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New estimates of the piezoelectric charge: density at (0001)
AlGaN/GaN interfaces are provided. Undoped HFET structures
grown by both MBE and MOCVD, on sapphire and SiC
substrates, exhibit electron densities of ~5 X 10'* em2- x,,; (where
X4 18 the aluminium mol fraction in the AlGaN), which can be
attributed to piezoelectric effects. These have a significant
influence on the design and behaviour of III-V nitride HFETSs.

Introduction: Heterostructure field-effect transistors (HFETSs)
based on the AlGaN/GaN system have recently been shown to be
very attractive candidates for high voltage, high power amplifica-
tion at frequencies well into the microwave region [1 — 4]. The
behaviour of these devices is under intense investigation. It has
previously been shown that the nitrides have appreciable piezoe-
lectric coefficients, and that on (0001) faces of the wurtzite struc-
tures typically used to form HFETS, electric polarisation should
occur, resulting in potentially large charge densities and associated
electric fields [5, 6]. In this Letter, we report new estimates of the
magnitude of these charge densities and detail a number of their
expected effects on HFET characteristics.

Analysis: A representative FET layer structure consists of a 50nm
layer of AlGaN, on top of a 3um layer of GaN, deposited on a
substrate of sapphire or SiC. Appreciable 2D electron gas (2-
DEG) densities are found at the AlIGaN/GaN interface, even if all
the layers are grown without intentional doping [7]. The layers are
usually under stress due to either a lattice mismatch between epi-
taxial layers of different alloy compositions, or a thermal expan-
sion mismatch between the epitaxial layers and the substrate
(which may be partially or entirely relaxed). There is, in particular,
a large amount of strain at the AlIGaN/GaN interface, due to the
difference in lattice constants between these two materials (2.4%
difference between AIN and GaN at room temperature). The biax-
ial stress and strain associated with the lattice mismatches gener-
ates a piezolectric polarisation P, (where the z axis lies along the
[0001] direction, normal to the HFET surface), given by [5]

P, = 2dg1(c11 + 12 — 2¢33/¢33)E 00 (1)

Here, d;, is the piezoelectric strain ceofficient for AlGaN, ¢, are
the elastic stiffness coefficients, and €., is the strain in the x direc-
tion (taken to be equal to ¢,,. The electrical effects of the polarisa-
tion can be determined by considering that there is a
piezoelectrically-induced charge density Q,, = gN,, = divP. At the
interface between pseudomorphically-grown AlGaN and GaN,
there is a change in strain (and stress) because of the difference in
lattice-constants. Correspondingly, there is a piezoelectric positive
(donor-like) charge density due to the difference between the
polarisations within the AIGaN and the GaN. The magnitude of
the interfacial charge density is essentially independent of the level
of strain common to both AlGaN and GaN (assuming equal pie-
zoelectric coefficients for the two materials), and thus is independ-
ent of the details of the substrate, buffer and sample bending. At
the top of the AlGaN layer (and, possibly, at the bottom of the
GaN layer) there will be negative (acceptor-like) PZ charge densi-
ties. The PZ charge density at the AlGaN/GaN interface will be
largely compensated for by electrons that form a 2D electron gas
at the interface; charge at the top of the AlGaN will be compen-
sated for by either charged surface states for a free surface, or car-
riers in the metal layer for a metal contact. A schematic,
approximate, band diagram of the resulting undoped AlGalN/GaN
interface is shown in Fig. 1, along with a schematic representation
of the charge densities.

The sign of the piezoelectric charges is dependent on the crystal
orientation. GaN and AlGaN layers grown by MBE and
MOCVD typically grow in (0001) directions, that is, with the A
(or Ga) face at the surface [8]. According to egn. 1, and the value
of d; = -2 x 10°cm/V for AIN given in [9], donor-like PZ

charges result at the AlGaN/GaN interfaces (although this assign-
ment differs from [5, 6]). Polarisation is directed from the A face
to the B face (as is the case in CdS, which also forms in the wurtz-
ite structure and has d;; < 0 [9]). For crystals grown on (000 1) or
B faces, an opposite sign of charge is expected.
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Fig. 1 Band diagram and schematic doping density resulting from piezo-
electric charge density

The density of electrons in the 2-DEG at the interface departs
somewhat from the piezoelectrically-induced (PZ) donor density
N,,, because a net charge density is required to terminate the elec-
tric field in the AlGaN layer. This electric field is fixed by the
potential drop in the AlGaN determined by the fermi level posi-
tions at the surface and at the interface. We find that the 2-DEG
density is given by

Ns:sz_Cb(¢S_AEc+€fn(NS))/q (2)

Here, N,,, the PZ donor density at the interface, is given by N,, =
(P, — P,)lq. C, is the geometric capacitance associated with the
AlGaN layer of thickness 4, (C, = ¢/h,); ¢, is the depth of the
fermi level at the AlGaN surface with respect to its conduction
band edge, AE, is the conduction band offset between AlGaN and
GaN (in the given strained condition), and &, is the height of the
fermi level above the conduction band in the GaN (which is a
function of N)). P,, and P, are the polarisations in the AlGaN
and the GaN, associated with the strains €,,, and €., in the two
materials, respectively. Assuming a coherent interface between the
layers, by Vegards law, we expect €,,, — &,,, is proportional to the
aluminium mol fraction of the AlGaN layer. Thus, N, is approxi-
mately proportional to x,,. In general, however, d;, may vary with
x4 (and probably increases in magnitude as the aluminium content
rises).
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Fig. 2 Experimental values of N, against x , for various undoped MBE-
and MOCVD—grown AlGaN/GaN HFET structures
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Experimental results: In Fig. 2 the measured sheet carrier concen-
trations N, are shown against x,, in AlGaN/GaN HFET structures
grown without intentional doping. These data were obtained from
Hall measurements on structures with free surfaces. The data
include reported values for MOCVD [7], as well as for MBE
growth (shown here for the first time). The results of the two
growth methods agree well, and indicate a value of N, that rises
approximately linearly with x,, following dN/dx,, = 5 x 1083cm.
This slope may rise slightly for increasing x,. The results for both
sapphire substrates and SiC coincide closely.
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Discussion: The origin of the charges in these undoped FETSs has
not yet been identified [7]. The assignment of the observed charge
densities to the ‘piezoelectric doping’ described here is more plau-
sible than assuming that there are residual impurities in the GaN
or AlGaN. It has been reported that samples of GaN or AlGaN
grown individually have resulted in low doping levels. Also, Fig. 2
shows the essential equivalence of MBE and MOCVD-grown
materials, which may be expected to have different residual doping
levels.

In accordance with eqn. 2, the electron density at the interface
for a given value of x,, is expected to vary somewhat as a function
of thickness of the AlGaN layer, and the overall value of N, is
expected to be lower than N,, The data suggest that the difference
N,. — N, is relatively small. This may correspond to the fact that
the electric field in the AlGaN layer is small.

The experimental value of dN./dx,, obtained by fitting the data
of Fig. 2 is larger, by a factor of 1.8, than the corresponding value
estimated by Martin ez al. based on published values of piezoelec-
tric coefficients [6]. To make the earlier estimates, an interpolation
had been necessary in order to arrive at an estimate for d;, of
GaN. The bowing of the curve of N, against x,, suggests that dy
increases with x,.

The dominance of PZ charge densities has numerous conse-
quences for the HFET design. Although the PZ charge exists at
the plane of the heterojunction, it is not expected to degrade the
mobility of the 2-DEG, because the PZ charge is very uniformly
distributed (with every atom at the heterojunction having a small
amount of strain-induced charge) unless substantial interface
roughness is present. Recessing the Schottky gate region produces
only a minor effect on the threshold voltage (since N, varies only
slowly with 4,). Reducing the AlGaN thickness in the source and
drain ohmic contact regions can assist in producing ohmic con-
tacts, but etching it away completely can eliminate the conductiv-
ity in the underlying GaN. Also, buffer layers of AlGaN beneath
a thin conducting channel produce distortions of carrier densities
in the channel, due to the PZ charges at their interfaces. The
extremely strong influence of PZ effects on device behaviour sug-
gests numerous additional possibilities for design and optimisation
of III-V nitride devices.

Conclusion: We have shown that, through the PZ effect, donor-
like charge densities of the order of 5 x 10¥cm?-x,, are produced
at pseudomorphic AlGaN/GaN interfaces. The existence of the
piezoelectric charges provides an insight into the relative perform-
ances of various HFET structures.
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passive optical network
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The ability to provide a 55Mbit/s service to 33.5million PON
subscribers is described, using an 8-channel sequentially-pulsed
1555nm integrated multifrequency laser distributed to 4.3 million
WDM PON lines through five amplifier/splitter stages. The
wavelength-encoded pulses were modulated at 440Mbit/s with an
InGaAsP electroabsorption modulator, and then, after 20km
transmission through singlemode fibre, they were demultiplexed
with an arrayed-waveguide grating router. Error-free transmission
was achieved.

Introduction: While terabit/second data streams have been sent
through point-to-point optical fibre connections [I — 3], there has
not been a demonstration of how to use this capacity in communi-
cation lines connected to a large number of local access subscrib-
ers. Passive optical networks are leading candidates for the future
delivery of high-capacity (>50Mbit/s) bidirectional communication
services between the central office and the subscriber premises.
However, most wavelength-division multiplexed (WDM) architec-
tures are not easily scaled to large numbers of customers because
of the high cost of generating WDM channels. One proposed
method is to distribute wavelength-encoded pulse streams from a
centralissd WDM source to a large number of PONs that termi-
nate with synchronised optical modulators in the central office to
generate subscriber data [4, 5]. The cost of the WDM PON is then
moved from the WDM pulse source to the pulse distribution fab-
ric and PON modulators, which may lead to improved cost mod-
els with a highly-shared fabric.

Here we describe the capability of distributing an 8-channel,
sequentially-pulsed 1555nm WDM source to 4.3million, 20km
length, PON lines through a five-stage amplifier/splitter cascade.
The subscriber data rate was 55Mbit/s, yielding an aggregate net-
work data rate of 1.8Pbit/s. This is different from large-scale
broadcast distribution [6] as each subsciber in the access network
now receives his own unique data channel. Such large-scale capac-
ity in an access network leads to interesting speculation as to the
number of tbit/s lines and switch sizes required to service such net-
works, and how a population might use an information density of
1.8 x 10'%/m200002 = 1.5Mbit/s per square metre in a 20km radius.
This density is equivalent to providing an OQC-3 connection to
every resident of New York City.

Results: The layout of the cascade-distributed sequentially-pulsed
1555nm WDM source and WDM PON is shown in Fig. 1. Fight
channels of an integrated multifrequency laser [7] having 100GHz
channel spacing were sequentially modulated at a channel rate of
55megapulses per second with an 8% pulse duty cycle. The pulses
were interleaved 2.25ns apart, resulting in a 440 megapulses per
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