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We have calculated the piezoelectric field and charge distribution for various III-nitride
heterostructures. Our calculations include strain energy minimization and doping effects, and are
presented to show the magnitude of piezoelectric effects in strained layers. We compare our
calculated results to device results where available. These include the two-dimensional electron gas
in heterojunction field effect transistors, Schottky diodes with strained layers for Schottky height
engineering, and III-nitride single quantum wells. Calculations that included energy considerations
resulted in good agreement between predicted and observed field and charge distributions for the
heterojunction fields-effect transistors structure. ©1999 American Vacuum Society.
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I. INTRODUCTION

Column III-nitride semiconductors have unique mater
properties that make them extremely attractive for optoe
tronic and high-power, high-frequency applications. Th
band gaps range from 1.9 eV for InN to 6.2 eV for AlN
They have small effective masses, typically 0.2 for electr
and 0.5 for holes, and high optical phonon energies in
range of 600–900 cm21. In addition they possess a spont
neous electric polarization, and have the largest piezoele
constants of the semiconductors. This allows for interes
possibilities in strain field engineering. Numerous pap
have been published cataloging piezoelectric effects in
tride structures. These include the piezoresistive effec
GaN/AlN/GaN semiconductor–insulator–semiconduc
~SIS! structures,1 in which small deformations of the SIS
structure lead to a reduction in the in-plane resistance
similar effect is seen in AlGaN/GaN heterojunction fiel
effect transistors~HFETs!. In this case the change in spo
taneous polarization and strain induced piezoelectric po
ization induce a compensating two-dimensional electron
~2DEG! at the AlGaN–GaN interface.2–4 Piezoelectric fields
have also been shown to effect the optical properties
InGaN/GaN and GaN/AlGaN quantum wells. The strain
duced electric field tilts the conduction and valence ba
within the well, resulting in charge separation and increa
recombination times as well as a redshift in the emiss
verse absorption spectrum.5–7 In the last few years, substan
tial improvement in the structural and electronic propert
of GaN has been achieved. This has resulted in major
vances in blue-green light-emitting diodes and lasers as
as HFET power devices. To further improve the performa
of these devices, the effects of piezoelectricity must be
counted for. In addition, the use of piezoelectric fields c
result in a number of interesting devices such as piezoe
trically enhanced Shottky diodes and photodetectors.
present calculations of the electric fields produced in a nu
ber of III-nitride structures. We have used a strain ten
formalism and we compare the results to experiment wh
available.
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II. BASICS OF PIEZOELECTRICITY

Piezoelectricity is the result of two processes. One is
rearrangement of electronic states in the crystal. The othe
displacement of charged constituents within the lattice. D
placement of charged constituents is the dominating proc
in GaN. A quantitative description of the strain induced p
larization is given by

Pi5(
j

ei j e j . ~1!

Here Pi is the polarization in thei direction, e j is the j
component of strain, andei j is the ij component of the pi-
ezoelectric tensor. The strain generated in pseudomor
epilayers is determined by the lattice mismatch for the
plane strain and energy minimization for the perpendicu
component of strain. With the three-axis set as the gro
direction,e1 ande2 are given by

e1,25
as2al

al
. ~2!

Here,as (a1) is the substrate~epilayer! lattice constant. The
lattice constants were assumed to follow Vegard’s law.
recent article by Angerer8 suggests that Vegard’s law unde
estimates the Al content in hexagonal AlGaN. This may
troduce some slight error in the following analysis, but
unlikely to outweigh the other uncertainties such as Shot
heights of contacts and strain relaxation in epilayers. T
strain energy,U, is given by

U5
1

2 (
i j

Ci j e ie j . ~3!

The Ci j ’s are the elastic constants of the strained layer. T
perpendicular component of strain is determined by minim
ing this strain energy. The piezoelectric polarization can th
be calculated using Eq.~1!. For all alloys a linear interpola-
tion of piezoelectric constants and elastic moduli has b
used. Due to the lack of experimental data for bulk InN,
have used the elastic coefficients of GaN in place of InN. W
have used the spontaneous polarization and piezoele
constants of Ref. 9, along with the elastic coefficients
175317 „4…/1753/4/$15.00 ©1999 American Vacuum Society
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Refs. 10 and 11. The spontaneous polarization of the bu
assumed to be canceled by charging of surface states. If
were not the case, an enormous field, on the order of a
MV/cm, would be present across the entire sample. The
fect of changes in spontaneous polarization from the bulk
epilayer are accounted for in these calculations by assum
a linear relationship between alloy fractions and spontane
polarizations. Figure 1 shows the calculated fields gener
in InGaN/GaN, GaN/AlGaN, and AlGaN/GaN epilayers f
undoped structures. The direction of these fields depend
the polarity of the growth. For InGaN grown on GaN an
GaN grown on AlGaN, there is a compressive strain in
epilayer. This results in a piezoelectric field in the@000–1#
direction. For AlGaN grown on GaN the strain is tensile, a
results in a piezoelectric field in the@0001# direction. The
effect of bulk spontaneous field cancellation is to incre
the electric field for GaN/AlGaN and AlGaN/GaN and
decrease the field for InGaN/GaN. It is interesting to note
similarities in electric field for the AlGaN/GaN and GaN
AlGaN structures. From a quick look at the piezoelect
coefficients, one would expect the AlGaN/GaN structure
have a 20% larger field than the GaN/AlGaN structure due
AlN’s larger piezoelectric coefficient. This is not the cas
however. The change in spontaneous electric field has
same magnitude, but opposite sign, for both structures.
though not shown, the spontaneous contribution repres
2/3 of the resulting field. This results in the closely match
curves for AlGaNGaN and GaN/AlGaN in Fig. 1. Very goo
agreement between calculated and observed electric fi
was obtained for the GaN/AlGaN structure. F
GaN/Al0.15Ga0.85N a field of 0.46 MV/cm was calculated
while measurements employing photoluminescence resu
in a value of 0.42 MV/cm.6 The electric field is given ap
proximately by E5218.6 MV/cmx(23.0 MV/cmx) for
InxGa(12x)N/GaN @GaN/AlxGa(12x)N#. The negative sign
indicates an electric field in the@000–1# direction. This is
toward the substrate in metalorganic chemical vapor dep
tion ~MOCVD! and halide vapor phase epitaxy~HVPE!
grown samples.12

III. HFETs

Nitride-based HFETs have emerged as attractive ca
dates for high power devices operating at microwave

FIG. 1. Comparison of fields in III–N structures
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quencies. These devices benefit from a high 2DEG t
arises at the AlGaN–GaN interface. This 2DEG has be
shown to arise from a large electric field present in t
strained AlGaN barrier layer.3 The expected 2DEG densit
for a Schottky/AlGaN/GaN structure is given by

n2d5
sp

e
2

eAlGaN

de2 ~ewb1EF2DEc!10.5Nld. ~4!

Here,sp is the polarization charge at the AlGaN–GaN i
terface caused by the change in spontaneous polarization
the piezoelectric polarization.eAlGaN is the dielectric constan
of the AlGaN layer,Nl is the doping density in the AlGaN
layer, andd is the AlGaN layer thickness. We have used
value of 1.0 eV for the Schottky barrier height of the conta
on GaN. We have assumed an increase in Schottky heigh
AlGaN identical to the conduction band offset, thus reduc
ewb-DEc to ewGaN. EF is the Fermi level with respect to th
conduction band edge at the AlGaN/GaN interface. We h
used a value of 0.1 eV forEF and 1018/cm3 for Nl in these
calculations. Figure 2 shows the results of this calculation
variable Al content in the AlGaN layer, and compares t
results to experimental measurements found in
literature.4,13 The thickness of the AlGaN layer is also a
important parameter in these HFETs. Figure 3 shows
dependence of the 2DEG density on AlGaN barrier thickn
for three Al contents. As can be seen in the figure, a dist

FIG. 2. Comparison of calculated and measured 2DEG densities
AlGaN~300 A! GaN HFETs. Data from Refs. 4 and 13.

FIG. 3. Thickness dependence of 2DEG in HFETs.
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role off occurs in the 2DEG density at;150 A. After this
point, the electron density begins to flatten out with lit
increase for added thickness.

IV. QUANTUM WELLS

Light emitting diodes~LEOs! based on GaN, AlGaN, an
InGaN have already been produced and marketed with g
success.14 It has been well documented that these quant
well structures possess a large redshift in the emission ve
absorption spectrum. This has been shown to result from
piezoelectric fields generated by strain in the well laye7

These piezoelectric fields result in charge separation and
creased oscillator strength for the quantum well structu
resulting in decreased efficiency for light emitting device
Here we incorporate the effects of doping on the fie
present in the quantum well, and present a method for de
mining the most advantageous doping profiles for light em
ting devices. Due to the detrimental effects the electric fi
has on oscillator strength, and hence, quantum efficien
minimization of these fields is of particular interest to t
LED and laser community. Of first order importance is t
doping. The polarity of the growth determines the sign of
resulting piezoelectric polarization charge at the well int
face. As mentioned earlier, MOCVD and HVPE have be
shown to result in Ga faced GaN. This results in a str
generated electric field that points towards the substrate.
the depletion region field to reduce the piezoelectric fiel
growth sequence resulting in p-GaN/InGaN/
n-GaN/substrate is required for Ga faced material. For co
plete cancellation of the electric field in the well region, t
charge in the donor depletion region plus the piezoelec
polarization charge at the well-donor region interface m
equal zero. A mathematical statement of this is

P5qLdNd5A2esqNdNaVbi

~Nd1Na!
. ~5!

Here,P is the polarization in the well,Nd is the donor den-
sity in the n region,Na is the acceptor density in thep re-
gion, Ld is the depletion length in the donor region,es is the
dielectric constant in the bulk, andVbi is the built in voltage.
Due the high doping concentrations required forp-type GaN,
a large disparity in doping density occurs in GaNp-n struc-
tures. Setting the ratio of acceptors in thep region to donors
in the n region equal toa, i.e., Na5aNd , and solving for
Nd , this reduces to

Nd5
P2~a11!

2esqVbia
. ~6!

Figure 4 shows the results of this calculation for a range
alloy compositions witha set to 1. Due to the approximatel
linear nature of the polarization charge on alloy compositi
the doping density can be well approximated by a sec
order polynomial in x. For InGaN/GaN Nd;6.7
31020/cm3x2 for GaN/AlGaNNd;2.031019/cm3x2. These
numbers are well within the region of doping densiti
achieved in GaN and should not cause difficulties in grow
of appropriately doped structures. One caveat that mus
JVST B - Microelectronics and Nanometer Structures
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discussed is the dependence of the built-in voltage,Vbi , on
doping density. The built-in voltage is the energy differen
between the fermi levels in then andp layers. We have used
a constantVbi for these calculations of 3.2 eV. This wi
require modification based on Fermi levels determined
actual devices, but is not expected to vary significantly.
addition, the on state voltage will decrease the depletion
gion and result in a lower cancellation field. Reduction of t
value used here by the voltage drop across the the devic
the on state will be required when determining the dop
density of the structure.

V. SCHOTTKY DETECTORS

Currently, GaN is predominantly grown with Ga face
polarity. N faced material, however, can result in a wid
range of new and interesting devices. One is a ultravio
detector employing piezoelectric fields to reject leakage c
rent. Figure 5 shows the structure and band diagram fo
field enhanced detector. We present the barrier enhance
and rejection field for this device. A simple electrosta
analysis results in the following equation connecting t
Schottky height at the metal-AlGaN interface to the dep
tion length in the GaN bulk.

wAlGaN5
0.5NdeL2

eGaN
1

~NdeL2sp!d

eAlGaN
1

0.5N1ed2

eAlGaN
1EF

1DEc . ~7!

In Eq. ~7!, Nd (N1) is the doping density in the GaN~Al-
GaN!, L is the depletion width,d is the strained layer thick-
ness,EF is the Fermi level to conduction band edge ener

FIG. 4. Graph of required doping density for field cancellation in InGa
GaN and GaN/AlGaN quantum wells fora equal to 1.

FIG. 5. Schematic of epitaxial layer structure and band-edge energy diag
for Schottky detector.
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separation, andDEc is the conduction band offset. Afte
solving this equation for the depletion width~L!, the effec-
tive Schottky height can be calculated from

weff5
0.5NdeL2

eGaN
1EF1DEc . ~8!

Figure 6 shows the calculated effective Schottky height
three values of barrier thickness versus aluminum conten
the barrier region. We have used 1018/cm3(1016/cm3! for the
bulk ~strained layer! doping density.

For low Al mole fraction the barrier height is equal to th
Shottky height of the metal-AlGaN interface. In this regio
the polarization field is not large enough to overcome
depletion region field and produce added Schottky heig
The Al molar fraction at which this kink occurs is depende
on the doping in the GaN. The maximum effective Schot
height is reached when the GaN valence band at the AlG
GaN interface moves above the Fermi level. At this poin
2D hole gas is formed at the AlGaN/GaN interface. This
analogous to the electron gas formed in the HFET struct
Increasing the polarization field further results in increas
hole accumulation, but little additional height is achieved
has been found that coherently strained Al0.25Ga.075N can be
grown up to;300 A on GaN.15 This indicates that strain
relaxation should not cause a significant shift from these
culated Schottky heights. Doping density is found to hav
significant effect on the effective Schottky height. Figure

FIG. 6. Graph showing effective Schottky heights as a function of Al m
fraction for three values of epilayer thickness.

FIG. 7. Effective Schottky height vs Al mole fraction for three sets of dop
parameters.
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illustrates the changes in effective height with doping in bo
the barrier layer and bulk. It was found that doping resul
in a later turn on and lower over all enhancement of
Schottky height. Doping in the bulk layer had the great
effect on Schottky heights, however, doping in the barr
layer caused significant reduction in effective barrier hei
as well.

VI. CONCLUSIONS
In summary, we have calculated the piezoelectric fie

generated in a few III-nitride structures. These fields w
found to be approximately linear with alloy composition a
in agreement with experimental photoluminescence meas
ments. The 2DEG in HFET devices was shown to accum
late quickly after a critical barrier thickness and then lev
off after approximately 150 A. It was shown that by th
appropriate choice of doping, piezoelectric fields in quant
wells may be reduced or eliminated. The doping densi
required for field minimization were shown to be accepta
moderate, and a method for determining the doping den
requirements for a given structure was presented. The ca
lated effective Schottky height forN-polar AlGaN/GaN pho-
todetectors was presented. The AlGaN thickness and
mole fraction for significant Schottky height increases we
found to be moderate and within acceptable growth para
eters. Doping was found to decrease the effective Scho
heights in this structure.
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