established. The interface properties may be improved by different
annealing conditions after gate oxide growth [6, 7]. However, a
high-temperature anneal would contribute to dopant diffusion.
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Effect of deep traps on sheet charge in
AlGaN/GaN high electron mobility
transistors

P.B. Klein, S.C. Binari, K. Ikossi, A.E. Wickenden,
D.D. Koleske and R.L. Henry

The same traps that produce current collapse in AlGaN/GaN
high electron mobility transistors are also shown to limit the sheet
charge that is attainable in these devices by the trapping of
channel carriers at equilibrium (no applied bias). In the present
case, this reduction in sheet charge was found comparable to that
induced by current collapse.

Introduction: Nitride-based electronic devices are currently of great
interest for high power, high frequency and high temperature
applications. While excellent device characteristics have been
reported for high electron mobility transistors (HEMTs), such per-
formance is not always reproducible owing to the effects of deep
trapping centres in the device structures. Traps can produce tran-
sient instabilities [1], persistent photoconductivity [2], current col-
lapse/drain lag [3], gate lag [4] and other effects leading to the
degradation of device performance. In this Letter, we discuss the
effect of deep traps on the sheet charge, n,, that is achievable in
the two-dimensional electron gas (2DEG) of the HEMT device.
The concentration of deep centres is varied by changing the pres-
sure during growth (metal organic vapour phase epitaxy
(MOVPE)) of the high-resistivity (HR) GaN buffer layer [5, 6].
The sheet charge in HEMT devices that are exposed to a high
drain-source voltage can be substantially reduced through the
mechanism of current collapse, where hot 2DEG carriers are
injected into neighbouring regions of the device structure that con-
tain a large concentration of traps. These carriers can become
trapped, and will remain trapped after the high voltage is removed
if the traps are deep. This reduction in the sheet charge leads to a
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concomitant reduction in the drain current. In nitride-based field
effect transistors (FETS), it has been shown [7 — 9] that two dis-
tinct traps (labelled trap 1 and trap 2) are responsible for this
effect, and that they reside in the HR-GaN buffer layer. Current
collapse can be reversed by light illumination, as the trapped carri-
ers are released by photoionisation and the drain current is
restored. Spectroscopic investigation of this effect has been
employed to measure the unique photoionisation spectrum associ-
ated with each of the traps responsible for current collapse in
nitride-based FETs [6 — 8]. Furthermore, it has been shown that a
quantitative measurement of the light-induced increase in the
drain current, obtained as a function of the amount of light inci-
dent on the device, allows the determination of the areal densities
and photoionisation cross-sections of the responsible traps [6, 9].
Consequently, the trap concentrations can be followed as a func-
tion of variations in the materials growth and device fabrication
parameters [6].
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Fig. 1 Variation with MOVPE growth pressure of sheet charge and
areal concentration of filled traps [6] responsible for current collapse in
AlGaN/GaN HEMT devices
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Results: A 20nm AIN nucleation layer was grown on a-plane sap-
phire substrates, followed by a 3um HR-GaN buffer layer. A
25nm layer of Aly;Gag;N was then grown to form the 2DEG.
Four wafers were grown under identical conditions, except for a
systematic variation of the HR-GaN growth pressure (65, 150, 200
and 300Torr) to vary the defect incorporation in the layer. The
areal trap concentrations were determined [7] as noted above.

Fig. 1 shows the dependence upon growth pressure of the con-
centration of each of the two traps causing current collapse, the
total trap concentration (their sum) and the sheet charge (meas-
ured by Hall effect under conditions where no collapse occurs).
From our previous studies, there is evidence {7] that trap 2 is asso-
ciated with the presence of carbon-related defects, and that trap 1
may be related to grain boundaries or dislocations. Fig. 1 shows
that, as a function of growth pressure, the sheet charge and the
total trap concentration exhibit an inverse correlation. This behav-
iour suggests that the measured sheet charge has been reduced by
the presence of traps in the HR-GaN. Since the measured trap
concentration is that of the traps producing current collapse, it
appears that the same species of trap is also responsible for a
reduced sheet charge at equilibrium. This is shown more clearly in
Fig. 2 which plots sheet charge (r,) (filled circles) against the total
areal concentration of traps responsible for the collapse (n7). The
observed linear relationship supports this view. The extrapolation
to the vertical axis, indicated by x4 in Fig. 2, represents the sheet
charge that would be attainable if there were no traps at all in the
material.

Discussion: If deep electron traps are present in the HR-GaN dur-
ing the formation of the 2DEG, it is expected that carriers would
be trapped at these centres during growth/cool-down, thus reduc-
ing the number of carriers available to the conducting channel.
These traps, in the charged region of the HR-GaN adjacent to the
2DEG (defined as region 1, thickness dy), would be filled at equi-
librium. The same species of electron trap outside of this region
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(i.e. region 2, below region 1 and deeper into the HR-GaN layer)
remains empty at equilibrium, and becomes filled (effective thick-
ness dygg) during current collapse by nonequilibrium hot carriers
resulting from a high applied drain bias. At equilibrium, the sheet
charge is reduced by the areal density of charge trapped in region
L, ng = ngy — Nydgp, where N7 is the volume trap density. During
current collapse, region 1 traps remain filled, and the traps in
region 2 become filled to an areal density ny = Nydygg, where np
corresponds to the trap density measured in [6]. The dependence
of n; on nr is then n, = ny g — (dpg/dygg)nr. This linear relationship
is shown as the solid line in Fig. 2, which is fitted to the data to
give no = 1.36 x 1083/cm? and (dpp/dygp) = 1.38.
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¥ig. 2 Dependence of equilibrium sheet charge (n,) on areal concentra-
tion of nonequilibrium filled traps in HR-GaN layer, responsible for cur-
rent collapse

Similar dependence of sheet charge remaining after current collapse is
labelled n,,

The sheet charge after current collapse, n,,, is further reduced
by the areal density of trapped charge in region 2: n,. = n,— ny =
Hy — NTdNEQ = Hgo — (1 + dEQ/dNEQ)nT' This is plotted as the
dashed line in Fig. 2, using the values for .y and (dgg/dygg)
determined above. The experimental points are plotted as the open
squares in Fig. 2. Fig. 2 demonstrates that the same species of
deep trap in the HR-GaN limits device performance by two inde-
pendent mechanisms: deep traps filled at equilibrium reduce the
attainable 2DEG sheet charge, while those traps that remain
empty at equilibrium may be filled during current collapse to fur-
ther reduce the sheet charge. As dgy/dyyo was found to be near
unity, we can conclude that in the present study the effective
thickness of the two charged regions and their corresponding areal
charge densities were comparable.
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Decision-directed passive phase
conjugation: equalisation performance in
shallow water

J.A. Flynn, J.A. Ritcey, W.L.J. Fox, D.R. Jackson and
D. Rouseff

A decision-directed extension to passive phase conjugation array
demodulation is described. Initialisation by a training preamble is
followed by block least-squares channel estimation via conjugate
gradient and memoryless decisions, which are used by estimation
in the next block. Excellent shallow-water performance is shown
at ranges up to 4.6km under windy conditions and shipping
noise. The algorithm demonstrates low error rate and robust
channel tracking.

Introduction: We describe a novel decision-directed extension to
passive phase conjugation (PPC) array equalisation [1], which we
call PPC-DD. PPC equalises the difficult channels of shallow-
water acoustic telemetry, readily exploiting diversity without the
explicit data deconvolution many traditional equalisers would

~ attempt. This equalising behaviour is argued from a deterministic,

modal decomposition viewpoint in [1]. PPC match-filters the sen-
sor signals and combines them into a single waveform. In PPC-
DD this signal is quantised, giving a symbol estimate block that
feeds back to a channel impulse response (CIR) estimator, produc-
ing filter coefficients needed in the next block. CIRs are tracked
over the packet, in contrast with purely data-aided methods (e.g.
[2]), reducing training cost and decoupling packet size from chan-
nel variability. Block least squares (LS) estimation by LSQR [3}, a
type of conjugate gradient (CG), enables compliant channel track-
ing. This gives deterministic finite-window LS estimation (LSE),
an attractive option to standard RLS or decision-directed LMS-
based methods ([4] p. 773) characterised, respectively, by exponen-
tial windowing and a statistical objective function. Adaptive filter-
ing by CG was proposed earlier, e.g. [5]. Unlike many other array
equalisers (e.g. [6]) no direct error signal feedback is used, and
estimation is partioned across channels. This avoids joint multi-
channel optimisation, so complexity is linear in the number of sen-
sors. Residual ISI [4] in the soft output can be further mitigated
by traditional equalisers or sequence estimation.

Algorithm: We use symbol-rate processing, and integer sample
times commensurate with normalised frequency. Data packet
{3} utilises BPSK [4] signalling so I, € {x1}. We have N,
receive sensors and one transmitter. The baseband fixed channel
model for gth sensor signal y4(r) is 49(¢) * I, + v (¢) where vd (2) is
iid. zero-mean spatially uncorrelated noise, and where the N,

CIRs {h(})} =}, which include the transmit pulse, are required to
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