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Abstract

Large polarization e�ects in nitride-based heterostructures provide opportunities for controllably introducing
negative charge, equivalent to acceptor-doping, in AlGaN/GaN HBT structures. This paper reviews evidence for
polarization-based doping e�ects in nitride-based materials, and discusses potential applications of these e�ects for
the improvement of p-contacts and p-type base conductivity. It is shown that in conventional HBTs grown with Ga-

terminated faces in the emitter-up con®guration, the polarization-induced charges detract from the acceptor doping
of the base. In contrast, the polarization e�ects add to e�ective doping in the base in structures that are grown and
processed as collector-up devices, or in devices that are grown emitter-up and utilize the transferred substrate

approach. # 2000 Published by Elsevier Science Ltd. All rights reserved.

1. Introduction

The development of heterojunction bipolar transis-

tors in GaN and related materials is an important

research objective. Potential advantages of HBTs with
respect to HFET structures in microwave power ampli-

®er applications, for example, include high power den-
sity, higher transconductance, higher linearity, reduced

sensitivity of device properties to the characteristics of

surfaces or bu�er layers, and the ability to con-
veniently tailor the bandstructure of the device along

the direction of electron ¯ow thereby facilitating the
use of high bandgap alloys where ®elds are particularly

high, the inclusion of ballistic launching ramps, or
other strategies. Initial device demonstrations have

been promising [1,2], but have highlighted the di�culty

of producing adequate conductivity in the p-type base

layer of the transistors. This di�culty arises from the
large ionization energy of typical acceptor impurities
such as Mg; the tendency for compensation of accep-

tors to occur due to various species such as H; and the
low mobility for holes in the nitrides, particularly in
heavily-doped material. It has been recognized that the

prominent spontaneous polarization and piezoelectric
characteristics of the nitride semiconductors o�er a po-
tential approach to mitigate these problems, by appro-
priately controlling the device strain and polarization.

This paper reviews experimental evidence relevant to
such polarization-based doping, and presents several
strategies for the improvement of both base contacts

and base hole conductivity.

2. Polarization e�ects in nitrides

Recent theoretical and experimental work has high-

lighted the fact that the nitride-based semiconductors
exhibit very strong polarization, comprising both spon-
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taneous polarization, and strain-induced (piezoelectric)

polarization components [3±7]. The strain e�ects are
important in nitride heterostructures because of the lat-
tice-mismatch between the components materials such

as GaN, AlN and InN and their alloys. For epitaxial
growth along the c axis of wurtzite crystals, the overall
polarization Ptot in a layer is directed along the c-axis
and has a value given by

Ptot � �e31 ÿ c13=c33 � e33� � �exx � eyy� � Pspon �1�

where e is the piezoelectric stress tensor (expressed in
contracted index notation), c is the elastic sti�ness ten-
sor, e is the strain and Pspon is the spontaneous polar-

ization (which is also directed along the c-axis).

The precise values of the material constants to be
used in Eq. (1) are not known with certainty, but esti-

mates have been provided by a number of authors.
Table 1 lists, for example, a variety of values from the
literature [8±13]. The piezoelectric coe�cients are more

than ®ve times higher than in GaAs. The sign of e33 is
opposite to that found in the zincblende III±V com-
pounds (after translating the values determined for the

cubic crystals to the hexagonal structure) and in agree-
ment with that found in wurtzite II±VI compounds.
As a result of spatially-varying polarization in crystals,

a bound charge density rpol is produced, given by

rpol � ÿr � P: �2�

This polarization-induced charge acts as a source of

electrostatic ®elds along with free charges (electrons
and holes) and charged impurities. As a consequence,
at the interface of two layers with polarizations P1 and
P2, a polarization induced sheet charge density

Qs=P1ÿP2 is produced. This sheet charge can have
appreciable magnitude. Fig. 1 plots, for example, the
sheet charge density Qs (expressed as Ns=Qs/q )

obtained at the interface between AlGaN and GaN,
assuming that the AlGaN accommodates to the lattice
constant of GaN. In the computation of the values

shown in this ®gure, the piezoelectric coe�cients were
estimated to be an average of the various determi-
nations of Table 1. The sheet charge density reaches

values of the order of 1013 cmÿ2. The variation of Ns
with aluminum concentration is not linear because of
the estimated change in piezoelectric coe�cients with
alloy composition.

It should be noted that the charge associated with
the interface does not (to lowest order) depend on the
state of stress of the GaN layer itself, only on the

di�erence in strain between the GaN and the overlying
AlGaN layer. ``Common-mode'' strains, i.e. those that
a�ect both the bu�er-layer and overlying AlGaN

layer, cancel out in the determination of interface
charge.

3. Piezoelectronic doping

The bound charge associated with the divergence of
the polarization may be viewed as a source of charge

analogous to ionized impurities. This charge can be
intentionally incorporated into nitride-based hetero-
structures for various device design purposes, such as

inducing the presence of electron or hole densities. The
positive charge resulting from the polarization changes
exhibits in many respects donor-like behavior, while

the negative charge is, correspondingly, acceptor-like.
The incorporation of the piezoelectronic charge rep-
resents another design variable that may be used for

Table 1

Selected physical constants for GaN, AlN, and InN

GaN AlN InN Reference

a (AÊ ) 3.189 3.112 3.548 8

c (AÊ ) 5.185 4.982 5.760 8

e31 (C/m
2) ÿ0.32 9

e31 (C/m
2) ÿ0.22 10

e31 (C/m
2) ÿ0.36 11, 12

e31 (C/m
2) ÿ0.58 13

e31 (C/m
2) ÿ0.49 ÿ0.60 ÿ0.57 7

e33 (C/m
2) 0.65 9

e33 (C/m
2) 0.44 10

e33 (C/m
2) 1 11, 12

e33 (C/m
2) 1.55 13

e33 (C/m
2) 0.73 1.46 0.97 7

Psp,z (C/m
2) ÿ0.029 ÿ0.081 ÿ0.032 7

Fig. 1. Calculated values of interface sheet charge (expressed

in units of electron charge) for thin AlGaN layers deposited

on GaN bu�er layers, as a function of Al mol fraction. The

AlGaN layer is assumed to accommodate to the lattice-con-

stant of GaN. Charges densities arising from spontaneous

polarization and from piezoelectric e�ects individually are

also shown.
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the optimization of structures. Such ``piezoelectronic
doping'' obeys several rules, including the following:

1. The overall system is constrained to be neutral.
Thus piezolectronically-produced donors and accep-
tors occur in equal numbers. The doping e�ects of

piezoelectronic engineering thus can be better
described as the controlled incorporation of dipoles
rather than of monopoles.

2. The sign of the charge obtained is dependent on the
orientation of the crystal. Epitaxial layers grown
with Ga-terminated faces (0001 orientation) contain

polarization dipoles opposite in orientation to those
grown with N-terminated faces (0001

-
orientation).

3. The piezoelectronic ``dopants'' are always fully

ionized. There is no possibility of binding of elec-
trons or holes to the polarization-induced charge,
since it is dispersed over surfaces or volumes. This
feature is of signi®cant bene®t in the nitrides, for

which impurity acceptors have large binding ener-
gies, and, consequently, relatively low ionization
ratios at room temperature.

4. The piezoelectronic ``dopants'' do not produce
ionized impurity scattering. Since there are no loca-
lized centers for electrons to scatter from, with ideal

planar interfaces and uniform materials the presence
of piezoelectronic doping should not decrease mobi-
lity. This feature is identical to that of modulation
doping. In real crystals in which interfaces are

rough and alloy compositions ¯uctuate, however,
there will be distributions of piezoelectrically-
induced charge that can cause scattering and mobi-

lity reduction.

3.1. Limitations due to stress relaxation

The maximum value of piezoelectronic doping that
can be incorporated into a device is limited by the
maximum strain that can be present within the lattice-

mismatched layers. In the growth of heteromorphic
layers in many III±V compounds such as GaAs and
InP, it is well established that if a critical layer thick-

ness is exceeded in lattice-mismatched growth, mis®t
dislocations will form and result in partial to complete
strain relaxation. The experimental results in the
nitride-based semiconductors are less clear. The hexa-

gonal wurtzite crystals do not permit glide of dislo-
cations as readily as the zincblende structures. As a
result, the mechanical equilibrium situation may not be

reached in most samples. Bykhovski et al. [14] have
reported a computation of critical thickness for
AlGaN layers on GaN bu�ers, indicating approx. 200

AÊ critical thickness for 15% aluminum. Experimental
data inferred from C±V measurements of piezoelectro-
nic charge suggest that much thicker layers can be pro-

duced at that aluminum concentration while still

incorporating substantial strain [14]. It is possible that
in many nitride-based samples the strain levels can be
built up until the onset of cracking.

Large densities of c-axis oriented threading dislo-
cations are present in most nitride samples. It has been
shown that there are polarization components associ-

ated with the strain ®elds of these dislocations.
However, the divergence of the polarization vanishes
for c-axis oriented dislocations almost everywhere.
Charges arise from the dislocation strain ®elds only at

surfaces and interfaces, in the case of dislocations with
an edge component [15].

3.2. Limitations due to compensation

It can be expected that the piezoelectronic ``doping''
will be partially compensated by native defects and
impurities during crystal growth and subsequent pro-
cessing. While the piezoelectronic charge is not loca-

lized, and will not create bonding interactions and
undergo complex formation (such as Mg incorporation
in Mg±H complexes), the e�ect of the piezoelectronic

charge on the fermi level will contribute to decreasing
the energy of formation of defects, thereby increasing
their density. Walukiewicz [16] has simulated the

increase of native donors in AlGaN/GaN HFETs as a
result of the presence of ``piezoelectronic acceptors'' at
the surface of growing heterostructures. It is also poss-
ible that hydrogen incorporation as H+ entities will be

increased at the surface as piezoelectronic acceptors
are incorporated into the material, since they are ener-
getically strongly favorable as the fermi level in the

semiconductor approaches the valence band. The
degree of compensation obtained under di�erent
growth conditions is not yet known. Under worst case

scenarios, the compensation will negate the formation
of p-type conductivity. An attractive scenario, already
proposed by Van Vechten [17] to explain the p-type

Fig. 2. Schematic structure of AlGaN/GaN HFET, together

with corresponding band diagram and charge densities.
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conductivity resulting from Mg doping, is that H+

may compensate the acceptors during growth to an

extent that discourages the incorporation of more
stable donor-like centers. Subsequently, the hydrogen
may be expelled during relatively low temperature

anneals to activate the acceptors.

3.3. Piezoelectronic doping e�ects in HFETs

It has been recently demonstrated that piezoelectro-
nic doping e�ects have a major role in the establish-

ment of carrier densities in AlGaN/GaN HFET
structures [5,6]. Fig. 2 shows the structure of a repre-
sentative HFET. The spontaneous polarization and
piezoelectric polarization within this structure are

oriented primarily along the growth direction and
undergo an abrupt change at the AlGaN/GaN inter-
face, producing a donor-like sheet charge at that inter-

face.. A corresponding negative sheet charge is
produced at the surface of the wafer, as indicated in
Fig. 2. The negative surface charge is compensated by

the charge on a Schottky metal gate, while the charge
at the AlGaN/GaN interface is compensated by elec-
trons which form a 2-dimensional electron gas (apart

from a net charge component that must remain to ter-
minate the electric ®eld between gate and 2 DEG). For
a free surface rather than a Schottky metal, a similar
situation will arise, assuming that there are compensat-

ing charges at the surface as a result of surface states,
impurities or charged native defects near the surface,
or external charged entities. Experimental evidence

suggests that the surface potential for a free surface is
lower than produced with metal Schottky barriers, and
the electric ®eld between channel and surface is small.

The 2 DEG density in HFET structures produced by
polarization charges is then expected to be equal to the

piezoelectronic charge density of Fig. 1. In Fig. 3 are
plotted experimental values of sheet electron density

obtained by Hall measurements for nominally undoped
HFET layer structures as a function of aluminum mol
fraction, together with the predictions of the preceding

analysis. Layers grown by both MOCVD and by MBE
are represented in these data. There is reasonable
agreement between the analysis and experiment,

although at high Al mol fractions the discrepancies are
greater. The agreement between analysis and exper-
iment is no doubt in¯uenced by possible strain relax-
ation, by incorporation of unintentional dopants

(particularly donors), and imprecise knowledge of
aluminum mol fraction in the samples.

Fig. 4. (a) Band diagram for enhanced Schottky barrier struc-

ture via piezoelectronic doping. (b) Schematic charge den-

sities. (c) Behavior of the band diagram as the Schottky

barrier voltage is changed.

Fig. 3. Comparison between experimental values of sheet car-

rier concentration in HFET structures, obtained from Hall

measurements, and predictions of polarization-based model.

The HFET structures did not have intentional doping.
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3.4. Enhancement of Schottky barrier height in HFET
structures

The possibility of control over electrostatic charge
distribution through piezoelectronic engineering has

led to some novel structures. One example is provided
by a structure intended to increase the e�ective barrier
height of the Schottky gate within an HFET structure

[18]. An increase in barrier height can in principle be
obtained by the incorporation of acceptor-like charge
near the Schottky gate. In the conventional camel

diode, this charge is produced by incorporation of
acceptor impurities. Recently, structures have been fab-
ricated where the enhancements were produced by the
use of piezoelectronic acceptors. The overall layer

structure consists of a layer of GaN on top of an
AlGaN layer, which is on top of a GaN bu�er layer.
Fig. 4 depicts the structure, charges, and expected

band diagram. The barrier height is increased by the
amount of potential drop in the surface GaN layer,
which in turn is dependent on the piezoelectronic

acceptor charges at the top GaN/AlGaN interface.
Photoresponse measurements of barrier height have
been made for samples prepared in this manner [18].

The observed results indicated that the barrier height
was enhanced by up to 0.37 eV, for samples employing
AlGaN layers of 25% aluminum mol fraction, at zero
bias. As is expected for camel diodes, the barrier

height is somewhat dependent on the voltage applied
to the Schottky diode, and increases for forward bias,
as shown in Fig. 4(c). The measured barriers are in ap-

proximate accord with the values predicted with a
simple analysis (which assumes that the material has
residual unintentional donors at a level of 1 � 1018

cmÿ3). Samples prepared with 30% aluminum mol
fraction exhibited a barrier enhancement of 0.27 eV,
which agrees less well with the predictions, suggesting
that lattice-relaxation may have had a role.

4. Piezoelectronic enhancement of base contacts

The high speci®c contact resistance of ohmic con-

tacts to p-type GaN and nitride heterostructure layers
has been a persistent problem for the development of
HBTs as well as LEDs and lasers. As reported else-
where in this issue, values of the order of 10ÿ4 ohm

cm2 are typical of the best reported in HBT structures,
and frequently much higher values are obtained. There
is signi®cant promise with the emerging Ti/Ta contacts,

although work remains to demonstrate stability over
time. It would be very valuable to enhance p-ohmic
contact performance via polarization e�ects. Here we

show a design that in principle should signi®cantly
enhance the contact behavior. The proposed mechan-
ism for enhancement is to create piezoelectronic nega-

tive (acceptor-like) charge in the vicinity of the surface,

where it can contribute to thinning of the depletion
region, and enhance the tunneling probability of holes.
The piezoelectronic charge can be established with the

use of a layer of InGaN deposited on a GaN substrate.
A graded composition is used in order to distribute the
charge over a ®nite width. The proposed structure is il-

lustrated in Fig. 5. The surface layer is also doped
with Mg. A conventional ohmic contact may be rep-

resented in approximate fashion as an ideal Schottky
barrier, in which the depletion region is thin enough to
permit tunneling of electrons whose initial energy is

near the fermi level or somewhat close to it (corre-
sponding to thermionic ®eld emission current). Fig. 6
shows the predicted valence band diagrams for a struc-

ture with and without piezoelectronic charge. The In
composition of the InGaN contact layer is graded
from 0 to 15% at the surface of a layer 60 AÊ thick. A

Schottky barrier height of 2.2 eV has been assumed.
The ®gure shows that signi®cant thinning of the de-
pletion layer occurs, which should lead to enhanced

Fig. 5. (a) Layer structure for p-type ohmic contact enhanced

via piezoelectronic doping. (b) Corresponding indium alloy

composition vs depth, and charge density.

Fig. 6. Calculated valence band pro®le for piezolectronically

enhanced p-contact, and corresponding calculation if piezo-

electronic e�ects are omitted.
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current ¯ow at a given bias. In the simulation, Mg has
been assumed not to be complexed with hydrogen, and
to have an acceptor depth of 0.18 eV. Ionization of the

Mg is enhanced in the vicinity of the contact as a
result of band-bending. Experiments are underway to
investigate this e�ect in real structures.

5. Piezeoelectronic enhancement of HBT base layer

conductivity

The use of piezoelectronic doping to increase the
hole concentration within the base of AlGaN/GaN

HBTs is an attractive possibility, particularly since it
should be achievable without incurring a penalty in
hole mobility. The polarization change between an

AlGaN emitter and a GaN base provides such a possi-
bility. Corresponding designs are discussed in the fol-
lowing, for devices which are grown in an emitter-up

con®guration, and in a collector-up con®guration. The
transferred substrate HBT, which may be grown in a
collector-up con®guration and processed in an emitter-
up con®guration, is also discussed.

5.1. Emitter-up HBTs

At the interface between an emitter layer of AlGaN
and a base of GaN, a piezoelectric sheet charge may
be formed, which can lead to the formation of a two-

dimensional hole gas. It is also possible to grade the
aluminum composition over a ®nite thickness, thus
providing an equivalent acceptor doping over a ®nite
region. These concepts are shown in the schematic

layer design shown in Fig. 7.
The magnitude of the maximum base sheet charge

that can be generated on this basis is in the range 1±3

� 1013 cmÿ2. For example, for an AlGaN emitter layer
with 25% Al and a base of GaN, the aggregate charge
is estimated to be 1.4� 1013 cmÿ2 (which may be loca-

lized in a sheet, or spread over an appreciable distance
depending on the grading of the Aluminum content).
If distributed over a base of width 500 AÊ , this would

correspond to a value p-type dopant concentration of
2.8 � 1018 cmÿ3. The polarization-induced charge can
be increased to a value of about 4 � 1013 cmÿ2 with

the addition of indium to the base (assuming an In
content of the order of 10%), which would also allow

higher aluminum concentration to be reached for a
given degree of strain. The corresponding doping con-

centration over a 500 AÊ base is 8 � 1018 cmÿ3.
However, the negative charge obtained in practice may
be lower as a result of strain-relaxation or compen-

sation, as noted above.
The magnitude of the base charge desired in a bipo-

lar transistor is of this same magnitude or greater, and
is necessary to impart su�cient conductivity to the
base, as well as to support the electric ®elds from the

collector. If the maximum base sheet resistance is
taken to be 20,000 ohm/square (acceptable only if the

emitter width is small), then the required base sheet
doping is of order 1.6 � 1013 cmÿ2, assuming a hole
mobility of 20 cm2/V s. Mobility of holes in the base

could be greater with piezoelectric doping than
observed with Mg doping, as noted above. In order to

terminate electric ®elds in the BC depletion region,
values of sheet charge up to 1.7 � 1013 cmÿ2 are
needed (assuming the transistor is to be operated with-

out base punchthrough up to the onset of avalanche
breakdown with a ®eld of 2.5 MV/cm). Higher values

of base sheet doping would result in further improve-
ment of key device characteristics.

Fig. 7. Schematic structure of emitter-up HBT, along with

aluminum mol fraction as a function of depth, and schematic

charge densities.

Fig. 8. Schematic band diagram near AlGaN±GaN interface,

illustrating modulation doping e�ect to decrease ionization

energy of Mg acceptors. A schematic band diagram of an

emitter-up HBT with enhanced base conductivity is also

shown.
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These considerations indicate that it would be desir-
able and perhaps necessary to supplement the piezo-

electric acceptor doping with acceptor impurity
doping, such as with Mg. In the vicinity of the BC
junction, for example, the variation of electrostatic po-
tential should cause the Mg to be fully ionized within

the depletion region, essentially eliminating the pro-
blem of punchthrough. The depth of the Mg acceptor
could nonetheless create problems due to the ®nite

emission rate of holes from the acceptor level, so that
the time response of the impurity doping in the base
may be insu�cient for high frequency signals.

When incorporating the Mg doping in the suggested
structure, it is convenient to take advantage of the
modulation doping capabilities of the heterojunction.
For example, if the acceptor depth within AlGaN is

the same as in GaN, or at least does not increase by
the full amount of the valence band di�erence DEv
between these two materials, then it will be energeti-

cally advantageous for Mg acceptors in the AlGaN
layer to ionize by providing holes to the valence band
of Gan in the neighboring layer, as shown schemati-

cally in Fig. 8. With the use of a single interface
between AlGaN and GaN (rather than a superlattice)
there are no barriers to electron ¯ow introduced. The

band diagram for the proposed structure is shown in
Fig. 8. Fig. 9 shows the simulated hole density as a
function of depth, along with the ionization fraction
expected for the Mg. The ®gure illustrates that a size-

able hole density of about 1.5 � 1013 cmÿ2 is attained,
and that the ionization of the Mg is enhanced in the
vicinity of the AlGaN/GaN interface and at the BC

junction. The calculated dependence of the base sheet
charge on base-collector voltage shows that very little
change (<10%) in the base sheet concentration occurs

up to collector voltages approaching avalanche break-
down. This variation is su�ciently low to avoid excess
output conductance.
While the proposed design of the HBT base appears

to be useful for applications, it should be emphasized
that in order for the piezoelectronically produced
charges to have the proper sign in the base, to act as

acceptors rather than donors, it is necessary for the
epitaxial layers to be grown with a N-terminated face,
that is a 0001

-
growth direction. This is opposite to the

crystal polarity typically achieved in nitride growths.

By contrast, with the usual crystal orientation, the
piezoelectrically de®ned charges are donor-like, and
subtract from the Mg doping of the base. This situ-

ation is believed to occur in the GaN-based HBTs
reported to date, and is potentially one of the signi®-
cant barriers to the operation of those devices.

In order to produce piezoelectric acceptors at the
emitter base junction, while employing the convention-
al Ga-terminated 0001 growth, it is necessary to grow

the structure with the emitter below the surface, next
to the bu�er, followed by the base, and ®nally the col-
lector.

5.2. Transferred-substrate HBTs

Using the transferred substrate technique, it is poss-

ible to grow an epitaxial layer structure collector-up,
and subsequently process it emitter-up, after transfer-

Fig. 9. Simulated distribution of hole density in the base

region of an AlGaN/GaN emitter-up HBT, with piezoelectro-

nically-enhanced charge as well as Mg-doping. The concen-

tration of ionized Mg impurities is also shown, illustrating

enhancement near the base-collector junction and at the

AlGaN/GaN interface.

Fig. 10. Structure of collector-up HBT, along with aluminum

mol fraction vs depth, and schematic charge densities.
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ring the wafer to an auxiliary handle substrate, and
removing the original substrate used during growth.

This technique has been used by Rodwell et al. [19] to
achieve extremely high frequency performance in InP/
InGaAs/InP. The advantages of this approach are
detailed by Rodwell elsewhere in this issue. It is fortu-

nate that the piezoelectronic doping features are also
favorable in this geometry.

5.3. Collector-up HBTs

Another option for the fabrication of high perform-
ance HBTs is to process the structure with the collec-
tor at the wafer surface. Kroemer [20] pointed out that

this geometry has the desirable feature of dramatically
reduced base-collector capacitance (which is the most
critical parasitic limiting high frequency performance).

A schematic structure for a collector-up AlGaN/GaN
HBT with piezoelectronically-enhanced base conduc-
tivity is shown in Fig. 10; the structure is a mirror-
image of the emitter-up design. A well-known problem

with the collector-up design, however, is the fact that
regions of the emitter not covered by the device collec-
tor (``extrinsic emitter'' regions), may inject minority

carriers into the base, which will not be collected, but
rather will contribute to base current. It is critical to
suppress this extrinsic base current contribution in

order to have adequate current gain. The problem is
particularly severe for devices with narrow collectors,
since the collector current scales as the collector area,
while the extrinsic emitter base current scales as the

collector periphery. There are a number of strategies
that have been demonstrated in HBTs in other ma-
terial systems that can be used to suppress the extrinsic

current. One possibility, illustrated in Fig. 11(b), is
based on the use of damage implants (or p-implants)
to produce current blocking barriers in the emitter

layers that lie underneath the base contacts. It is chal-
lenging, however, to produce such layers without
adversely a�ecting the conductivity of the base layer

and the ohmic contact quality. Another strategy, illus-
trated in Fig. 11(c), is based on the use of buried layers

of dielectric (such as SiO2) that can eliminate the cur-
rent in the side regions of the device. Such layers could
potentially be introduced with the use of the Lateral

Epitaxial Overgrowth technique, which has been
employed to successfully eliminate threading dislo-
cations in the overgrown regions. Our simulations indi-

cate that in the design of transistor structures that
make use of this technique, it is critical to avoid excess
electron current in the emitter on top of the SiO2 bar-

rier, that could negate the ``funneling e�ect'' of the
SiO2 barrier. This requires that the AlGaN emitter
layer on top of the SiO2 be thin and have relatively
low donor doping, or to be converted to p-type by im-

plantation.

6. Summary

Large polarization e�ects in nitride semiconductors
permit signi®cant e�ective doping levels to be control-

lably introduced into heterostructures. It is expected
that substantial improvements in base contacts, as well
as signi®cant enhancement in base hole concentration

(up to 4 � 1013 cmÿ2) may be obtained with this tech-
nique. Addition of Mg or alternative acceptor impurity
is also worthwhile. To obtain the bene®t of this tech-

nique, the crystal polarity must be suitably chosen for
the HBT geometry used. In devices reported to date,
and emitter-up approach (together with a probable

Ga-terminated growth) leads to a decrease, rather than
enhancement of the base doping. A transferred sub-
strate device or collector-up transistor has the structure
desired to bene®t from the polarization e�ects with

Ga-terminated growth.
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