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Electron mobility in Al xGa12xN/GaN heterostructures
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Theoretical electron mobility limits of a two-dimensional electron gas~2DEG! confined near the interface of
a AlxGa12xN/GaN heterostructure are computed. The electronic structure of the 2DEG is calculated self-
consistently to obtain the best analytic solution for the wave functions, and the results are used to compute the
mobilities. All standard scattering mechanisms, including scattering by acoustic and optical phonons, remote
and background impurities, and alloy disorder have been included in our calculations. Depending on the exact
composition of the heterostructure, the low-temperature mobility may be limited by either Coulomb or alloy
disorder scattering. Strategies for optimizing the mobility for various remote doping concentrations and spacer
widths are discussed. Intrinsic mobilities in excess of 106 cm2/V s are predicted for optimized heterostructures
at low temperatures.@S0163-1829~97!08728-6#
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I. INTRODUCTION

The interaction of electrons with charged impurity cent
is the dominant mechanism responsible for the scatterin
free electrons at low temperatures in doped, high-qua
semiconductors. In order to reduce this interaction and
crease the low temperature mobility, it was proposed
Esaki and Tsu in 1969~Ref. 1! that one could separate th
carriers from the parent donors by growing a modulatio
doped heterostructure~MDH!. However, it was not until the
late seventies that the molecular-beam-epitaxy~MBE! tech-
nique was sufficiently developed to grow such structure2

Subsequent studies involving the AlxGa12xAs/GaAs system
showed that electron mobilities could be increased up
three orders of magnitude in MDH’s as compared to b
GaAs.3–5 This discovery was the foundation for the creati
and development of high-speed GaAs semiconductor
vices. Concurrent with the experimental development
these AlxGa12xAs/GaAs heterostructures, there was a bu
of theoretical work aimed at modeling the electron mobilit
in these structures.6–9 By now, the electron transport beha
ior in these materials is well understood.

In the past five years, GaN has been the focus of inte
research. Due to its large band gap, tunable between 1.9
6.2 eV upon alloying with In or Al and its high therma
conductivity and stability, GaN is ideally suited for makin
light-emitting diodes, lasers, and detectors operating in
visible to ultraviolet range as well as high-power transist
with operating frequencies in the microwave regime.10–12

Based on the experience with GaAs, it was natural to gr
Al xGa12xN/GaN MDH’s to try to maximize the electron mo
bilities in GaN, and thus the operating characteristics
GaN-based devices as well. Several attempts have b
made with a fair degree of success.13–15 Some estimates o
theoretical mobility limits in these structures have been m
using a three-dimensional approximation16 which, although
accurate at room temperature, is not suitable for low te
560163-1829/97/56~3!/1520~9!/$10.00
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peratures, and cannot properly describe the scattering f
remote impurities, which is the most important characteris
of modulation-doped structures. However, no rigorous cal
lations on the same level as those made
Al xGa12xAs/GaAs MDHs have been performed, to o
knowledge.

In this paper, we report on the results of such compu
tions. All major scattering mechanisms, including acous
and optical phonons, ionized impurities, and alloy disord
have been taken into account. In Sec. II the electronic st
ture of the 2DEG in the AlxGa12xN/GaN MDH is described.
Section III discusses the mobility calculations in detail. T
results of the calculations as well as their relation to exp
mentally obtained mobilities are the focus of Sec. IV. F
nally, we summarize our results in Sec. V.

II. ELECTRONIC STRUCTURE OF THE 2DEG

The conduction-band structure of a AlxGa12xN/GaN het-
erostructure near the interface is shown in Fig. 1. In the id
case, the GaN~at z>0! is nominally undoped while the
Al xGa12xN/GaN (z<0) is selectively doped and consists
a nominally undoped region (0>z>2d) known as the
‘‘spacer’’ and an intentionally doped region (z<2d). As
GaN has a higher affinity for electrons than AlxGa12xN,
electrons from the donors in the AlxGa12xN are transferred
to the GaN. The positively charged donors in t
Al xGa12xN produce an electric field which creates a pote
tial well in the GaN, confining the electrons to a narrow st
at the interface, and leading to a quantization of the ener
band structure into subbands. At equilibrium, the transfer
electrons from the AlxGa12xN to the GaN is determined by
the equation

V02
4pe2

«S
~NS1Ndepl!d2

4pe2

2«S

~NS1Ndepl!
2

NI
5EF ,

~1!
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56 1521ELECTRON MOBILITY IN Al xGa12xN/GaN . . .
whereV0 , EF , and spacer widthd are as shown in Fig. 1
NS is the areal~two-dimensional! electron concentration in
the GaN,Ndepl is the areal concentration of residual charg
impurities in the GaN,NI is the bulk concentration of so
called ‘‘remote’’ donors in the AlxGa12xN, and «S is the
static dielectric constant of GaN. Assuming that only o
subband is occupied, the Fermi energyEF is given by

EF5E01
p\2

m*
NS , ~2!

wherem* /p\2 is the two-dimensional density of states
GaN, andE0 is the energy of the lowest subband. In mo
cases,Ndepl, the product of the bulk residual charged imp
rity concentration and the effective width of the electron g
can be made at least two orders of magnitude smaller
NS , and thus can be neglected in this equation. In Fig. 2,
two-dimensional electron-gas density is shown as a func
of the AlxGa12xN doping level for a Al0.15Ga0.85N/GaN
structure with a variety of spacer widths.

In order to determine the GaN conduction-band struct
and quantized energy levels of the 2DEG, Poisson’s equa

¹2f52
4pr

«
52

4p

«
ucu2, ~3!

and Schro¨dinger’s equation with GaN effective massm* ,

2
\2

2m*
¹2c1V~z!c5Ec, ~4!

must be solved self-consistently for the electronic wa
function.17 In our calculations, the potential-energy ter
consists of the electrostatic potential energy as well as
exchange-correlation energy of the electrons. The form
the exchange correlation energy was taken from a pape
Hautmann and Sander,18 who used an expression derived b
Gunnarsson and Lundqvist.19

In order to solve the two coupled equations, we star
with a trial wavefunction with one free parameter and, us

FIG. 1. Schematic diagram of the energy subbands in a sin
quantum-well modulation-doped heterostructure, showing the l
est two energy bands, Fermi energy, and both neutral~closed
circles! and ionized~open circles! impurities in the AlxGa12xN
layer.
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Poisson’s equation, calculated an expression for the pote
energy of the electrons which contained the parameter
simple variational calculation to minimize the total energy
the electrons was performed to determine the value of
parameter. Using this value, the resulting expression for
potential energy was inserted into the Schro¨dinger equation
~4! to determine the electronic energy levels and anot
wave function. This wave function could then be compar
to the old one. Naturally, an exact solution to both equatio
can only be found numerically, but our intention was to fi
the closest possible analytic approximation to the true
swer.

Previous calculations of 2DEG in Si and in th
Al xGa12xAs/GaAs system have shown that

c05fx,yx~z!5fx,yS b32 D 1/2z exp~2bz/2!, ~5!

wherefx,y is a two dimensional plane-wave wave functio
andb is a variational parameter, is a good approximation
the electronic wave function of the lowest subband. Us
this as our starting ground-state electron wave function,
tried a number of different analytic forms, finding that

x~z!5
b2

A6
z3/2exp~2bz/2!. ~6!

minimized the energy of the electrons. The parameterb, of
course, depends on the electron-gas density and is a me
of the width of the 2DEG. As a function of the electro
density,b varies roughly asNs

0.315.
In Fig. 3, we show the energy levels of the lowest thr

subbands as a function of the electron-gas density. As ca
seen, only the lowest subband is occupied for electron c
centrations below 4.531012 cm22. At greater concentra-

e-
-

FIG. 2. Graph of Eq.~1!, showing two-dimensional electron ga
density in the GaN as a function of Al0.15Ga0.85N doping concentra-
tion (N1) for various spacer widths (d).
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1522 56L. HSU AND W. WALUKIEWICZ
tions, the higher subbands will become occupied and t
actual energies will deviate from those shown, which w
calculated assuming that only the lowest subband is oc
pied. The energy separation between all subbands excep
the first and second is very small, so that once the elec
gas concentration exceeds about 531012 cm22, many sub-
bands become occupied very quickly, resulting in a loss
true two-dimensional behavior of the gas and a lowering
the mobility due to intersubband scattering. For this reas
in the mobility calculations which follow, we treat only th
case in which the lowest subband is the sole occupied le

III. SCATTERING MECHANISMS

Due to the multitude of previous mobility studies in va
ous materials, the dominant scattering mechanisms are
known for all semiconductors.20 We take into account scat
tering by acoustic and optical phonons, ionized impuriti
and alloy disorder. In our calculations, we consider a ra
of electron concentrations for which degenerate-electron
tistics may be used at temperatures below 60 K. In this c
the total relaxation time can be calculated as a sum of
relaxation times due to each scattering process by Matth
sen’s rule

1

t tot
5(

l

1

t i
. ~7!

At temperatures above 80 K, the validity of this relatio
becomes questionable due to the relaxation-time approx
tion made for inelastic optical phonon scattering,8 and be-
cause of the limited applicability of degenerate statisti
However, at these higher temperatures, the mobility in th
heterostructures is dominated by scattering from polar o
cal phonons. Because optical phonons in GaN have su

FIG. 3. The lowest three energy subbands in the quantum
plotted as a function of GaN electron-gas density. The heavy do
line shows the position of the Fermi energy.
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large energy~90.5 meV! compared to the energy separatio
between subbands, one must take a large number of
bands into account when calculating their effects, and, in
doing, the problem changes from a two-dimensional to
three-dimensional one. This corresponds to the fact that e
trons which absorb an optical phonon gain so much ene
that they can be scattered completely out of the confin
potential and into the bulk. Thus, in calculating the optic
phonon limited mobility, we have used a variational pri
ciple method20 and general Fermi-Dirac statistics in a thre
dimensional approximation. The GaN material paramet
which we used in our calculations are shown in Table I.

A. Phonon scattering

Phonon scattering plays an important role in limiting t
electron mobility in III–V semiconductors. The three mo
important phonon-scattering processes are deformation
tential acoustic, piezoelectric acoustic, and polar optical.
three of these processes have been studied extensive
bulk semiconductors.

In MDH’s, although the movement of the electrons
confined to a thin layer of perhaps 100 Å near the interfa
it is usually assumed that acoustic phonons can propa
freely in all three dimensions. The relaxation time for t
interaction of confined electrons with three-dimension
acoustic phonons due to screened deformation-potential s
tering is given by22

1

tDP
5
3m* aC

2bkBT

16p\3cL
E
0

p

S~q!2~12cosu!du, ~8!

whereaC is the deformation potential,b is the variational
parameter in Eq.~6!, cL is the elastic constant, andS(q), the
screening factor, is

S~q!5
q

q1qsH~q!
, ~9!

with

H~q!5E
0

`

dzE
0

`

dz8x~z!2x~z8!2 exp~2quz2z8u!

5
b~16b3129b2q120bq215q3!

16~b1q!4
, ~10!

ll
d

TABLE I. Material parameters used in our calculations.

Effective mass (m* /m0) 0.21
Density (g/cm3) 6.1
«0 9.5
«` 5.35
LO-phonon energy~meV! 90.5
Lattice parametera0 ~Å! 4.52
Acoustic-phonon velocity~cm/s! 6.63105

Piezoelectric constant~Ref. 16! (h14) ~V/cm! 4.283107

Deformation potential~Ref. 21! ~eV! 8.5
Elastic constants:cL (dyn/cm

2) 2.6631012

cT (dyn/cm
2) 6.231011
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56 1523ELECTRON MOBILITY IN Al xGa12xN/GaN . . .
and qs52m* e2/«s\
2. The change in electron momentu

q during a scattering process is related to the scattering a
u betweenk and k1q by q52kFsinu/2. For a degenerate
electron gas, we setk5kF .

For the zinc-blende structure, the relaxation time
screened piezoelectric mode scattering is calculated by22

1

tPE
5

1

tL
1

2

tT
, ~11!
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tL,T
5

B L,T

p\k2 E qS~q!2f L,T~q!du, ~12!

with

aL5~eh14!
2

m*

4\2cL

9

32
,

~13!

aT5~eh14!
2

m*

4\2cT

13

64
,

and
f L~q!5
13178~q/b!172~q/b!2182~q/b!3136~q/b!416~q/b!5

13@11~q/b!#6
,

f T~q!5
116~q/b!112~q/b!212~q/b!3

@11~q/b!#6
. ~14!
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The combination of these two scattering processes~deforma-
tion potential and piezoelectric! gives the contribution to the
relaxation time from acoustic phonons. As can be seen f
Eqs. ~8! and ~12!, the acoustic-phonon-scattering rates a
linear functions of temperature. This approximation is true
temperatures at which the thermal energy is greater than
acoustic-phonon energy. At lower temperatures, in
Bloch-Grüneisen regime, since only phonons with sm
wave vectors will participate in scattering, the relaxati
times will increase superlinearly and the above express
will overestimate acoustic-phonon contributions to the to
scattering rate.23 However, since temperature-independe
processes, such as Coulomb scattering, tend to dominat
low-temperature mobility, the deviations of the acoust
phonon-scattering rate from linearity will have little effect o
the total mobility.

As stated above, since the optical-phonon energy is la
~90.5 meV! compared to the energy separation of the s
bands, the highly inelastic nature of polar optical scatter
makes the total scattering rate the sum of many intersubb
and intrasubband scattering processes. This results
smearing out of the characteristic features of a 2DEG,
most important one being the density of electrons within
potential well. For this reason, the relaxation time for sc
tering of electrons in this 2DEG by optical phonons is a
proximated by that calculated for the bulk~three-
dimensional! semiconductor case using the variation
method.20

B. Coulomb scattering

The greatly enhanced low-temperature mobilities found
modulation-doped heterostructures over bulk semiconduc
are due to the difference in the scattering of electrons fr
ionized impurities. In bulk semiconductors, the ionized i
purities occupy the same region of space as the conduc
electrons, making Coulomb scattering a very efficient p
cess. Of course, the electrostatic interaction between an
ized donor and a conduction electron is somewhat scree
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by other conduction electrons. However, in order to achie
the high electron concentrations needed for efficient scre
ing, the crystal must itself be highly doped, leading to high
concentrations of ionized impurity centers and effective
negating any beneficial screening effects.

In an AlxGa12xN/GaN MDH, we consider two differen
types of ionized impurity scattering. The first type is scatt
ing by residual ionized impurities in the GaN, which work
as described above. The second type is scattering by
ionized donors in the AlxGa12xN barrier left behind by the
conduction electrons. Since the electric field of the ioniz
centers drops off as the distance squared, this type of s
tering is much less effective in limiting the electron mobilit
A further type of Coulomb scattering which we have n
considered is scattering by charges at the heterojunction
terface.

In order to calculate the relaxation times corresponding
the two types of screening, we follow the standard meth
~see Hirakawa and Sakaki9!, where

1

tCoul
5E

0

p

n~u!du, ~15!

with

n~u!5
p\~12cosu!

2m* S qsq D 2E dz@S~q!F~q,z!#2N~z!,

~16!

whereN(z) is the distribution of Coulombic scattering cen
ters,S(q) is given in Eq.~9!, and

F~q,z!5E dz8ux~z8!u2exp~2quz2z8u!. ~17!

The integral in Eq.~16! over z can be divided into three
integrals, corresponding to scattering from remote ioniz
impurities in the doped AlxGa12xN (2L<z<2d) and in
the AlxGa12xN spacer (2d<z<0) and scattering from re
sidual impurities in the GaN (z.0). The contribution due to
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1524 56L. HSU AND W. WALUKIEWICZ
ionized impurities in the spacer layer can be neglected
concentrations up to 1015 cm23 for spacers of less than a fe
hundred Å.

Our calculation for the Coulombic scattering rates h
been performed in a temperature-independent approx
tion, assuming that all scattering events involve electron
the Fermi level. At temperatures above 100 K, when
Fermi energy starts to shift upward, the approximation is
longer valid, and overestimates the Coulombic scatter
rate. However, at such temperatures, the mobility is do
nated by phonons, so our results for the total mobilities
still valid.

C. Alloy disorder

Although the wave function that we have used for t
2DEG disappears at the interface, due to the finite poten
barrier, some electron density will inevitably penetrate in
the AlxGa12xN alloy. Thus we need to consider scattering
the electrons due to alloy disorder. Following the proced
outlined in Ref. 8, we take the relaxation time for alloy d
order scattering to be

1

tall
5
m* x~12x!V^V&2

\3 E
2`

0

ux8~z!u4dz, ~18!

where ^V& is the conduction-band offset between AlN a
GaN,V is the volume of a unit cell,x is the Al fraction in the
Al xGa12xN andx8(z) is the part of the wave function whic
describes the penetration of the electron gas into the allo

x8~z!25
4pe2

«SV0
S 12 NS1NdeplDexpF S 8m*V0

\2 D 1/2zG .
~19!

Alloy disorder scattering rates are quite sensitive to
electron-gas density, varying as the square ofNS . This de-
pendence corresponds to the degree to which the electr
wave function penetrates the barrier into the AlxGa12xN. As
alloy disorder is a short-range interaction, the screening
this potential has been neglected. In this paper, all alloy
order scattering times and contributions to the mobility
calculated assuming an Al fraction of 15% in th
Al xGa12xN layer.

D. Other scattering mechanisms

Some effects which we have not considered are interf
roughness scattering, scattering due to interface charges
the effect of the lattice mismatch between AlxGa12xN and
GaN. These scattering processes can be easily incorpo
into the calculations. However, as our aim was to determ
inherent mobility limits in these heterostructures, and
tremely flat surfaces can be obtained through MBE growth
these structures, we have ignored interface roughness
tering. The lattice mismatch between AlxGa12xN and GaN
will produce a strain field at the interface, which in turn w
produce an electric field. If this field is uniform in direction
parallel to the interface, it will have no effect other than
alter the transfer of electrons from the AlxGa12xN to the
GaN. Otherwise, if the electric field is nonuniform, it can
expected to have some effect on the mobilities. In the
r
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sence of good estimates for the strength of this field, we h
also excluded this effect from our calculations.

IV. ELECTRON MOBILITIES IN Al xGa12xN/GaN MDH’s

In order to see the relative importance of the various sc
tering mechanisms described above in determining the t
mobility, we first examine the temperature dependence
the 2DEG mobility. In Fig. 4, the total mobility as we
as the component mobilities of the electrons in
Al0.15Ga0.85N/GaN structure are shown as a function of te
perature in the range from 1 to 300 K for a fairly ‘‘typical’
heterostructure with a 200-Å spacer. As mentioned befo
all Coulomb-type contributions were calculated in
temperature-independent approximation, so the contribu
to the mobility from all types of ionic impurities appear a
straight lines. Since the relaxation time for Coulombic sc
tering processes is inversely proportional to the impur
concentration, it is easy to recalculate this graph for differ
impurity concentrations.

At very low temperatures, the electron mobility is dom
nated mainly by alloy disorder scattering and interactio
with the Coulomb field of the remote donors. Starting
about 5 K, acoustic-phonon scattering becomes the m
mechanism limiting the mobility through both deformatio
potential and piezoelectric scattering. The strengths of b
types are roughly equal. Of course, the exact temperatur
which acoustic-phonon scattering becomes dominant will
pend on the remote donor concentration as well as the sp
width and alloy composition of the AlxGa12xN layer. As one
would expect, at temperatures above 170 K, the mobility
limited by polar-optical-phonon scattering.

As we can see from Fig. 4, the inherent mobility limit
this particular MDH, which saturates at rough
83105 cm2/V s is set by a combination of alloy disorde

FIG. 4. Temperature dependence of the mobility in
Al0.15Ga0.85N/GaN MDH. All curves are calculated mobilities. Th
2DEG density for this case is 6.231011 cm22 and the concentration
of residual ionized impurities in the GaN is 131014 cm23.
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56 1525ELECTRON MOBILITY IN Al xGa12xN/GaN . . .
remote ionized-impurity, and to a lesser extent, phonon s
tering. There are several ways one could increase this in
ent limit. Using wider spacers, the remote donor contribut
can be made negligible even for concentrations up
1020 cm23. Alloy disorder can be made less severe either
changing the Al fraction of the AlxGa12xN or by reducing
the electron density which can be accomplished by grow
wider spacers or reducing the remote doping concentrat
By optimizing these parameters, the inherent mobility o
Al xGa12xN/GaN MDH can theoretically be increased to a
most 63106 cm2/V s @see Fig. 8~A!#. It should be noted
however, that obtaining such mobilities puts very string
requirements on the purity of the GaN layer. The resid
charged impurity concentration must be less th
1013 cm23.

Figure 5 shows the calculated temperature dependenc
the mobility for a MDH structure which better approximat
what can be grown today. As one can see, we would ex
mobilities well in excess of 104 cm2/V s. However, a search
of the literature shows that the highest published mobilit
for such a structure are still only about 7500 with accom
nying electron-gas densities of 631012 cm22 or greater.15

Comparing these densities with the results of our calcula
in Sec. II, we see that, at such high concentrations, a g
number of subbands must be occupied because of the
tremely close spacing of the higher-lying levels. In this ca
although the electrons are still confined to a channel of o
about 100 Å wide, true two-dimensional behavior would n
be observed in these structures due to a virtual continuum
bands being occupied, completely smearing out the effec
the z-direction quantization. The single perio
Shubnikov–de Haas oscillations observed with these st
tures is due to the spherical Fermi surface formed by

FIG. 5. Temperature dependence of the mobility in
Al0.15Ga0.85N/GaN MDH which more closely approximates wh
can be achieved today. The residual ionized impurity concentra
in this calculation is 431015 cm23 and the doping level corre
sponds to a electron gas density of 1.5931012 cm22.
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three-dimensional electron gas, the 1/H frequency of the os-
cillations corresponding to the area of the cross section of
Fermi sphere. We have modeled these experimental mo
ties using a three-dimensional framework which has b
described elsewhere,24 and the results are shown in Fig.
We find good agreement with experimental data for a ioniz
impurity concentration of 1.231017 cm23. Of course at such
high electron concentrations, alloy disorder scattering sho
also be taken into account. In order to observe true two
mension behavior, the doping level of the AlxGa12xN must
be reduced so that electron-gas concentrations less
about 431012 cm22 are achieved.

Another parameter which affects the mobility and m
easily be varied is the electron-gas density. There are sev
reasons for the dependence of the electron mobility on
density. First, as the electron density increases, the Fe
energy increases, as does the magnitude of the Fermik vec-
tor. Since most of the scattering processes that we cons
are elastic, the vast majority of them occur at the Fer
energy where there are an abundant number of occu
states to scatter and unoccupied states to scatter into, an
processes themselves are dependent on the Fermik vector.
Second, as the electron density increases, the distributio
the electrons in the well changes, becoming more confin
This appears as an increase in the parameterb in Eq. ~6!. As
can be seen from Eq.~8!, acoustic deformation-potentia
scattering is directly dependent onb, and increases asNs
increases. IncreasedNs also results in better screening o
Coulomb potentials, and leads to less efficient scattering
ionized impurities. Finally, as mentioned previously, pe
etration of the wave function into the alloy layer increas

n

FIG. 6. Comparison of experimentally obtained mobilities~Ref.
15! with a three-dimensional model for GaN mobilities~Ref. 24!.
The component mobilities from optical and acoustic phonons
shown, along with a component for the contribution of Coulomb
scattering from residual impurities. The theoretical curves were
culated forNs5631012 cm22, assuming an effective width of 500
Å for the electron gas. The Coulomb scattering contribution to
mobility was adjusted in order to fit the experimental data.
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1526 56L. HSU AND W. WALUKIEWICZ
with the electron density, affecting the scattering rate due
alloy disorder.

The electron gas density in a MDH can be varied by s
eral methods, such as changing the gate voltage of a
electron mobility transistor or by changing the remote do
ing concentration. Since the electron-gas density satur
quickly for MDH’s with wide spacers, we plot the results
our calculations as a function of remote doping concen
tion, which is related to the 2DEG concentration as shown
Fig. 2. Figure 7 shows the remote doping dependence of
mobility at 4 K for two MDH’s—one with a 200-Å space
and one without a spacer.

FIG. 7. Remote doping dependence of the 4-K electron mob
ties in Al0.15Ga0.85N/GaN heterostructures with no spacer~A! and a
200-Å-wide spacer~B!. The GaN background impurity concentra
tion is 131014 cm23 in both cases.
to

-
gh
-
es

-
n
he

For the MDH with no spacer, the dominant processes l
iting the mobility is Coulomb scattering by remote impur
ties. At higher doping concentrations, alloy disorder a
plays a significant role in reducing the mobility. In Fig. 7~B!,
mobilities in a MDH with a 200-Å spacer are shown. A
expected, Coulomb scattering from remote donors is n
much less important at low doping concentrations—resid
ionized impurities in the GaN now account for the bulk
the scattering. If this background-ionized impurity conce
tration can be reduced further, we may reach a point wh
piezoelectric mode scattering by acoustic phonons is
dominant effect. As the remote doping concentration~and
thus the electron-gas density! is increased, the Coulomb
fields of the residual impurities are effectively screene
causing that component of the mobility to increase. Althou
the remote donors are more effectively screened as well,
increase in their number leads to an overall lowering of t
contribution to the mobility. Scattering by alloy disorder al
becomes important at high electron densities. Another f
ture of the results shown in Fig. 7~B! is that, above remote
doping concentrations of 331018 cm23, the mobility levels
off. Looking at Fig. 2, we see that, for heterostructures w
a 200-Å spacer, the electron density saturates at this do
concentration due to the potential drop across the spacer
thus there is no further appreciable change in the numbe
remote ionized donors or of the penetration of the elect
wave function into the alloy.

Finally, we examine the dependence of the mobility
the spacer width. In Fig. 8~A!, the total 4-K mobility is plot-
ted as a function of remote doping concentration for a vari
of spacer widths, assuming a residual impurity concentra
of 1013 cm23. It should be kept in mind that for each differ
ent spacer, however, the same remote donor concentra
can result in very different electron concentrations. For
smaller spacer widths, the mobility decreases as the rem
doping concentration is increased due to Coulombic sca
ing from the remote donors as shown in Fig. 7. For larg
spacer widths, the electron mobility is governed almost
clusively by piezoelectric mode acoustic-phonon scatter
and Coulomb scattering from residual charged impurities
the GaN. The remote donors are too far away to be effec
and the electron-gas density is too low for alloy disord
scattering to play any significant role. However, due to
large spacer width, the electron density is low enough so
the residual charged impurities are not well screened. If
residual ionized impurity concentration is higher, such
1015 cm23, it is no longer advantageous to have such a la
spacer. In that case, as can be seen from Fig. 8~B!, the high-
est mobilites are actually attained by growing only a 200
spacer with a remote doping concentration of 1017 cm23,
which from Fig. 2 corresponds toNs5431011 cm22, as
compared to the other spacer widths for which we have m
calculations. For larger spacers, the electron density is s
ply not large enough to screen any residual charged imp
ties in the GaN effectively.

Another situation in which a largerNs is desired is in
device applications, in which it is often the conductivity,~the
product of the electron charge, the mobility, andNs! which is
the critical parameter which must be maximized. Figure 9~A!
shows the conductivity plotted for a number of differe
spacer widths at 4 K. In each case, the conductivity has b

i-
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maximized with respect to the remote doping concentrat
for concentrations in the range between 1015 and
1020 cm23. In Figure 9~B!, the doping concentration a
which the maximum conductivity is achieved is plotted f
the same spacer widths. Again, as with the mobility,
combination of parameters which produces the highest c
ductivity depends on the residual charged impurity conc
tration in the GaN layer. If it can be made very small~say,
1013 cm23!, then to maximize the conductivity, a 500-

FIG. 8. Mobility plotted as a function of remote doping conce
tration for a variety of spacer widths. For low residual ionized i
purity concentrations, a large spacer leads to the highest mobi
~A!. However, if residual charged impurity are present at a h
level, smaller spacers, leading to larger electron densities, are
desirable~B!.
n,

e
n-
-

spacer layer should be grown and the remote doping con
tration should be 1.531017 cm23. On the other hand, if
growing pure GaN is a problem, and residual impurities c
not be reduced below 1015 cm23, then the spacer should onl
be made about 200-Å thick and the AlxGa12xN layer should
be much more heavily doped~about 131019 cm23! in order
to maximize the conductivity.

V. SUMMARY

We have presented the results of electron mobility cal
lations for AlxGa12xN/GaN heterostructures. In our mode

es
h
en

FIG. 9. ~A! Maximum conductivity plotted for seven differen
spacer widths for Al0.15Ga0.85N/GaN MDHs with two different re-
sidual impurity concentrations, 1015 and 1013 cm23. ~B! Remote
doping concentration at which maximum conductivity is achiev
plotted for the same spacer widths, again for two different value
residual impurity concentration.
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we calculated the shape of the potential well and the e
tronic wave functions as self-consistently as possible us
analytic solutions. All major scattering mechanisms were
cluded in the mobility calculations under the conditions th
only one subband be occupied. The dependence of the
bility on temperature and remote doping concentration w
shown, and various strategies for achieving maximum m
bilities and conductivities were described. The inher
maximum mobility attainable in such a structure is abo
63106 cm2/V s for very low remote doping concentration
and large spacer widths at low temperature. Maximum c
ductivities are obtained at smaller spacer widths.

Due to difficulties in controlling the doping of th
Al xGa12xN layer, existing AlxGa12xN/GaN heterostructure
show electron densities far too great to display true 2D
R

n,

n

n,

p

s

.
N

i-
d

l.

.

c-
g
-
t
o-
s
-
t
t

-

behavior. However, as improvements are made in the qua
of these films, the necessary low densities should be ach
able in the near future. Our calculations provide upper lim
on the electron mobilities that we can hope to attain in th
2DEG structures in the future.
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