would necessitate

simultaneous implementation of epitaxial strain management
techniques to prevent strain relaxation. Alternatively, InAlN
back-barriers that are lattice-matched to GaN provide another
plausible solution. Further studies are needed to evaluate the
effectiveness of the various strategies.

V. CONCLUSION

The origin and behavior of the anomalous GDS in N-polar
GaN HEMTs have been investigated using four device struc-
tures with systematic changes in the back-barrier design:
1) an undoped AlGaN back-barrier; 2) an AlGaN back-barrier
with backside Si δ-doping; 3) a graded-AlGaN back-barrier
uniformly-doped with Si; and 4) a Si-doped graded-AlGaN
back-barrier with an mobility-enhancing AlN interlayer. We
propose that the GDS was caused by the electrostatics of a
donorlike hole trap state at a negatively polarized AlGaN-back-
barrier/GaN-buffer or AlN-interlayer/AlGaN-back-barrier in-
terface below the 2DEG. It was a dc or low-frequency
phenomenon resembling the SCE that shifted the VT of the de-
vice at the drain side of the gate with VDS, whereas no evidence
of increased output conductance or related device performance
degradation was found under RF (> 100 MHz) conditions for
high-speed applications. The dc output conductance in N-polar
GaN HEMTs could be eliminated by appropriate back-barrier
designs such as in the second and third structures described
above, with the key criterion being a midgap placement of the
EF in the vicinity of a NPI, such that the hole trap state near
the valence band remains filled and neutral.

ACKNOWLEDGMENT

A portion of this work was performed at the Nanofabrication
Facility of the University of California, Santa Barbara, part of
the National Nanotechnology Infrastructure Network funded by
the National Science Foundation.

REFERENCES

[1] U. K. Mishra, L. Shen, T. E. Kazior, and Y.-F. Wu, “GaN-based RF
power devices and amplifiers,” Proc. IEEE, vol. 96, no. 2, pp. 287–305,
Feb. 2008.

[2] Y.-F. Wu, M. Moore, A. Saxler, T. Wisleder, and P. Parikh, “40-W/mm
double field-plated GaN HEMTs,” in Proc. 64th IEEE Device Res. Conf.,
2006, pp. 151–152.

[3] J. S. Moon, D. Wong, M. Hu, P. Hashimoto, M. Antcliffe, C. McGuire,
M. Micovic, and P. Willadsen, “55% PAE and high power Ka-band
GaN HEMTs with linearized transconductance via n+ GaN source con-
tact ledge,” IEEE Electron Device Lett., vol. 29, no. 8, pp. 834–837,
Aug. 2008.

[4] M. Higashiwaki, T. Mimura, and T. Matsui, “Enhancement-mode
AlN/GaN HFETs using Cat-CVD SiN,” IEEE Trans. Electron Devices,
vol. 54, no. 6, pp. 1566–1570, Jun. 2007.

[5] T. Zimmermann, D. Deen, Y. Cao, J. Simon, P. Fay, D. Jena, and
H. G. Xing, “AlN/GaN insulated-gate HEMTs with 2.3 A/mm output
current and 480 mS/mm transconductance,” IEEE Electron Device Lett.,
vol. 29, no. 7, pp. 661–664, Jul. 2008.

[6] A. Crespo, M. M. Bellot, K. D. Chabak, J. K. Gillespie, G. H. Jessen,
V. Miller, M. Trejo, G. D. Via, D. E. Walker, Jr., B. W. Winningham,
H. E. Smith, T. A. Cooper, X. Gao, and S. Guo, “High-power Ka-band
performance of AlInN/GaN HEMT with 9.8-nm-thin barrier,” IEEE
Electron Device Lett., vol. 31, no. 1, pp. 2–4, Jan. 2010.

[7] H. Sun, A. R. Alt, H. Benedickter, E. Feltin, J.-F. Carlin,
M. Gonschorek, N. Grandjean, and C. R. Bolognesi, “205-GHz (Al, In)N/
GaN HEMTs,” IEEE Electron Device Lett., vol. 31, no. 9, pp. 957–959,
Sep. 2010.



2994 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 59, NO. 11, NOVEMBER 2012

[8] R. Wang, P. Saunier, X. Xing, C. Lian, X. Gao, S. Guo, G. Snider,
P. Fay, D. Jena, and H. Xing, “Gate-recessed enhancement-mode
InAlN/AlN/GaN HEMTs with 1.9-A/mm drain current density and
800-mS/mm transconductance,” IEEE Electron Device Lett., vol. 31,
no. 12, pp. 1383–1385, Dec. 2010.

[9] D. S. Lee, X. Gao, S. Guo, D. Kopp, P. Fay, and T. Palacios, “300-GHz
InAlN/GaN HEMTs with InGaN back barrier,” IEEE Electron Device
Lett., vol. 32, no. 11, pp. 1525–1527, Nov. 2011.

[10] K. Shinohara, D. Regan, A. Corrion, D. Brown, S. Burnham,
P. J. Willadsen, I. Alvarado-Rodriguez, M. Cunningham, C. Butler,
A. Schmitz, S. Kim, B. Holden, D. Chang, V. Lee, A. Ohoka,
P. M. Asbeck, and M. Micovic, “Deeply-scaled self-aligned-gate
GaN DH-HEMTs with ultrahigh cutoff frequency,” in IEDM Tech. Dig.,
2011, pp. 19.1.1–19.1.4.

[11] D. F. Brown, A. Williams, K. Shinohara, A. Kurdoghlian, I. Milosavljevic,
P. Hashimoto, R. Grabar, S. Burnham, C. Butler, P. Willadsen, and
M. Micovic, “W-band power performance of AlGaN/GaN DHFETs with
regrown n+ GaN ohmic contacts by MBE,” in IEDM Tech. Dig., 2011,
pp. 19.3.1–19.3.4.

[12] M. Micovic, P. Hashimoto, M. Hu, I. Milosavljevic, J. Duvall,
P. J. Willadsen, W.-S. Wong, A. M. Conway, A. Kurdoghlian,
P. W. Deelman, J.-S. Moon, A. Schmitz, and M. J. Delaney, “GaN
double heterojunction field effect transistor for microwave
and millimeterwave power applications,” in IEDM Tech. Dig., 2004,
pp. 807–810.

[13] T. Inoue, T. Nakayama, Y. Ando, M. Kosaki, H. Miwa, K. Hirata,
T. Uemura, and H. Miyamoto, “Polarization engineering on buffer layer in
GaN-based heterojunction FETs,” IEEE Trans. Electron Devices, vol. 55,
no. 2, pp. 483–488, Feb. 2008.

[14] T. Palacios, A. Chakraborty, S. Heikman, S. Keller, S. P. DenBaars, and
U. K. Mishra, “AlGaN/GaN high electron mobility transistors with InGaN
back-barriers,” IEEE Electron Device Lett., vol. 27, no. 1, pp. 13–15,
Jan. 2006.

[15] S. Rajan, A. Chini, M. H. Wong, J. S. Speck, and U. K. Mishra,
“N-polar GaN/AlGaN/GaN high electron mobility transistors,” J. Appl.
Phys., vol. 102, no. 4, pp. 044501-1–044501-6, Aug. 2007.

[16] U. K. Mishra, M. H. Wong, Nidhi, S. Dasgupta, D. F. Brown,
B. L. Swenson, S. Keller, and J. S. Speck, “N-polar GaN-based
MIS-HEMTs for mixed signal applications,” in Proc. IEEE MTT-S, 2010,
pp. 1130–1133.

[17] J. W. Chung, E. L. Piner, and T. Palacios, “N-face GaN/AlGaN HEMTs
fabricated through layer transfer technology,” IEEE Electron Device Lett.,
vol. 30, no. 2, pp. 113–116, Feb. 2009.

[18] F. A. Marino, M. Saraniti, N. Faralli, D. K. Ferry, S. M. Goodnick, and
D. Guerra, “Emerging N-face GaN HEMT technology: A cellular Monte
Carlo study,” IEEE Trans. Electron Devices, vol. 57, no. 10, pp. 2579–
2586, Oct. 2010.

[19] D. J. Meyer, D. S. Katzer, D. A. Deen, D. F. Storm, S. C. Binari, and
T. Gougousi, “HfO2-insulated gate N-polar GaN HEMTs with high break-
down voltage,” Phys. Stat. Sol. (A), vol. 208, no. 7, pp. 1630–1633,
Jul. 2011.

[20] M. H. Wong, Y. Pei, T. Palacios, L. Shen, A. Chakraborty, L. S. McCarthy,
S. Keller, S. P. DenBaars, J. S. Speck, and U. K. Mishra, “Low nonalloyed
Ohmic contact resistance to nitride high electron mobility transistors
using N-face growth,” Appl. Phys. Lett., vol. 91, no. 23, pp. 232103-1–
232103-3, Dec. 2007.

[21] S. Dasgupta, Nidhi, D. F. Brown, F. Wu, S. Keller, J. S. Speck, and
U. K. Mishra, “Ultralow nonalloyed Ohmic contact resistance to self
aligned N-polar GaN high electron mobility transistors by In(Ga)N re-
growth,” Appl. Phys. Lett., vol. 96, no. 14, pp. 143504-1–143504-3,
Apr. 2010.

[22] D. J. Meyer, D. S. Katzer, R. Bass, N. Y. Garces, M. G. Ancona,
D. A. Deen, D. F. Storm, and S. C. Binari, “N-polar n+ GaN cap de-
velopment for low ohmic contact resistance to inverted HEMTs,” Phys.
Stat. Sol. (C), vol. 9, no. 3/4, pp. 894–897, Mar. 2012.

[23] M. H. Wong, Y. Pei, D. F. Brown, S. Keller, J. S. Speck, and
U. K. Mishra, “High-performance N-face GaN microwave MIS-HEMTs
with > 70% power-added efficiency,” IEEE Electron Device Lett., vol. 30,
no. 8, pp. 802–804, Aug. 2009.

[24] M. H. Wong, D. F. Brown, M. L. Schuette, H. Kim, V. Balasubramanian,
W. Lu, J. S. Speck, and U. K. Mishra, “X-band power performance of
N-face GaN MISHEMTs,” Electron. Lett., vol. 47, no. 3, pp. 214–215,
Feb. 2011.

[25] S. Kolluri, S. Keller, S. P. DenBaars, and U. K. Mishra, “Microwave power
performance of N-polar GaN MISHEMTs grown by MOCVD on SiC
substrates using an Al2O3 etch-stop technology,” IEEE Electron Device
Lett., vol. 33, no. 1, pp. 44–46, Jan. 2012.

[26] Nidhi, S. Dasgupta, D. F. Brown, S. Keller, J. S. Speck, and U. K. Mishra,
“N-polar GaN-based highly scaled self-aligned MIS-HEMTs with state-
of-the-art fT .LG product of 16.8 GHz- µm,” in IEDM Tech. Dig., 2009,
pp. 20.5.1–20.5.3.

[27] Nidhi, S. Dasgupta, J. Lu, J. S. Speck, and U. K. Mishra, “Self-aligned
N-polar GaN/InAlN MIS-HEMTs with record extrinsic transconductance
of 1105 mS/mm,” IEEE Electron Device Lett., vol. 33, no. 6, pp. 794–796,
Jun. 2012.

[28] Nidhi, S. Dasgupta, J. Lu, J. S. Speck, and U. K. Mishra, “Scaled self-
aligned N-polar GaN/AlGaN MIS-HEMTs with fT of 275 GHz,” IEEE
Electron Device Lett., vol. 33, no. 7, pp. 961–963, Jul. 2012.

[29] D. Denninghoff, J. Lu, M. Laurent, E. Ahmadi, S. Keller, and
U. K. Mishra, “N-polar GaN/InAlN MIS-HEMT with 400-GHz fmax,”
in Proc. 70th IEEE Device Res. Conf., 2012, pp. 151–152.

[30] U. Singisetti, M. H. Wong, J. S. Speck, and U. K. Mishra, “Enhancement-
mode N-polar GaN MOS-HFET with 5-nm channel, 510-mS/mm gm, and
0.66- Ω-mm Ron,” IEEE Electron Device Lett., vol. 33, no. 1, pp. 26–28,
Jan. 2012.

[31] P. S. Park and S. Rajan, “Simulation of short-channel effects in N- and
Ga-polar AlGaN/GaN HEMTs,” IEEE Trans. Electron Devices, vol. 58,
no. 3, pp. 704–708, Mar. 2011.

[32] M. H. Wong, S. Rajan, R. M. Chu, T. Palacios, C. S. Suh, L. S. McCarthy,
S. Keller, J. S. Speck, and U. K. Mishra, “N-face high electron mobility
transistors with a GaN-spacer,” Phys. Stat. Sol. (A), vol. 204, no. 6,
pp. 2049–2053, Jun. 2007.

[33] M. H. Wong, Y. Pei, R. Chu, S. Rajan, B. L. Swenson, D. F. Brown,
S. Keller, S. P. DenBaars, J. S. Speck, and U. K. Mishra, “N-face
metal-insulator-semiconductor high-electron-mobility transistors with
AlN back-barrier,” IEEE Electron Device Lett., vol. 29, no. 10, pp. 1101–
1104, Oct. 2008.

[34] G. H. Jessen, R. C. Fitch, Jr., J. K. Gillespie, G. Via, A. Crespo,
D. Langley, D. J. Denninghoff, M. Trejo, Jr., and E. R. Heller, “Short-
channel effect limitations on high-frequency operation of AlGaN/GaN
HEMTs for T-gate devices,” IEEE Trans. Electron Devices, vol. 54,
no. 10, pp. 2589–2597, Oct. 2007.

[35] D. F. Brown, R. Chu, S. Keller, S. P. DenBaars, and U. K. Mishra, “Elec-
trical properties of N-polar AlGaN/GaN high electron mobility transistors
grown on SiC by metalorganic chemical vapor deposition,” Appl. Phys.
Lett., vol. 94, no. 15, pp. 153506-1–153506-3, Apr. 2009.

[36] G. Meneghesso, G. Verzellesi, F. Danesin, F. Rampazzo, F. Zanon,
A. Tazzoli, M. Meneghini, and E. Zanoni, “Reliability of GaN high-
electron-mobility transistors: State of the art and perspectives,” IEEE
Trans. Device Mater. Rel., vol. 8, no. 2, pp. 332–343, Jun. 2008.

[37] M. Singh and J. Singh, “Design of high electron mobility devices with
composite nitride channels,” J. Appl. Phys., vol. 94, no. 4, pp. 2498–2506,
Aug. 2003.

[38] B. Brar, K. Boutros, R. E. DeWames, V. Tilak, R. Shealy, and L. Eastman,
“Impact ionization in high performance AlGaN/GaN HEMTs,” in
Proc. IEEE Lester Eastman Conf. High Perform. Devices, Aug. 2002,
pp. 487–491.
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