Need for Defects in Floating-Buffer AlGaN/GaN HEMTs
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INTRODUCTION
GaN HEMTs are ideally suited for high-efficiency highfrequency power switching applications, aiming to exploit
the intrinsic high-voltage, low on-resistance, and low
capacitance of this materials system. However issues remain
surrounding the problem of dynamic RON dispersion,
otherwise known as current-collapse (CC). This effect
manifests itself as an increase in channel resistance
following switching the device from the OFF to the ON
state, which only returns to the static RON value after an
extended period. CC is the result of transient charge storage
in traps, either at the AlGaN surface which exchange charge
with the gate contact and form a “virtual gate”, or by
exchange of charge between the 2DEG channel and the GaN
buffer[1]. Virtual gate effects can be effectively controlled
using field plates and surface passivation[2], and here we are
purely concerned with buffer induced CC.
Power GaN/AlGaN HEMTs require a semi-insulating
GaN buffer to prevent OFF state leakage, and this is
frequently achieved using carbon doping, resulting in
excellent leakage and breakdown performance but with
varying reports of CC[3, 4]. Carbon has a complex range of
deep levels in the gap, but the most important is an acceptor
0.9eV above the valence band[5]. This means that the buffer
is weakly p-type and isolated from the 2DEG at the
GaN/AlGaN interface by a depletion region. Simulation has
shown that under transient conditions dramatic CC is
predicted as a result of back-gating by a negative bias in the
floating buffer [6]. Very recently we have demonstrated that
this does not normally arise in practice because of leakage

along threading dislocations which partially short the
floating buffer to the 2DEG[7]. In this paper we extend this
work to demonstrate the impact of those dislocations on the
full simulated transistor characteristic and show that CC can
be significantly reduced by their presence.
EXPERIMENT
AlGaN/GaN HEMT devices taken from a GaN on silicon
power switching process development were investigated.
Example device performance was reported in [8]. These
devices had gate and source connected field plates to
effectively suppress surface related CC. Two different
wafers have been compared, but with identical C-doped GaN
on Si epitaxy. The epitaxy used an undoped channel region,
a carbon doped GaN buffer, strain relief layers, all grown on
p-type Si. Devices from the two wafers were very similar
under DC operation but Wafer A showed moderate CC,
whereas Wafer B was essentially CC free. Fig. 1 shows a
dynamic I-V analysis (DIVA) measurement from either the
ON state or the OFF state illustrating the difference. Fig. 2a
shows a conventional dynamic RON measurement and
demonstrates the long time constant required for recovery
following switching from OFF to ON, again showing the
strong difference between the wafers.
Pulsed substrate bias measurements were used to exclude
any possibility of surface trapping effects as shown in Fig.
2b [9, 10]. The observation of a similar time constant and
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Fig. 1: Double pulse (DIVA) measurement of AlGaN/GaN HEMTs from ON
(blue lines VDS=0,VGS=0V) and OFF (red dashed lines VDS=50,VGS=-3V)
quiescent bias points. Pulse durations 1µs/1ms, VGS=0,-0.5 … -2.0V. Wafer A
shows moderate current-collapse, whereas Wafer B is almost ideal.
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Fig. 4: (a) Schematic showing the vertical and lateral leakage and
capacitive paths important in these GaN HEMTs. (b) Trap assisted
tunneling process along a dislocation to inject holes from the 2DEG into
the buffer during swept VSUB measurement.
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Fig. 2: Drain current transients (a) following step from OFF state (VDS=50V,
VGS=-3V) to ON state (VDS=1V, VGS=0V), (b) following step from VSUB=0 to
−200V with VDS=1V. Similar time-constant and wafer dependence is
observed indicating a common transient origin.
1.2

G

Wafer B

10

10

(b)

S

0.6
5um gap
0.4

10um gap

15um gap
0.2

16V/s ramprate

paths allowing the injection of holes into the buffer from the
2DEG as shown in Fig 4b[12]. Fig. 4a illustrates the
equivalent circuit which is required to explain the substrate
bias sweep measurements shown in Fig. 3, with capacitive
coupling between the layers combined with TAT leakage
and lateral hopping between C-doped trap sites. The
different leakage paths between wafers A and B likely arose
from differences in the fabrication process electrically
activating/deactivating mixed and screw dislocations. This
resulted in the suppression of vertical leakage in the region
between the contacts in Wafer A[7].
SIMULATION
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Fig. 3: Normalised sheet conductivity of ungated structures of varying
gap size as VSUB is swept from 0 to −200V.

wafer dependence to that seen in Fig. 2a clearly
demonstrates that buffer related and not surface related CC
is dominant in these devices.
Ramping the substrate bias allows the location and nature
of the traps to be determined as described in [7]. Fig. 3
shows that at small VSUB, wafer B showed capacitive
coupling between the 2DEG and the Si substrate indicated
by a constant dI/dVSUB, but then showed a saturation in
current at higher |VSUB| values. This requires the
accumulation of positive charge in the buffer, and indicates
that the potential in the buffer was pinned by leakage
through the reverse biased P-N (buffer to 2DEG) junction
once the vertical applied electric field exceeded a critical
value. Varying the source-drain gap proved that for Wafer B
the leakage occurred over the entire surface, whereas for
Wafer A there was strong leakage only under the contacts.
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GaN on Si is highly defective with typically >10 cm
dislocations, and it is those defects which have been
identified as the source of reverse leakage in GaN LEDs[11].
Those threading dislocations act as trap assisted tunneling
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To test the impact of these threading dislocation paths on
CC, device simulations were undertaken to try and
reproduce the DIVA measurements shown in Fig. 1 using
the methodology described in [6]. Sets of 130 transient
simulations from either the ON state of VDS=0V, VGS=0V or
the OFF state at VDS=50V, VGS=-3V to VDS, VGS points
covering the entire ID-VDS plane were undertaken. Each
transient ramp was carried out in 1ns and the current was
recorded 1µs after the ramp. The GaN resistivity and C
acceptor level 0.92eV above the valence band were
determined experimentally by dynamic transconductance[7,
13] and so an active carbon density of 2x1018cm-3 was used
in the simulation. Simulating the effect of a distributed set of
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Fig. 5: Simulated double pulse (DIVA) measurements for the same
conditions as in Fig. 1. (a) floating p−type buffer, whereas (b) has a
P++ shorting region to the GaN buffer under the source and drain.
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leakage paths as occurred in Wafer B was not currently
feasible, however simulating Wafer A with its leaky contacts
to the p-type buffer was straightforwardly achieved by
including a small P++ doped region under the source and
drain contacts. This simulation of Wafer A was then
compared with a fully floating C-doped buffer and the
results are shown in Fig. 5.
The floating p-type buffer resulted in an extreme CC as
can be seen in Fig. 5a, whereas adding a short only under the
contacts reproduced the moderate CC behavior of Wafer A
(Fig. 5b). The floating buffer allowed the entire OFF state
VDS to be dropped across a depletion region under the drain
resulting in back gating of the entire gate-drain gap, and a
huge increase in ON-resistance. By contrast, the leakage
path under the drain (Fig. 5b, Wafer A) prevented the
formation of this deleterious space charge region. However
space charge still accumulated in the buffer region in
between the contacts resulting in the moderate CC apparent
in Fig. 5b. In the case of wafer B, leakage paths existed
across the entire source-drain gap, so the build-up of space
charge was suppressed along the entire channel, resulting in
the excellent CC performance seen in Fig. 1b.
CONCLUSIONS
C-doped buffers can deliver low current collapse,
however fabrication processes must ensure that they do not
suppress defect-induced leakage. Contrary to normal
expectations, vertically conducting defects are essential for
the functioning of lateral GaN-on-Si power devices using Cdoped buffers. The leakage paths provide a route to tie the
potential of the GaN buffer to the 2DEG, suppressing backgating induced current-collapse.
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ACRONYMS
2DEG: 2 Dimensional Electron Gas
C: Carbon
CC: Current-Collapse
DIVA: Dynamic Current-Voltage Analysis
HEMT: High Electron Mobility Transistor
TAT: Trap Assisted Tunneling
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