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Tailoring of internal fields in AlGaN/GaN and InGaN/GaN heterostructure devices

J. L. Sánchez-Rojas, J. A. Garrido, and E. Mun˜oz
Departamento de Ingenierı´a Electrónica, E.T.S. Telecomunicacio´n, Universidad Polite´cnica de Madrid, Ciudad Universitaria,

28040 Madrid, Spain
~Received 23 June 1999!

A study of the internal electric field distributions in AlxGa12xN/GaN and InxGa12xN/GaN heterostructures
grown on~0001! GaN is presented. The fields are deduced taking into account the device structure, background
doping, and the difference in the total~spontaneous and piezoelectric! polarization of the layers. Two basic
structures, a multiple quantum well in the depletion region of ap-n junction and the heterojunction field effect
transistor, are analyzed. The cases where the field distribution can be approximated analytically are discussed.
When charge accumulation is present at the interfaces, a self-consistent solution of the Schro¨dinger and
Poisson equations is obtained. By comparing with available experimental data, the polarization field in
Al xGa12xN/GaN heterostructures has been estimated for two Al contents.
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I. INTRODUCTION

The optical and electronic properties of GaN and rela
semiconductors make them suitable for a variety of dev
applications, such as light emitting diodes and lasers fo
wide spectral range,1 and high-power heterostructure trans
tors ~HFET’s!.2 Despite the significant progress in mater
fabrication and in the development of these structures
number of fundamental aspects of GaN-based heteros
tures are not yet well understood. In particular, polarizat
fields of considerable magnitude are present, inducing h
sheet carrier concentrations in the case of HFET device3,4

and being also responsible for unique optoelectronic pro
ties in the case of quantum well~QW! based structures.5–8

The origin of these polarization fields is the symmetry of t
GaN wurtzite structure, and it has been shown that b
piezoelectric~strain-induced! and spontaneous~zero strain!
polarizations have significant and comparable magnitude
III-N heterostructures.9

This paper is focused on how these polarization fie
lead to electric fields that modify the device bandstructu
and on presenting design expressions to tailor the ele
fields present in heterostructure devices. Such informatio
needed to determine the resulting potential profile in the h
erostructure, as it is required for the proper interpretation
optoelectronic experimental data in quantum wells. Th
are, for example, the cases when optical transitions in a
are analyzed to study the intrinsic quantum confined S
effect,8 or when the field in the QW is partially screened
the photoexcited electrons and holes,6 or the situation when
the QW transition energies are modified by applying an
ternal bias.5 In a simple approach, the field in the well
calculated from the polarization of the layers neglecting
device geometry and the boundary conditions imposed
the device configuration.10 These variables determine th
relative position of the Fermi level with respect to the co
duction band at different points of the structure. In oth
calculations, the device geometry is taken into account
assuming a periodic boundary condition equivalent to tak
a total potential drop in one period~well and barrier! equal to
zero.8,11,12 This same approach was considered in the e
PRB 610163-1829/2000/61~4!/2773~6!/$15.00
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studies on InxGa12xAs/GaAs piezoelectric quantum
wells.13,14Subsequent experimental results obtained in@111#-
oriented InxGa12xAs/GaAs structures led to a more gene
description of the electric fields being present in piezoel
tric MQW structures.15 From that experience, in this pape
we present a general analysis of the electrostatic field
GaN-based heterostructures, and, when possible, acc
analytical expressions for these fields are presented. T
expressions aim to help in the design process of III-N h
erostructures where electric fields are to be tailored.

II. UNDOPED III-N HETEROSTRUCTURES

Three basic heterostructures are considered to illust
the most simple approximations. Let us first consider a sin
Al xGa12xN layer embedded into a thick GaN layer with th
@0001# orientation. We neglect the residual strain in the tw
GaN cladding layers~they are thick enough to have relaxe
the strain due to the lattice mismatch with the substrate!. The
lattice constant of AlxGa12xN is smaller than that of GaN
but for a sufficiently thin AlxGa12xN layer, the lattice con-
stant mismatch is accommodated by internal strain ra
than by the formation of dislocations. The biaxial tension
Al xGa12xN is given by the three nonzero components of t
strain tensor

«15«25
ac2ae

ae
, ~1!

and

«352
2c13

c33

ac2ae

ae
, ~2!

where ci j are the elastic constants, andac and ae are the
in-plane lattice constants of the cladding layer~GaN in our
example! and the epilayer (AlxGa12xN), respectively. The
strain induces a piezoelectric polarization of the epilayer
the growth direction, that can be calculated either using
ei j or thedi j piezoelectric coefficients as
2773 ©2000 The American Physical Society
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Pp52S e312
c13

c33
e33D «1 or Pp52d31S c111c122

2c13
2

c33
D «1 .

~3!

Besides, a spontaneous polarization in both the cladd
and the epilayer must also be considered. This symme
related polarization has been calculated for GaN, AlN a
InN by Bernardini.9 For AlxGa12xN and InxGa12xN we as-
sume that the spontaneous polarization can be estimate
ing a linear interpolation of the values for the binary co
pounds. Once the total polarization of the layers is know
we have to apply a boundary condition at the interface of t
layers~say 1 and 2!, requiring the conservation of the ma
roscopic displacement field in the growth direction:

k1F11P15k2F21P2 ; ~4!

wherek i is the dielectric constant, andPi andFi are the total
polarization and electric field in layer ‘‘i.’’ From expression
~4!, we can obtain the discontinuity in the electric field at t
interface of the two layers. The approximation ofk1'k2 is
made in order to have a simple expression for this field d
continuity

DF5F22F15
P12P2

k
. ~5!

To determine the electric field distribution in the structu
additional information about the doping and thickness of
layers is required. The simplest approximation assumes
doped semi-infinite cladding layers, where there is ze
electric field. In this case, Eq.~5! tells us directly the field in
the epilayer. The schematic bandstructure is shown in
1~a! for this simple AlxGa12xN/GaN double heterojunction

This basic structure is of little practical interest, since t
active region of usual QW-based devices is only a few h
dred angstroms, and electrostatic fields may be significan
those cladding layers and cannot be neglected. As a se
example, let us now consider a periodic AlxGa12xN/GaN
MQW structure. A pseudomorphic sequence of layers w
the in-plane lattice constant given by that of a thick, relax
GaN buffer is assumed in this case and throughout the pa

FIG. 1. Conduction-band profiles for: AlxGa12xN with semi-
infinite GaN cladding layers~a!. AlxGa12x /GaN periodic structure
~b!. AlxGa12xN with finite GaN claddings~c!. InxGa12xN QW with
semi-infinite GaN barriers~d!. InxGa12xN/GaN periodic MQW~e!,
and InxGa12xN QW with finite barriers~f!. DF is defined in the text
as the change in the slope of the potential at the interface.
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Very often, an electric field distribution is assumed such t
the conduction-band profile is also periodic,8,11and hence the
potential drop across two consecutive layers, of thicknes
L1 andL2 , is:

F1L11F2L250, ~6!

giving

F25
L1~P12P2!

~L11L2!k
and F15

L2~P22P1!

~L11L2!k
. ~7!

The resulting conduction-band profile in this MQW stru
ture is shown in Fig. 1~b!. Expressions~6! and~7! have been
used to estimate the fields in multiple quantum well stru
tures that are clearly not periodic.8

Let us now consider the case of undop
GaN/AlxGa12xN/GaN double heterojunction with arbitrar
dimensions. We callVf to the difference between the con
duction band minimum and the Fermi level at one end of
structure andVi to the same difference at the end of th
structure close to the substrate. Assuming that the Fe
level is constant throughout the layers and callingVf i to the
difference between the above values, i.e., the differenc
the energies of the conduction-band minima at both end
the structure, we have

F1~L11L3!1~DF1F1!L25Vf i , ~8!

whereL1 , L2 , andL3 are the respective thicknesses of t
GaN/AlxGa12xN/GaN layers. This case is plotted in Fig
1~c!. Neglecting the background doping and assuming t
the Fermi level is around the middle of the gap at both en
surface and substrate side, we haveVf i50, and therefore,

F15
L2~P22P1!

~L11L21L3!k
and F25F11DF. ~9!

These three simple situations analyzed above can als
considered when the AlxGa12xN strained layer is replaced
by InxGa12xN. In this case, the InxGa12xN lattice constant is
larger than that of GaN and the strain corresponds to bia
compression. The sign ofDF changes and the conductio
band profile for the semi-infinite GaN claddings, for the p
riodic potential approximation and for the finite device a
shown in Figs. 1~d!, 1~e!, and 1~f!, respectively.

III. DOPING EFFECTS AND P-N JUNCTION STRUCTURES

A. Role of polarization fields in p-n junctions

Let us now consider a pseudomorphicn-type doped
MQW with strained AlxGa12xN barriers~thicknessLbi! and
GaN quantum wells~thicknessLwi!, incorporated in then
region of a p-n junction diode. Let us assume a thic
~enough to accommodate the depletion region! p-type-doped
GaN layer on the top. For simplicity, we assume that b
the donor and acceptor concentrations,ND andNA , are uni-
form in then andp region, respectively, although results ca
easily be generalized. The schematic conduction-band pr
is shown in Fig. 2~a!. For the calculation of the fields we us
two well-known approximations.16 One is the abrupt metal
lurgical junction hypothesis, and the other one is the dep
tion approximation, where a depleted region with negat
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charge is in a region of lengthXp in thep side and a depleted
region with positive charge is in a region of lengthXn in the
n side. The charge distribution must include the polarizat
charges associated with polarization fields (piezoelec
1spontaneous) at the interfaces.

We now apply the charge neutrality condition,

NAXp5NDXn ~10!

and the superposition principle to find the total potential d
in the device, that, in the absence of an externally app
bias, is precisely the built-in voltageVbi . This voltage can
be computed from the GaN band-gap energy and from
doping level in then- andp-type regions.16 The total poten-
tial drop is the sum of that due to the doping and that due
the field discontinuities produced by the polarization fiel
resulting a total depletion width of

W5Xn1Xp5A2k

q S NA1ND

NDNA
D S Vbi2(

i
DFiLbiD .

~11!

The strength of the electrostatic field changes linea
with distance from the junction,x

F~x!5Fm2
qNd

k
x, ~12!

in the n-type region, and

F~x!5Fm2
qNA

k
x ~13!

in the p-type region. Fm is the maximum field in the junc
tion, and is given by the equation for the total potential dr

Vbi5(
i

DFiLbi1
1

2
FmW. ~14!

In Eqs.~11! and ~14! each term of the formDFiLbi cor-
responds to the potential drop in each of the AlxGa12xN
barriers, and they are positive, according to the values of
polarization fields. This means that both the maximum el
trostatic field and the depletion width are lower than t
values calculated neglecting the effect of polarizat
charges. The magnitudes of the built-in voltage and

FIG. 2. Sketch of the potential variation with distance in a G
p-n junction with AlxGa12xN/GaN ~a!, or InxGa12xN/GaN ~b!,
MQW in the n region.
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polarization-related potential drop@sum under the squar
root in Eq. ~11!# may be comparable and give a negati
value under the square root. There is, however, a limit to
depletion approximation, given by the fact that electrons c
accumulate at the GaN/AlxGa12xN interface closest to the
substrate side of the structure, forming a two-dimensio
channel confined by the AlxGa12xN-GaN band discontinuity.

If we now consider a dual structure, composed of@0001#-
oriented InxGa12xN/GaN QW’s, the field discontinuities
have opposite sign and there is an increase in the deple
width and in the maximum field strength present in the jun
tion. Figure 2~b! displays the conduction-band profile in th
case, sketched using the depletion approximation. In gen
the fields might be different from well to well, depending o
the density of ionized impurities as given by expression~12!.

B. Charge accumulation effects

We now consider an example of III-N heterostructu
where carrier accumulation is expected to be present, a
self-consistent calculation of the fields has to be perform
The structure has been fabricated to study the influence
built-in polarization fields on the quantum confined Sta
effect.8 It consists of a relaxed GaN buffer layer, 500 Å
Al0.11Ga0.89N, three GaN quantum wells of widths 13, 9, an
5 monolayers separated by 50 Å Al0.11Ga0.89N barriers, and
300 Å-thick Al0.11Ga0.89N on the top~Fig. 3!. The sample
was nominally undoped, butn-type background doping o
around 1017cm23 can be expected in the molecular-bea

FIG. 3. Energy-band diagram for three GaN/AlxGa12xN QW’s
of 5, 9, and 13 monolayers. The sequence of layers is shown in
upper part of the figure. The potential calculated using the theo
ical polarizations is plotted with dashed line and that produced
the fitting to the experimental field in the wells~after Ref. 8! is in
solid line. The first three wavefunctions are superimposed u
their respective energy levels. The self-consistent charge distr
tion is shown with dot-dashed line.
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epitaxy~MBE! growth. Comparing this sample with thep-n
junction structure analyzed above, we have to take into
count that an AlxGa12xN terminated structure should have
surface voltage due to the pinning of the Fermi level som
where in the middle of the gap. Therefore, this is a particu
case of our model in which there is not ap-type region, but
the built-in voltage is given by the pinning of the Ferm
level. The situation is similar to the one-side abruptp1-n
junction.

For the Al0.11Ga0.89N/GaN heterojunction, using the va
ues for the polarization fields taken from Ref. 9,DF
51.1 MV/cm is obtained. The total barrier length of th
structure is 500 Å12350 Å1300 Å5900 Å ~the barrier
close to the substrate, the two barriers for the quantum w
in the middle, and the barrier on top of the structure
added!. Therefore, the total potential drop associated w
polarization fields is calculated as 9.9 volts. This is mu
higher than any reasonable value for the built-in voltage
the structure. This is clear example where carrier accum
tion must occur at the bottom GaN/Al0.11Ga0.89N interface,
and the fields have to be deduced from a self-consistent
culation including the background doping and the surfa
voltage. We have performed this type of calculation follo
ing the scheme previously described for piezoelec
InxGa12xAs/GaAs structures.17 The material parameters fo
the III-N system,9 an electron effective mass of 0.22m0 and a
conduction-band discontinuity given by 75% of the diffe
ence in AlxGa12xN and GaN band gaps have been used.
have incorporated the spontaneous polarization in all the
ers along with the boundary conditions given by express
~5!. The background doping can be determined from elec
cal measurements on single GaN layers grown separa
under the same conditions. Typically, a donor concentra
of around 1017cm23 is found. The surface voltage is dete
mined by the surface Fermi level pinning. The exact posit
of the Fermi level at the AlxGa12xN surface is not known. In
order to explore the consequences of our model, we h
assumed that the Fermi level on bare AlxGa12xN surface is
at midgap, as in the well-established case of AlxGa12xAs.18

The sensitivity of our result to this assumption is shown
the end of this section.

Figure 3 shows the results of the self-consistent calc
tion. First, we have considered exactly the same parame
including the total field discontinuity of 1.1 MV/cm obtaine
from expression~5!, as in Ref. 8. The field in the wel
calculated using the approximation of periodic potent
depends on the well width, as shown in expression~7!, and
is in the range of 750 to 620 KV/cm. The self-consiste
potential profile shown in Fig. 3~dashed line! allows us to
deduce more accurately the field in each well, yieldi
values in the range of 850 to 900 KV/cm. This value
about twice the experimental field strength of 450 KV/c
estimated from a detailed analysis of the QW transit
energies dependence on well width, as measured
photoluminescence.8

To track this problem, we performed a second calculat
where the total field discontinuity is now varied, trying to g
an agreement between the measured and the calculated
in the well. The total field discontinuity has to be reduc
from 1.1 MV/cm down to 650 KV/cm. It is worth noting tha
this field discontinuity is given by the difference in the tot
c-
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polarizations of the GaN and AlxGa12xN and hence we can
not split from this analysis, into values for the spontaneo
polarization or for the piezoelectric polarization, separate
To obtain the best fit to the experimental electric field, t
new conduction-band potential profile in the MQW is di
played in Fig. 3 as a solid line. As mentioned previous
there is charge accumulation at the GaN/AlxGa12xN inter-
face close to the substrate. This figure also includes a plo
the first three confined electron wavefunctions and
charge distribution,n(z), in the MQW structure. The calcu
lated accumulated 2-D charge is 3•1012cm22.

The same calculation procedure has been applied
similar MQW structure now with four GaN/Al0.11Ga0.89N
quantum wells of different thicknesses~sampleB in Ref. 8!.
We have found the same result for the field discontinuity
the GaN-Al0.11Ga0.89N interface. In both cases, we have co
sistently assumed a surface Fermi level pinning at the mid
of the band gap~a surface voltage of 1.8 V! and a back-
ground doping of 1017cm23 donors. Since there is charg
accumulation in both this and the previous structure, exp
sion ~11! and the related analytical formulas for the fiel
cannot be applied. However, an alternative analytical
proximation to the field in the wells is now derived that c
be used to study the effects of varying the structure criti
parameters, as background doping, surface voltage or p
ization fields.

Let us callVf i the total potential drop in the region from
the surface to the GaN-Al0.11Ga0.89N interface at the sub-
strate side. This voltage is given by the surface voltage~dif-
ference between the conduction band and the Fermi leve
the surface! minus the difference between conduction ba
and Fermi level at that interface. This last term is mu
lower than the first one for Al contents lower than about 15
and 2-D charge densities higher than about 1012cm22, as it
is our case. The total potential drop is the sum of three te
due to the polarization fields, the background doping, and
accumulated charge at the interface.

Vf i5(
i

DFiLbi1
qNdW2

2k
1FsW, ~15!

where in the first term of the right-hand side the parame
are those used in Eq.~11!, in the second termNd is the
residual doping, andW is the total separation between th
surface and the 2-D accumulated charge. In the third term
Fs is the field due to the electrons at the interface. The ab
expression allows us to obtain an analytical estimation of
field in the well at a distanceLb from the substrate, i.e., th
first QW grown. This is the sum ofFs and the field due to the
ionized donors:

Fw52
qNd

k
Lb1

2Vf i1(
i

DFiLbi1
qNdW2

2k

W
. ~16!

It is important to note that in the samples studied by L
roux et al.,8 the values of the field in the well obtained b
both the self-consistent calculation and by using express
~16!, agree with the experimental value of 450 KV/cm. T
magnitude ofVf i has been taken as 1.5 V~lower than the
surface voltage of 1.8 V due to the contribution of the Fer
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level above the GaN conduction band at the interface w
Al0.11Ga0.89N!. The field discontinuity introduced by the po
larization fields is the value that we have deduced ab
~650 KV/cm instead of the theoretical value of 1.1 MV/c
for GaN-Al0.11Ga0.89N!, and the residual doping is the sam
in both MQW samples, 1017cm23 donors.

Expression~16! allows us to determine how a given err
in the surface voltage leads to a corresponding error in
field discontinuity,DF, when the rest of the variables a
kept constant. If the surface voltage is, for example, 1
higher than the 1.8 V assumed, then our estimated field
continuity of 650 KV/cm increases 1 V/900 Å or 111 KV
cm. The hypothesis of a pinning of the Fermi level at midg
is supported by a predicted reduction of the field disconti
ity, with respect to the available theories, which is consist
with similar findings in several structures based
Al xGa12xN/GaN for various Al contents. One of these cas
is shown in the next section and additional compositions
considered in Ref. 4.

From the discussion in this section we conclude that
relative magnitudes of the built-in voltage and polarizatio
related potential drop in the whole structure determin
whether or not there is charge accumulation. If there is s
effect, expression~16! may give a good approximation to th
exact self-consistent field determination.

IV. HETEROJUNCTION FIELD EFFECT TRANSISTORS

Let us note that the potential distributions plotted in Fig
are very similar to those present in convention
Al xGa12xN/GaN heterojunction field effect transistors.2 In
fact, we have used our model to simulate the electrical ch
acteristics of this kind of structures, and by fitting the HFE
experimental data, values of the polarization fields also lo
than those calculated by Bernardini9 have been obtained. Le
us consider a HFET structure with a nonintentionally dop
~NID! GaN channel-buffer layer, followed by a 30 Å-thic
Al0.22Ga0.78N spacer and ann-type-doped, 280 Å-thick,
Al0.22Ga0.78N barrier layer with a doping level of 2
31018cm23. This structure has been experimentally stud
in detail, and the results of the electrical and structural ch
acterization will be reported elsewhere.4 In this paper, we are
interested, first, in the analogies with the structures descr
previously, justifying the self-consistent calculations, a
second, in determining the polarization fields that are nee
to fit the experimental HFET characterization results.

Our one-dimensional model for the heterojunction F
considers a Schottky barrier metal-semiconductor junc
on top of the structure~gate!, and applies the charge neutra
ity condition for the whole device~a zero electrostatic field
at a certain point far from the channel, in the GaN buffer
assumed!. The device that we are considering is a norma
on FET, and to determine the charge in the channel and
bandstructure at zero volts we have to solve the s
consistent problem. When the reverse bias applied to the
increases, the charge in the channel decreases, and even
disappears at a voltage called the threshold voltageVth . For
even higher reverse biases, a depletion region in the buff
formed, associated with the residual donors in the GaN la
and whose width increases for more negative gate volta
For reverse voltages greater or equal toVth , the electrostatic
h
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problem is similar to the one solved for the multiple quantu
well structure, but having only one AlxGa12xN/GaN hetero-
junction and a varying doping distribution. To estimateVth
we can use an expression similar to Eq.~15!, making zero
the field due to the confined charge, and including the
plied bias at threshold, the Schottky barrier heightVB , the
conduction-band discontinuityDEc , and the position of the
Fermi level with respect to the GaN conduction bandEF .
We can write that

~2Vth1VB2DEc1EF!5DFLb1
qNdW2

2k
, ~17!

whereLb is the total thickness of the AlxGa12xN ~spacer and
doped barrier! and W is the thickness of the doped regio
The conduction-band profile corresponding to this deplet
situation is shown in the inset to Fig. 4.

For voltages of magnitude lower than the threshold vo
age, the confined charge determines the band structure
vice versa; we have used the self-consistent model to ca
late the charge in the channel and compared the result
that determined from capacitance-voltage measuremen
zero volts applied to the gate. The results of this calculat
are plotted in Fig. 4. By using the theoretical value of t
polarization fields,9 the calculated charge in the channel
1.131013cm22, whereas the measured value is 6
31012cm22. The origin of this discrepancy could, in prin
ciple, be related to the uncertainties in the structural para
eters used in the simulation: Al composition, thickness
Schottky barrier height, background doping, and intentio
doping concentration, among others. Therefore, it has b
necessary to analyze the structure by using several phy
characterization techniques, to reduce the number of v
ables, as described in Ref. 4. The Al composition, thic
nesses, and intentional doping given above are the resu
such analysis. A Schottky barrier height of 1.44 V and ba
ground doping of 1017cm23 are assumed. Thus, we dete
mined a polarization field~field discontinuityDF! that si-
multaneously fits the experimental values of both t

FIG. 4. Calculated conduction-band profile at 0 V for the HFE
structure described in the text. The corresponding low-energy w
functions and charge distribution are also shown. The Fermi leve
plotted with dot-dashed line. The sketch of the potential profile
the case of depleted channel is included in the inset, with the d
nition of different symbols used in the text.
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threshold voltage and the charge in the channel with z
volts applied. Expression~17! and self-consistent simulation
were used, respectively. For an Al content of 0.22, we h
found a polarization field of 1.2 MV/cm, as compared to t
2.3 MV/cm theoretically determined.9 As in the MQW case
analyzed in the previous section, it cannot be said, from
study, whether the spontaneous polarizations or piezoele
constants are wrong or there is a source of extra polariza
at the GaN/AlxGa12xN interfaces. The situation is similar t
the one found in piezoelectric@111#-oriented InxGa12xAs
quantum wells, where the initially predicted reduction in t
piezoelectric constants is still under discussion.19,20

V. CONCLUSIONS

We have shown how the device structure determines
internal distribution of electric fields in GaN-based hete
structures. Basic undoped structures and doped hetero
tions have been analyzed. Doping distributions, comp
tions and thicknesses of the layers, and the bound
conditions have to be taken into account for a proper desc
tion of the bandstructure. Analytical expressions for the el
M
r,

, I
a

A.

,

.

ro

e

is
ric
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e
-
nc-
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tric fields have been obtained, the cases where they ca
used have been discussed, and they are intended to he
the design of heterojunction structures when a tailoring
the electric field is required. Self-consistent calculations
needed to describe the potential variations when there
charge accumulation at the interfaces. This may be the c
even in nominally undoped AlxGa12xN/GaN MQW struc-
tures, as it has been analyzed here. In MQW structures an
HFET devices, by comparing our calculations with expe
mental results, polarization-induced field discontinuity s
nificantly lower~down to 50%! than the values deduced from
the theoretical spontaneous and piezoelectric polarizat
have been obtained for AlxGa12xN layers with Al contents
of 11% and 22%.
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