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We present a theory of the low-temperature mobility of the two-dimensional electron gas (2DEG) in wurtzite
group-III-nitride heterostructures, e.g., AlGaN/GaN, taking adequate account of the roughness-induced scat-
tering mechanisms and the effect due to sheet polarization charges. The squeeze of the electron distribution in
the quantum well by positive piezoelectric and spontaneous polarization-induced charges on the interface is
calculated in an analytic form. Thus, we obtained simple expressions describing the squeeze-related enhance-
ment of the 2DEG screening and the unscreened potentials for different scattering sources. Altogether, their
screened potentials may be strongly enhanced, so that the 2DEG mobility may be remarkably reduced by sheet
polarization charges. Moreover, we proved that the roughness-induced piezoelectric charges and the roughness-
induced deformation potential exhibit new important scattering mechanisms governing the 2DEG transport in
wurtzite [II-nitride heterostructures. The partial 2DEG mobilities limited by them may be of the order of or less
than 10° cm?/V s. Our theory turns out to be successful in the quantitative explanation of recent experimental
data about the high-density 2DEG mobility, e.g., its nonmonotonic dependence on carrier density and its
enhancement in the double heterostructure, which have not been understood starting merely from the conven-

tional scattering mechanisms.
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I. INTRODUCTION

Group-III-nitride-based heterostructures, in particular, the
AlGaN/GaN high electron mobility transistor, have been a
subject of many recent intense investigations because of their
promising potential for high-voltage, high-power, and high-
temperature microwave applications.'® The electron mobil-
ity is an important transport parameter used to characterize
the performance of high electron mobility transistor struc-
tures. Various studies have reported on electrical conductiv-
ity of the two-dimensional electron gas (2DEG) in AlGaN/
GaN samples. In the majority of cases, these studies have
been focused on the experimental observation’"'* and theo-
retical explanation'#~'® of the dependence of the electrical
conductivity on temperature and Al content.

However, for device applications one is also interested in
the variation of the 2DEG mobility with sheet carrier density.
The experimental observation at high electron densities
(=5% 10" cm™) revealed the following striking features.
First, this variation exhibits a nonmonotonic function with a
pronounced maximum. In one case,”192! the measured result
was reported with no theoretical analysis. In another case,'”
the theory had to invoke the concept of interface charges of
an extremely high areal density (up to 2 X 10" cm™2), but
with no clarification of their nature. They might be interface
ionized impurities. However, this concept was shown?>?3 to
be very suspect even at a much lower density of interface
impurity charges (~10'' cm™2). Second, in comparison to an
AlGaN/GaN single heterostructure (SH), the mobility in the
respective AlIGaN/GaN/AlGaN double heterostructure (DH)
is significantly enhanced, its peak being raised and shifted
toward lower electron densities.!”
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To date, the abovementioned experimental findings have
not been satisfactorily interpreted, so remaining as challeng-
ing problems in the transport theory of Ill-nitride hetero-
structures. It was believed®* that the existing set of so far-
known scattering mechanisms is insufficient for 2DEGs in
these systems.

It is well known that in heterostructures made from III-
nitrides and their alloys, there exist strong polarization ef-
fects in the [0001] orientation, viz., piezoelectric?® and
spontaneous”® polarizations. These induce a uniform density
of positive sheet polarization charges bound on the interface.
The charges may give rise to remarkable modifications in the
potential profile.'®!%272° In particular, they squeeze the
2DEG, so pushing them closer to the interface. Hereafter,
this squeeze of the electron distribution is referred to as a
polarization confinement effect. This may lead to significant
changes in the observable properties of the 2DEG, e.g., its
mobility.

It is worth mentioning that the disorder in a system may
strongly influence its polarizability. The effects due to alloy
disorder and interface roughness on the 2DEG mobility are
then twofold. On one hand, the disorders act themselves as a
short-range scattering source. On the other hand, they act as
an essential factor for the creation of a new (long- or short-
range) scattering source. Recently, Jena and co-workers?*
have shown that in AIGaN/GaN heterostructures alloy dis-
order causes random nonuniform fluctuations in magnitude
of the microscopic dipoles distributed at Ga and Al sites in
the barrier. The 2DEG mobility limited by alloy disorder-
related dipole scattering is equal to or greater than 2
X 10° cm?/V s.
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Furthermore, it has been demonstrated3%-32 that in lattice-
mismatched zinc-blende heterostructures, interface rough-
ness gives rise to fluctuations in the strain. The effects of
strain fluctuations are, in general, twofold. First, these pro-
duce a fluctuating density of bulk piezoelectric charges in the
strained layer.3'-33 Recently, Quang and co-workers** have
extended this idea to wurtzite IIl-nitride heterostructures.
They found that because of interface roughness there must
exist fluctuating densities of bulk piezoelectric charges inside
of the strained and relaxed layers as well as of sheet piezo-
electric charges on the interface. In view of the fact that the
nitrides generally possess strong piezoelectricity and large
lattice mismatch, we expect that these roughness-induced
charges are an important scattering source.

Second, it has been shown3*3? that strain fluctuations pro-
duce random nonuniform variations of the band edges of the
conduction and valence bands. These act as perturbating po-
tentials on electrons and holes, so scattering the charge car-
riers and limiting their mobility.

The roughness-induced piezoelectric and deformation po-
tential scatterings are new effects in the area of the transport
theory of wurtzite Ill-nitride heterostructures. However, up
to now these have not been included in the calculations of
their electron mobility.®!1:12.14-18

Thus, the goal of the present paper is to develop a theory
of the low-temperature mobility of electrons in wurtzite III-
nitride heterostructures, taking account of the above rough-
ness-related scattering mechanisms and the effect arising
from sheet polarization charges. While there have been in the
existing literature'®1%272% merely numerical solutions, we
propose an analytic approach to the polarization confinement
effect, so obtaining an explicit description of the influence of
sheet polarization charges on the screening as well as the
unscreened and screened scattering potentials.

The paper is organized as follows. In Sec. II below, we
derive an analytic solution to the electron wave function in a
triangular quantum well (QW), allowing for the effects from
both the finiteness of the potential barrier height and the
polarization confinement. In Sec. III, we provide the basic
equations to calculate the low-temperature disorder-limited
2DEG mobility. In Sec. IV, the autocorrelation functions for
diverse scattering mechanisms are derived. Section V is de-
voted to numerical results and conclusions with reference to
recent experiments on the SH and DH samples. Finally, a
summary is given in Sec. VL.

II. POLARIZATION EFFECT ON THE QUANTUM
CONFINEMENT

A. Density of sheet polarization-induced charges

In what follows, as a representative of wurtzite group-III-
nitride heterostructures we will be dealing with an
AlGaN/GaN sample, which are composed of an AlGaN
layer grown pseudomorphically on a GaN layer. The crystal
reference system is such that the z axis is opposite to the
growth direction [0001], and z=0 defines the interface plane
between the AlGaN barrier (z<0) and the GaN well (z
>0). It is assumed that the AlGaN layer be under tensile
strain, while the GaN layer be relaxed. The constituents of
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the system are labeled by such a layer index that A\=b and w
refer to the barrier and well layers, respectively.

It is well known?>%¢ that if the AlIGaN/GaN interface of
the sample is absolutely flat, the piezoelectric and spontane-
ous polarizations in each layer are uniform. The total polar-
ization is subjected to an abrupt change across the interface
plane. This induces a uniform density of positive sheet
charges bound on the interface, which is a function of the Al
content x, given by!%3

b
c
o=0.052x + 25”(631 - egg—gf) (1)
€33
(in units of C/m?). Hereafter, c,’-} and e?} are the elastic stiff-
ness and piezoelectric constants of the \ layer (\=b,w). The
lattice mismatch is defined by

a(0) — a(x)
a(x)

with a(x) and a(0) as the lattice constants of the free-
standing AlIGaN and GaN, respectively. It is to be noted that
in addition to € increasing with x, the constants c?j and e}’j
also vary with x.

The above sheet polarization charges create a uniform
normal electric field. Thus, this can squeeze the electron
wave function along the growth direction rather than affect
the free 2D motion of electrons in the in-plane, so presenting
no scattering source of the 2DEG.

It should be noted that up to now, the polarization con-
finement effect on the scattering processes in wurtzite III-
nitride heterostructures or, equivalently, on their 2DEG mo-
bility has hardly been examined. A thorough study of this is,
therefore, of obvious interest.

(2)

€=

B. Polarization confinement effect

The electrons moving along the in-plane are scattered by
various sources of disorder, which are normally character-
ized by some random fields. It is well known?® that scattering
by a Gaussian random field is specified by its autocorrelation
function in wave vector space {|U(q)|?). Hereafter, the angu-
lar brackets stand for an ensemble average. U(q) is a 2D
Fourier transform of the unscreened scattering potential av-
eraged with the envelope wave function of a 2D subband:

400

Ul@)=| dei2)|*U(q,2). 3)

—o0

As usual,'*37 for the electrons confined in the channel
layer, we assume a triangular QW located along the growth
direction. It was indicated®4° that the potential barrier
height may play an important role in certain phenomena. For
the triangular QW in an AlGaN/GaN heterostructure,
Poisson-Schrodinger simulations'®!° revealed that the elec-
tron distribution has a significant penetration depth into the
barrier. Therefore, we must, in general, adopt the realistic
model of finitely deep wells.

The 2DEG is assumed to primarily occupy the lowest
subband. It has been shown®-4" that for a finitely deep tri-

245303-2



ROUGHNESS-INDUCED MECHANISMS FOR ELECTRON...

angular QW, this may be very well described by a modified
Fang-Howard wave function, proposed by Ando®

Ax'exp(kz/2), for z <0,
{(2)=

for z >0,

Bk'?(kz + ¢)exp(— kz/2), @
in which A, B, ¢, k, and « are variational parameters to be
determined. Here, k and « are half the wave numbers in the
well and the barrier, respectively. A, B, and ¢ are dimension-
less parameters given in terms of k and « through boundary
conditions at the interface plane z=0 and the normalization.
These read3%40

A2 =BE2e, A2 = BI3(1 = ¢f2),

A2+ BXc?+2c+2)=1. (3)

As for the confinement of an electron along the growth
direction, its total potential energy may be written as a sum
of two terms:

Viol(z) = Vi (2) + Vi(2), (6)

where V,(z) is the barrier potential, and Viy(z) is the Hartree
potential. The former is of some finite height V. In a doped
sample the latter is specified by the density of acceptors
Na(z) and donors Np(z), the sheet density of confined elec-
trons n, and, in addition, by the areal density of sheet polar-
ization charges o/e, according to the Poisson equation®#0
4’ _4me’

—V
dz 2 H(Z) oL

NAG) = No(@) + n LGP =2 600) .

)

where g is the dielectric constant of the sample, neglecting
a small difference in its values between the layers with the
use of an average value.

The acceptor and donor densities in a modulation doping
of the barrier layer are given as follows:

Nylzy4, for 0 <z<zq,
-N;, for —(Li+Ly) <z<-Lg,

0, elsewhere.

NA(Z) - ND(Z) =

(8)

Here, Ny is the density of depletion charges, and z4 the deple-
tion layer thickness. Np is the density of ionized impurities
and Ly and L, are the thicknesses of the doped and spacer
layers, respectively.

The energy of the ground-state subband is calculated as a
function of the wave numbers k and « such that**#0

hZ
Ey(k, k) =— Q[szz(cz—2c—2)+A2K2]+ VA2

477€2Nd A2 4e’ng
—(c +4c+6)— +—
€L K €L

B* At A2
X| —=2c¢* +12¢% +34¢? + 50 +33) + — — —
4k 2k K

47Te2N1A2

—KL (1 —KLd)
€L
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2 B2 A?
g a6+, (9)
K

+
eL
where m,=0.18m, is the effective electron mass of the GaN
in the growth direction.*! The wave numbers k and « are to
be fixed so as to minimize the total energy per electron
E(k, k) numerically.38-40
The peak of the electron distribution along the growth
direction is normally located at the expectation value of its z
coordinate, given by*’
2 2
Z=B—(c2+4c+6)—A—. (10)
k K

The size of the distribution is estimated to be 27.3

We are now examining the effect of sheet polarization
charges on the quantum confinement. For simplicity, we con-
sider the limiting case of Vy— . It holds that A « V_l/ 20,
B=1/\2, ¢=0, and k= Vy/*—oe. Then, Eq. (9) reproduces
the lowest-subband energy for an infinitely deep well de-
scribed by the standard Fang-Howard wave function.’®
Moreover, half the size of the electron distribution is simpli-
fied to

z=13/k, (11)

k= —48#mZ62{N +1—1 +lg} " (12)
T, |32l

This expression for the well wave number k is clearly
distinguished from the well-known formula*® by the pres-
ence of the last term (o/¢e)/2 on the right-hand side. Thus, it
is seen from Egs. (11) and (12) that the electron distribution
is fixed not only by the density of electrons and depletion
charges but also the density of sheet polarization charges. In
the case of o/e>ng, Ny, its size is reduced mainly by in-
creasing the last: 7o 1/

It is interesting to mention that while there has so far been
in the literature merely computational estimation,'$1%-27-29
Eq. (12) enables a simple analytic evaluation of the polariza-
tion confinement effect on the electron distribution in the
well.

The shift of its peak is

where

AZZZ—Z(), (13)

where the subindex 0 means the absence of sheet polariza-
tion charges (o=0).

As usual, Ny<ng, o/e, with the aid of Egs. (11) and (12)
we immediately obtain

54 42 113 /o \~1/3
Az=(— °L ) 1+ 28 21 a9
33 mm e ng ng

Therefore, A7<0:7<Z,, so the peak of the electron distri-
bution is shifted toward the interface plane. For instance, for
a 300 A Aly,5sGaggsN barrier, we have n,~ 6.5 X 10'> cm™
and o/e~8x 102 cm™.3 The relative shift is |AZ]/Z,
~23.4%.
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III. LOW-TEMPERATURE ELECTRON MOBILITY

In what follows, we are concerned with wurtzite III-
nitride heterostructures, e.g., AlIGaN/GaN at very low tem-
perature. The electron mobility may be then determined
within the relaxation time approximation by

w=etm’, (15)

in which m*=0.228m, is the effective in-plane electron mass
of the GaN.*?

It was indicated*® that the sheet polarization charges in an
AlGaN/GaN heterostructure may enable a 2DEG of very
high density (n,~ 10'* cm™2). Under such a high carrier den-
sity the multiple scattering effects were found*** to be neg-
ligibly weak, so that we may adopt the linear transport theory
as a good approximation. The inverse relaxation time for
zero temperature is then expressed in terms of the autocorre-
lation function for each disorder:#047

11 f% 7 (U@P)
7 2mhEs ), “Tak- PP &g

(16)

Here g=|q|, with q as a 2D wave vector in the interface
plane, EF=ﬁ2k12:/2m* is the Fermi energy with kp as the
Fermi wave number fixed by the electron density kg

mi_
=V2mn,.

At very low temperature, the carriers are assumed to pri-
marily occupy the ground-state subband, and the scattering
processes limiting their mobility occur mainly within this
subband. Thus, the autocorrelation function {|U(q)|?) enter-
ing Eq. (16) is supplied by Eq. (3) for an unscreened scatter-
ing potential with the lowest-subband wave function from
Eq. (4).

The dielectric function &(g) figuring in Eq. (16) allows for
the screening of scattering potentials by the 2DEG. Within
the random phase approximation, this is given at zero tem-
perature by3°

elg)=1+ ?Fs(q/k)[l ~G(q)] for g=<2kp, (17)

with grp=2m"e?/e; h* as the inverse 2D Thomas-Fermi
screening length.

The screening form factor Fg(g/k) in Eq. (17) accounts
for the extension of the electron distribution along the
growth direction. With the use of the lowest-subband wave
function from Eq. (4), this is estimated to be*’

A* 242c(t+ 1)+t +1)?
Fo() = == + 24°B% t+1) (3)
t+a (t+a)(t+1)
4
- 4 3 2 4 3
+2(t+1)3[2(c +4c’ +8c”+8c+4)+t(4c” + 12¢
+18c%+ 18c +9) + P(2c* + 4¢3 + 662 + 6¢ + 3)].

(18)

Here, we introduced the dimensionless wave numbers in the
interface plane (7) and the barrier (a) by definition

t=qlk, a=«lk. (19)
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In the limiting case of V,— o, this is simplified to the
well-known expression’®

37 +9r+8

Fs() = 8(t+1)°

(20)

This reveals that the screening form factor is increased
with a decrease of ¢ and, hence, with an increase of the well
wave number k. According to Eq. (12), the screening effect is
enhanced when elevating not only the densities of electrons
and depletion charges but also that of sheet polarization
charges. At a high value of the last, the 2DEG screening is
strongly enhanced by the polarization confinement.

Finally, the function G(gq) appears in Eq. (17) to allow for
the local field corrections associated with the many-body in-
teraction in the 2DEG. Within Hubbard’s approximation, in
which merely the exchange effect is included, it holds*®

q

— 5. (21)
2(q> + k)"

Glg) =
At very low temperature the phonon scattering is negligi-
bly weak. Therefore, the electrons in a doped sample are
expected to experience the following possible sources of
scattering: (i) ionized dopants, (ii) alloy disorder, (iii) surface
roughness, (iv) roughness-induced piezoelectric charges, and
(v) roughness-induced deformation potential. The total relax-
ation time is then determined by the ones for individual dis-
orders according to Matthiessen’s rule:

— =+t — +—+—+—. (22)

IV. AUTOCORRELATION FUNCTIONS
FOR SCATTERING MECHANISMS

A. Ionized dopants

As evidently seen from Eq. (16), in our calculation of the
disorder-limited 2DEG mobility the autocorrelation function
in wave vector space {|U(q)|*) takes a key role. Thus, we
ought to specify it for the abovementioned scattering mecha-
nisms.

To start with, we are examining scattering by ionized dop-
ants. The autocorrelation function for scattering by randomly
distributed charged impurities is shown***” to be represented
in the form

2 2\2 [+
<|U1D<q>|2>=< ”q) f daN(z)Fa(g.z).  (23)

L

Here, Ny(z;) is the three-dimensional impurity density, and
for a modulation doping of the barrier layer: Ny(z;)=Nj for
—(L¢+Ly) <z;<-L,, and is zero elsewhere. Fy(g,z;) denotes
the form factor for a sheet of impurities located in the plane
z=z; and accounts for the extension of the electron state
along the growth direction, given by

Frlg,zy) = f dz|¢(z) el (24)
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Nevertheless, it has been experimentally indicated* that
the assumption of the random impurity distribution fails to
be valid at high doping levels, and for the understanding of
several observable properties of heavily doped semiconduc-
tor systems one has to allow for high-temperature ionic cor-
relation. This is due to Coulomb interactions between the
charged impurities in their diffusion during growth and tends
to reduce the probability for large fluctuations in their den-
sity and, hence, in their potential, so reducing the autocorre-
lation function. Thus, the ionic correlation may be referred to
as a statistical screening and weakens the impurity scattering,
so increasing the respective partial mobility.%!

It was shown®? that for taking into account the ionic cor-
relation, we have to incorporate an appropriate correlation
factor (less than unity) into the autocorrelation function as
follows:

q
q+t4qi

(Up(@)»)e = Up(q)*) (25)

Here, the angular brackets with subindex ¢ means the en-
semble average over the correlated impurity distribution, and
g; is the inverse statistical-screening radius, given by

2me’n;

qi= (26)

epkpTy’
where n;=NjL, is the 2D impurity density, and T, the freez-
ing temperature for impurity diffusion (~1000 K).

Additionally, it should be noticed that the positive sheet
polarization charges of high density are localized in a very
thin AlGaN region of thickness measured from the interface
plane L,~6 A.183553 Because of their Coulomb repulsions,
the positive-charged impurities in diffusion cannot penetrate
into this region. Thus, in the case of n-type doping of the
barrier there must invariably exist a spacer layer of thickness
Li=L,,.

With the use of the lowest-subband wave function from
Eq. (4), we may find the autocorrelation function for scatter-
ing by correlated ionized dopants in the form

2me?\2 N
(@ =(2)
PR el ) 245+ 9)
2 2
w{pt—2 |:1_e—2dz_ 81 S=0)
(t—a)? (t+a)?

3

X (1- e—d(z+a)) + Zs(t—a)(l _ e—2da):|

e
a(t+a)?

hip @ 2 2c c?
-2A“B 3+ 5+
t—al (t+1)° (@+1)° t+1

X [l—e_zd’—

s(t—a) —d(t+a)
e l1-e
(rap® )]

4 2 2c c? ]2 o
B[(¢+1)3+(t+1)2+r+1 (1=

(27)

Here, in addition to the dimensionless wave numbers from
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Eq. (19), we introduced the dimensionless thicknesses for the
doped (d) and spacer (s) layers by definition

d=kLy, s=kL,. (28)

In the limiting case of V,— 0, this is simplified to

N 27762>2 Ny e F(1-e)
<|UID(q)| >c_( &L 2q2(q+qi) (t+ 1)6

(29)

Equation (29) reveals that the autocorrelation function is
increased with a rise of the well wave number k and, accord-
ing to Eq. (12), with a rise of sheet polarization charges.
Thus, the unscreened potential for impurity scattering is en-
hanced by polarization confinement.

In what follows, as a measure of the polarization confine-
ment effect on a scattering source, we consider the ratio of its
autocorrelation functions in the presence and in the absence
of sheet polarization charges

(U@
(U(q,e=0)])"

which is, for short, called the polarization ratio for its un-
screened potential.

Upon putting Eq. (29) into Eq. (30), for impurity scatter-
ing we immediately obtain

=

with kg=k(o=0). Since k,<k, the ratio is larger than unity
and exhibits an increasing function of the in-plane wave
number g.

Under Ny<<ng, o/e, we have the limiting values

(30)

ﬁLko)"’ 631)

ko q+k

1, for g < k, kg,
=) oo
11 ng

g (32)
, for g > k,kg.

For a/e~ng, Ry ~ 6 for large g. Thus, the unscreened im-
purity potential at a small ¢g is weakly influenced by sheet
polarization charges, but at a large ¢ drastically enhanced by
their large density.

B. Alloy disorder

The autocorrelation function for scattering by alloy disor-
der located in the AlGaN barrier is supplied by

0

(Uap(@)) =x(1 _x)uilQJ dz{(2), (33)

_Lb

where x is, as before, the Al content of the alloy layer, L, is
its thickness, and u, is the alloy potential assumed® to be
close to the conduction band offset between AIN and GaN:
uy=~AE.(1)=2.03 eV. The volume of a hexagonal unit cell
is given by Q= \Eaz(x)c(x)/ 2, with a(x) and c(x) as the lat-
tice constants of the alloy.>

By means of Eq. (4) for the lowest-subband wave func-
tion, this is written in terms of the barrier wave number « as
follows:
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4
(UAp@P) =21 - 0075 (1 o). (34)

In the limiting case of V,— %:A*k— 0, the alloy disorder
scattering becomes vanishing, the 2DEG being spatially
separated from the alloy.

C. Surface roughness

Next, we treat the scattering of confined charge carriers
from a rough potential barrier of a finite height V,,. The scat-
tering potential is due to fluctuations in the position of the
barrier. The average scattering potential in wave vector space
is fixed by the value of the envelope wave function at the
barrier plane according to3°

Usr(q) = Vo|Z(0)]PA,. (35)

where A, denotes a Fourier transform of the interface rough-
ness profile.

To estimate the average potential for surface scattering
specified by Eq. (35) with the use of a variational wave func-
tion, we are to adopt the relation®

VolZO) = f de| () P V“(Z) (36)

where Vy(z) is, as before, the Hartree potential satisfying Eq.
(7). Tt is to be noted that Eq. (36) is exact and applicable for
any value of the barrier height V,.

Upon making use of Egs. (7) and (36) with the lowest-
subband wave function from Eq. (4), we obtain

V0|§(O)|2 A {B{Nd(c +2c+2)+ nBz(c +4c% +8¢?
L

+8c+4)]+%g(1—A2)}. (37)

Thus, with the help of Egs. (35) and (37), we may arrive
at the following autocorrelation function for surface rough-
ness scattering in finitely deep triangular QWs:

2 4me’\? 2 2 L4 3
(|Usg(@)*) = A B”| Ny4(c +2c+2)+£nSB (c"+4c

L
2
+82+ 8c+4)} + %gu —Az)} (AP, (38)

For V;— o, this is reduced to a simple expression

4e*\? 1 lo
<|USR(C1)|2>=( = ) (Nd+ ng+ -
eL 2

) (A». (39)

It is obvious that the last term on the right-hand side of
Eqgs. (38) and (39) describes the effect from polarization con-
finement on surface roughness scattering. This shows up in a
quadratic dependence on the density of sheet polarization
charges.

Upon inserting Eq. (39) into Eq. (30) and neglecting
depletion charges, the polarization ratio for surface rough-
ness scattering reads
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Rg;;b_(ug—/e) . (40)
nS

One has an estimation Rgy ~ 1 for o/e<ng and Rgy ~4 for
o/e~ng. Thus, the unscreened potential for surface rough-
ness scattering is weakly influenced by sheet polarization
charges at their low density, but drastically enhanced at their
high density.

D. Roughness-induced piezoelectric charges

As mentioned before, in wurtzite III-nitride heterostruc-
tures, e.g., AlGaN/GaN, surface roughness gives rise to
strain fluctuations in both strained and relaxed layers. In Ref.
34 we have demonstrated that the strain fluctuations produce
random nonuniform variations in the piezoelectric polariza-
tion. These in turn induce fluctuating densities of piezoelec-
tric charges, viz., bulk charges inside of the strained and
relaxed layers as well as sheet charges on the interface. The
charges create relevant electric fields and act as scattering
sources on the 2D motion of electrons in the in-plane.

It have been pointed out® that the average electric field
due to sheet charges is much weaker than those of bulk
charges. In addition, the average field due to bulk charges in
the GaN well is nearly equal to that in the AIGaN barrier.
Thus, the effect from the former is remarkably stronger than
that from the latter since the 2DEG is located mainly in the
same space region as the former. Therefore, we may plausi-
bly restrict ourselves to calculate the scattering by bulk
charges located in the well layer.

The potential energy for an electron moving in the field
due to roughness-induced bulk piezoelectric charges in the
channel layer is described by a simple 2D Fourier transform
as follows:**

TaegeQ

€L

Upg(q,2) = quFPE(q’Z)- (41)
Here, « denotes the anisotropy ratio as a measure for the
deviation of hexagonal symmetry of the wurtzite crystal
from isotropy, € is the lattice mismatch from Eq. (2). We
introduced a material parameter characteristic of the well,
defined in terms of its elastic stiffness c}j and piezoelectric
e;; constants by

0= Cb els N e31(c33 + 2c13) — exz(cyy + ¢y + ¢13)
Cs3 €4 Cy
(42)
with
Cy = () +c)y) = 2(chy)?, (43)
(A=b,w).
The form factor figuring in Eq. (41) is given by
Fou(g.2) = 1 e, for z=<0, (44)
PELT-Z e (1 +2q2), forz>0.

It is clearly seen from Eq. (41) that Q may be regarded as an
“effective” piezoelectric constant which quantifies the action
of bulk charges in the well on the electron.
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Upon averaging Egs. (41) and (44) by means of the
lowest-subband wave function from Eq. (4), we obtain the
weighted potential for scattering by roughness-induced pi-
ezoelectric charges:

7Taf||8Q

Upe(q) = Fpe(g/k)Ay. (45)

L
The weighted piezoelectric form factor in Eq. (45) is ex-

pressed as a function of the dimensionless wave numbers in
Egs. (19):

A% a B? { 2 2c c?

Fpp(t) =——+— + +
pe(?) 2t+a 2| @+1)7 (+1)? t+1

2{ 6 4c c? } (46)
T er ) T er ) Tee 2|

In the limiting case of V,— o, this is simplified to

3t
2+1)7 ()t

Fpp(f) = (47)

E. Roughness-induced deformation potential

As quoted before, roughness-induced strain fluctuations
give rise to random nonuniform shifts of the band edges.3*-33
This implies that electrons in the conduction band and holes
in the valence one must experience a perturbating potential.
The roughness-induced deformation potential for the elec-
tron is determined by fluctuations of a diagonal strain com-
ponent, Ae.., according to (see Refs. 55 and 56)

2
Upp=EdAe,, (48)

where Z is the combined dilational component of the defor-
mation potential for the conduction band. Since the deforma-
tion potential is of short range, and the 2DEG is located
mainly in the well, we can reasonably take into account the
relevant scattering merely in this layer.

On the substitution of roughness-induced fluctuations of
the strain in the well, which were derived in Ref. 34, into Eq.
(48), we readily get a 2D Fourier transform of the perturbat-
ing potential for the electron as follows:

et w w w
a€Sq CpCp +Cppte3
2 623 Cy

Upp(q,2) = gAge™™,  (49)
for z=0, and is zero elsewhere. Here, c;}- are, as above, the
elastic stiffness constants of the A layer, and C, defined by
Eq. (43).

Upon averaging Eq. (49) by means of the lowest-subband
wave function from Eq. (4), we may represent the autocor-
relation function for deformation potential scattering in the
form

— w w w
a€SqCpCp +Cp+ey3
2 cl3’3 C,

2
qFDp(q/k)} (1Aq),

(50)

<|UDP(q)|2>={

where the form factor is given by
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2c c?
Fpp(t) = B? + + . 51
pel?) (t+1)° " (+1)2 1+1 Gl
In the limiting case of V,— e, it holds that
Fpp(t) = (52)

(r+ 1)

Upon inserting Egs. (50) and (52) into Eq. (30), we im-
mediately obtain a simple relation

REy = RIS (53)

This indicates that as in the case of ionized dopants, the
unscreened deformation potential is hardly influenced by
sheet polarization charges at small in-plane wave number ¢,
but strengthened at large g.

It is clearly observed from Egs. (45) and (50) that the
roughness-related scattering mechanisms, viz., piezoelectric
charges and deformation potential, exhibit a quadratic depen-
dence on not only the interface profile but also the lattice
mismatch, i.e., the residual strain in the barrier layer. As a
result, these are enhanced with an increase of the lattice mis-
match, i.e., according to Eq. (2), with an increase of the alloy
content.

To end this section, we may conclude that within the re-
alistic model of finitely deep triangular QWs described by
the modified Fang-Howard wave function (4), we have rig-
orously derived the autocorrelation functions, i.e., the scat-
tering rates in an analytic form for the diverse scattering
mechanisms of interest. These are supplied by Egs. (27),
(34), (38), (45), and (50) for scatterings by ionized dopants,
alloy disorder, surface roughness, piezoelectric charges, and
deformation potential, respectively.

It should be emphasized that in sharp contrast to the ear-
lier theories,®!"1214-17 our mobility calculation, starting from
the above-derived autocorrelation functions, properly in-
volves the important effect from sheet polarization charges
on the quantum confinement.

V. RESULTS AND CONCLUSIONS
A. Input material parameters

In this section, we are trying to apply the foregoing theory
to understand transport properties of the 2DEG in wurtzite
[II-nitride heterostructures. In particular, we are aiming at the
explanation of recent experimental data'>!® about the low-
temperature high-density mobility of the 2DEG in GaN as
the conduction channel in strained AlGaN/GaN single and
double heterostructures.

For numerical results, we have to specify parameters ap-
pearing in the theory as input. The lattice constant, elastic
stiffness constants, piezoelectric constants, and dielectric
constant for AIN and GaN are taken from Refs. 35 and 57,
and listed in Table 1. There, the piezoelectric constants are
opposite in sign to the ones used in this paper. The corre-
sponding constants for an AlGaN alloy are estimated within
the virtual crystal approximation.®

We are now examining the potential barrier height V|, in
an AlGaN/GaN heterostructure. This is specified by the fol-
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TABLE 1. Material parameters used: ¢ and ¢ as the lattice constants (A), c;; the elastic stiffness constants (GPa), e;; the piezoelectric

constants (C/m?), and g the dielectric constant.

Material a C C11 Cl2 C13 C33 Cyq €33 €3] €15 €1
AIN 3.112 4.995 398 142 112 383 118 1.46 -0.60 -0.48 10.1
GaN 3.189 5.237 350 140 104 376 101 0.73 -0.49 -0.3 10.4

lowing facts. As usual, this is assumed to be equal to the ) wAZA?
conduction band offset between the Al ,Ga;_ N barrier and (AQ)?) = (1 + > A%4n)™" (57)

the GaN well, which depends on the Al content x ag>8->9

AE(x) = 0.75[Ey(x) — E4(0)], (54)
where the band gap of Al,Ga,_,N is measured to be®

Ey(x)=6.13x +3.42(1 —x) = x(1 —x) eV. (55)

However, the potential profile calculation based on the
self-consistent solution of Schrodinger’s and Poisson’s equa-
tions reveals?’ an interesting fact that via their Coulomb at-
tractions, positive sheet polarization charges on the interface
strongly reduce the penetration depth of the 2DEG into the
barrier, which is equivalent to raising its height. For an
n-type heavy doping of the barrier, we suggest that positive
donors located near to the interface may also strongly reduce
the penetration depth, i.e., raise the barrier. In opposite, posi-
tive donors outside of the penetration depth lengthen it, i.e.,
lower the barrier. Thus, the value of V|, for each sample is to
be chosen as a fitting parameter, allowing for the facts in
question.

We deal with the choice of the anisotropy ratio « of the
wurtzite GaN. For an Alj,5Ga,,5N/GaN sample, the experi-
mental value was determined® to be @y, =5.56 and 4.83 for
the barrier thickness L,=200 and 400 A, respectively. Thus,
we may accept a=5 as a typical value in our numerical
calculation.?*

Next, we turn to the strain deformation potential =y for
the conduction band of wurtzite GaN. It was shown>>° that
this coupling constant may be deduced from the following
empirical relationship:

CW
= (Dl - %Dg) =389 eV, (56)
13

where D, and D, are its deformation potential constants for
the valence band. Since there has been in the literature® - a
large uncertainty on the values of D; and D,, the conduction
band deformation potential is found to be in a wide range
from E4=14.4 to 75.0 eV. To estimate the order of the effect,
we assume D;=-0.89 eV, D,=4.27 eV,% so obtaining =4
=22.57 eV as a lower bound for this coupling constant.
Lastly, as seen from Egs. (38), (45), and (50), the scatter-
ing rate from surface roughness, piezoelectric charges, and
deformation potential are fixed by the interface profile. Feen-
stra and co-workers,®’ by measuring the interface morphol-
ogy of a Si/SiGe heterostructure with the use of atomic force
microscopy, indicated that the Fourier spectrum for the sur-
face roughness is well described by a power-law distribution

Here, A is the roughness amplitude, A is a correlation length,
and n is an exponent specifying the falloff of the distribution
at large in-plane wave numbers. The latter is found in a range
from n=1 to 4.3%57 For rather smooth interfaces, we will take
the large exponent n=4. Thus, A and A are to be chosen as
adjustable parameters for fitting to diverse experiments.

B. Numerical results on the polarization confinement
effect

We have carried out numerical calculations of the low-
temperature 2DEG mobilities in AlGaN/GaN heterostruc-
tures limited by different scattering mechanisms: ionized
dopants up, alloy disorder wap, surface roughness pggr, pi-
ezoelectric charges upg, deformation potential wpp, and
overall mobility w.; by employing Egs. (27), (34), (38),
(45), (50), and (22), respectively. For device applications,
one is greatly interested in their variation with the sheet den-
sity of electrons.

For an apparent illustration of the role of the polarization
confinement effect, we have calculated it in the limiting case
of an infinitely deep QW, ignoring provisionally the penetra-
tion of the 2DEG into the barrier. The effects are both in-
cluded in the subsequent calculation with reference to the
recent experiments.

In Fig. 1, we make a sketch of the standard Fang-Howard

30 ————1——1——

{(z) (102 cm™2)

FIG. 1. Standard Fang-Howard wave functions along the growth
direction z in the presence (solid line) and the absence (dashed
ones) of sheet polarization charges. The solid lines labeled a, b, and
¢ correspond to their densities o/e=5X10'2, 1Xx10'3 and 5
X 103 cm™2, respectively.
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FIG. 2. Screening form factor vs in-plane wave number ¢ in the
presence (solid line) and the absence (dashed ones) of sheet polar-
ization charges. The interpretation is the same as in Fig. 1.

wave functions along the growth direction in the presence
and the absence of sheet polarization charges, by using Eq.
(12) for the well wave number, under a fixed density of elec-
trons n,=5 X 10'> cm™? and densities of polarization charges
ole=5%10"2, 1 X103, and 5X 10" cm™. In accordance
with the wave functions sketched in Fig. 1, the screening
form factor from Eq. (20) is plotted in Fig. 2 against the
in-plane wave number ¢ (in unit of g/2kp).

As stated previously, the polarization confinement effect
on a scattering source is partly described by the ratio R"™
[Eq. (30)] of its autocorrelation function, i.e., squared un-
screened potential, in the presence of polarization charges to
that in their absence. It is clearly observed from Eq. (16) that
the net effect on this source is completely described by a
ratio of its squared screened potentials, defined by

o (U@.0)e(q.0)P)
(Uq.0=00s(g.c=0))

(58)

In Fig. 3, the polarization ratios for various scattering mecha-
nisms, except for alloy disorder, are displayed as a function
of the in-plane wave number ¢ (in unit of ¢/2kg) for their
screened (solid lines) and unscreened (dashed ones) poten-
tials; by using Egs. (29), (39), (47), and (52). The densities
are fixed at ng=5X 102 em™2, and o/e=1X 10" cm™2.

Let us examine the AlGaN (300 A)/GaN (4000 A) SH
sample studied experimentally in Ref. 12. The doping profile
is with a Si donor density N;=10'"" cm™, a thickness of the
doped AlGaN layer Ly=150 A, and the spacer L,=30 A. The
roughness profile is with an amplitude A=2.5 A!! and a cor-
relation length A=80 A.

In Fig. 4, the partial and overall 2DEG mobilities, exclu-
sive of the alloy disorder one, are plotted versus Al content x
in the presence (solid lines) and the absence (dashed ones) of
sheet polarization charges. Their density o is, according to
Eq. (1), increased with x, while the carrier density is fixed at
ny=5x10"? cm™2.

From the lines obtained in Figs. 1-4, we may draw the
following conclusions.

(i) Tt is evidently seen from Fig. 1 that owing to positive
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FIG. 3. Ratios between the autocorrelation functions for an in-
finitely deep QW calculated with and without sheet polarization
charges vs in-plane wave number g. The solid and dashed lines
correspond to R*" for the screened potential and R"™ for the un-
screened one, respectively. The lines belong to various scattering
mechanisms: ionized dopants (ID), surface roughness (SR), piezo-
electric charges (PE), and deformation potential (DP).

sheet polarization charges the envelope wave function is, as
already quoted, squeezed. The peak of the electron distribu-
tion is remarkably narrowered and raised, so pushed closer to
the interface plane.

(ii) Figure 2 reveals that the screening form factor be-
comes larger when the polarization confinement effect is in-
cluded. This means that the squeeze of the electron wave
function enables a noticeable enhancement of the screening.
The effect is increased with a rise of the in-plane wave num-
ber g.

- v 1
E\_/
10°F D -
. SR 3
B\ ]
- 3
> Ll
o 10°F 3
= 1 3
° [
= [
= L
10°F
102

0.2 0.3 04 0.5 0.6

=
o

FIG. 4. Different 2DEG mobilities of an AlGaN/GaN SH
sample of an infinitely high potential barrier vs Al content x in the
presence (solid lines) and the absence (dashed ones) of sheet polar-
ization charges. The lines refer to the mobilities limited by: ionized
dopants up, surface roughness ugg, piezoelectric charges wpg, de-
formation potential upp, and overall iy
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Thus, the polarization charges can cause an enhanced
screening in two ways. On one hand, via their electric field
they elevate the density of electrons, so enhancing the
screening. On the other hand, via the polarization confine-
ment effect they facilitate the redistribution of 2D electrons
in the in-plane or, in other words, they elevate the efficiency
of the screening act, so enhancing the screening.

(iii) An examination of the dashed lines in Fig. 3 indi-
cates that for the scattering sources such as ionized dopants,
surface roughness, and deformation potential, it holds that
R"™>1. This is connected with the fact that sheet polariza-
tion charges push the 2DEG closer to the sources (or their
strongest part), so enhancing scattering. For piezoelectric
charges, which are located in the same space as the 2DEG, it
holds that R"™ <1 for small ¢, and R"™>1 for large gq.
Moreover, the ratios R"™ for all sources in question are
nearly equal to unity at small ¢, but appreciably greater than
unity at large g. Thus, the polarization confinement effect is
rather weak in forward scattering, but rather strong in back-
ward scattering.

(iv) A comparison between the solid and dashed lines be-
longing to a given scattering source in Fig. 3 reveals an
inequality R*"<<R"™. This is connected with the polari-
zation-enhanced screening. In addition, since the polarization
effect on the unscreened potential is much larger than that on
the screening, the ratios R*" and R"™ exhibit similar depen-
dencies on the in-plane wave number. For the scattering
sources such as ionized dopants, surface roughness, and de-
formation potential, it holds that R*"> 1.

It is interesting to mention that as regards the impact on
the quantum confinement of the 2DEG, an increase in the
electron density in the well is, according to Eq. (12), equiva-
lent to an increase in the polarization charge density on the
interface. This implies that the former can cause an enhance-
ment not only of the screening, but also of the unscreened
and screened potentials as the latter does.

(v) A comparison between the solid and dashed lines be-
longing to a given scattering in Fig. 4 indicates that for all
mechanisms in question the mobility is reduced by polariza-
tion charges, i.e., u(0) <u’=u(o=0). The mobility reduc-
tion is due, of course, to the polarization-induced enhance-
ment of the screened potential. The effect on surface
roughness scattering is largest, while that on impurity scat-
tering is smallest. For instance, at x=0.25 we have ugg(o)
=3.1X10° and wdz=3.7X10*cm?/V's, while wup(0)
=2.2x10° and ,LL?D=3.3 X 10° cm?/V s. At larger x, the sur-
face roughness mobility may be degraded by up to more than
one order.

It should be emphasized that the polarization-induced re-
duction in mobility is also established for the case of a fi-
nitely high barrier and for all scattering mechanisms under
study, inclusive of alloy disorder. Thus, the overall mobility
of a realistic sample is reduced. The mobility reduction was
previously argued'® merely qualitatively for surface rough-
ness. In contrast to our conclusion, the mobility was previ-
ously argued'” to be increased by polarization charges. The
why is that this argument was based simply on the enhanced
screening, ignoring totally the enhancement of the un-
screened and, hence, screened scattering potentials.

It is interesting to mention that the screened potential for
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piezoelectric scattering is strengthened at a large in-plane
wave number ¢, but, in difference from the other mecha-
nisms, it is weakened at small g. However, the respective
mobility is altogether found to be reduced because it is domi-
nated by backward scattering of large ¢, as seen from Eq.
(16).

(vi) Figure 4 also reveals that the polarization confine-
ment may strongly modify the functional dependence of a
mobility on the Al content x in addition to reducing it. In-
deed, from the dashed lines, we observe that in the absence
of polarization charges the functions upg(x) and upp(x) de-
crease, while up(x) and ugr(x) remain unchanged with a
rise of x. From the solid lines, we see that in the presence of
polarization charges the decrease of the mobilities becomes
more rapid. In particular, instead of being a constant, ugg(x)
is decreasing very rapidly.

(vii) It follows from the solid lines in Fig. 4 that the
mobilities limited by roughness-induced piezoelectric
charges and deformation potential may be of order of or less
than 10° cm?/V s. Therefore, these are comparable to those
limited by the so far-known scattering mechanisms. For in-
stance, with sheet polarization charges included, at x=0.15
we get  upp=1.2X10% upp=2.1X10*cm?/V's, at x
=0.25: upp=4.1X10°, upp=6.2X10° cm?/V's, and at
x>0.55: ppp= ppp= psg <1X10°> cm?/V s. Meanwhile,
the impurity scattering is of minor importance for all
x (up=2X%10° cm?/V s).

C. Comparison with experiment

In what follows, we are dealing with the recent experi-
mental data'>!? about the carrier density dependence of the
2DEG mobility in single and double AlGaN/GaN hetero-
structures at high densities (=5 X 10'?> cm™2). For quantita-
tive explanation, we have calculated this functional depen-
dence for the realistic samples, taking into account the
effects from both the finiteness of the potential barrier height
and the polarization confinement.

We are first concerned with the AlIGaN/GaN SH sample
studied in Ref. 12 as described above, but now with a fixed
Al content x=0.25, so a lattice mismatch €=0.61%. The
barrier height is assumed to be V;y=0.4 eV. The partial and
overall 2DEG mobilities are plotted versus electron density
ng in Fig. 5, where the 25 K experimental data'? is also
reproduced for a comparison.

Next, the 2DEG mobilities of interest are plotted versus
electron density n, for an SH and a DH sample of an Al
content x=0.15 in Fig. 6, where the 4.2 K experimental data
reported in Ref. 19 are also presented. The SH sample con-
sists of AIGaN (300 A)/GaN (1 wm), and the DH of AlGaN
(300 A)/GaN (200 A)/AlGaN (1000 A). The AlGaN (300
A) barrier is doped with a Si donor density N;=5
X 10" cm~3. This doped layer in both samples is nominally
accompanied by no spacer. However, as indicated before,
because of Coulomb repulsions from positive sheet polariza-
tion charges on the interface there must be a spacer of the
minimal thickness L,=L,~6 A. The barrier height is as-
sumed to be V(,=0.7 eV.
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FIG. 5. Different 2DEG mobilities of an AlGaN/GaN SH
sample of a finitely high potential barrier and an Al content x
=0.25 vs sheet electron density ng. The interpretation is the same as
in Fig. 4. The 25 K experimental data reported in Ref. 12 are
marked by squares.

The lattice mismatch in the above systems is defined by
Eq. (2). The in-plane lattice constants at the surface-side in-
terface may be crudely estimated as follows. The two layers
around a given interface are assumed®® to share the same
in-plane lattice constant whose value is fixed so as to mini-
mize the elastic free energy. As a result, the lattice mismatch
in the SH sample in question is equal to €=0.36%, while
that in the DH is smaller, g~ 0.14%.

It was experimentally shown’®7! that the interface of a
heterostructure becomes smoother with a decrease of the lat-
tice mismatch. Accordingly, the interface profile for the SH
sample is chosen with an amplitude A=2 A and a correlation
length A=82 A, while that for the DH with A=1.5 A and
A=82 A. This is in agreement with an observation'? that the
interface morphology is improved in the DH sample.

In Figs. 5 and 6, the contributions from phonon and dipole
scatterings to the overall mobility are neglected, since
the respective partial mobilities are found!®** to be
=2X10° cm?/V s, thus being much larger than the mea-
sured ones. From the lines obtained in Figs. 5 and 6, we may
draw the following conclusions.

(i) As can be observed from Fig. 5, the overall mobility
Mioi(n1g) calculated for the SH sample studied in Ref. 12 well
reproduces the 2DEG mobility measured at the carrier den-
sities in use. This exhibits a nonmonotonic function of the
electron density with a pronounced maximum at ny=8§
X 10'> cm™2. Meanwhile, the calculated partial mobilities are
monotonic functions. Thus, the peak of the overall mobility
must arise as a result of competition between increasing and
decreasing trends. Indeed, the functions wup(ng), usr(ns),
mpe(ng), and upp(ng) are found to increase with a rise of n,
whereas uap(n,) to decrease, altogether producing the
overall-mobility peak.

It is worthy to recall that in order to explain their experi-
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FIG. 6. Different 2DEG mobilities of (a) an AlGaN/GaN SH
and (b) an AlGaN/GaN/AlGaN DH sample of a finitely high po-
tential barrier and an Al content x=0.15 vs sheet electron density 7.
The interpretation is the same as in Fig. 4, and the dotted line refers
to the impurity-limited mobility without ionic correlation and mini-
mal spacer ujp’. The 4.2 K experimental data reported in Ref. 19
are marked by squares. The inset shows the overall and measured
mobilities for both the SH and DH samples in nonlogarithmic ordi-
nate axis scale.

mental data about the 2DEG mobility reported in Ref. 12, the
authors had to invoke the unclear concept of interface
charges. Moreover, they had to assume a simplistic interface
profile with a very short correlation length (S-correlated in-
terface), neglecting its spectral distribution, which is very
suspect.”? Hence, their ugr(n,) is a decreasing function of
the electron density, which is opposite to ours.

(ii) Figure 5 also indicates that the functions upg(ng) and
upp(ng) are nearly equal to ugg(n,) in the used region of ny,
but much smaller than up(n,) (about twenty times). This
means that in the SH sample studied in Ref. 12, the scatter-
ings by roughness-induced piezoelectric charges and defor-
mation potential are so important as by surface roughness
(and alloy disorder), while ionized dopants are much less
relevant.
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(iii) It is clearly seen from Fig. 6 that the overall mobili-
ties (1) calculated for the SH and DH samples studied in
Ref. 19 almost coincide with the measured carrier density
dependencies, showing the enhanced mobility in the DH [see
the inset in Fig. 6(b)].

In the SH sample [Fig. 6(a)], the increasing trend of the
overall mobility is due to the mobilities limited by surface
roughness, piezoelectric charges, deformation potential, and
ionized dopants. Compared to the SH sample, the lattice mis-
match in the DH [Fig. 6(b)] is smaller, so that its partial
mobilities upg(ng) and upp(ng) are larger (about five times).
Therefore, piezoelectric charges and deformation potential in
the DH are of minor importance, and the increasing trend of
its overall mobility is due to the mobilities limited only by
surface roughness and ionized dopants, hence its peak must
be raised and shifted toward lower electron densities.

It is worthy to recall that the experimental data for the SH
and DH samples in Fig. 6 was reported in Ref. 19 with no
quantitative description. In addition, the enhanced mobility
in the DH sample was qualitatively treated and was ascribed
to the enhancement of the polarization confinement owing to
negative sheet piezoelectric charges on its substrate-side
interface.”> However, as indicated above, the polarization
confinement gives rise to a decrease of the mobility rather
than its increase.

(iv) Finally, Fig. 6 also shows that when neglecting the
effects due to the ionic correlation and minimal spacer, im-
purity scattering is drastically enhanced. Therefore, the re-
spective mobility is found to be reduced by about one order,
so that it becomes smaller than that measured w5 < Mexpt Tor
the SH sample at n,<5.5X10'> cm™2, and for the DH at
n,<8.5X10'2 cm™2. This unreasonable result implies that
these effects are important in explaining high values of the
2DEG mobility observed at high doping levels.

VI. SUMMARY

In this paper we have presented a comprehensive treat-
ment of the low-temperature mobility of the 2DEG in wurtz-
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ite group-III-nitride heterostructures, e.g., AIGaN/GaN SH
and DH samples. In distinction from the existing theories, we
have derived simple analytic expressions, which explicitly
describe the influence arising from sheet (piezoelectric and
spontaneous) polarization-induced charges on the electron
envelope wave function and, hence, on the scattering rates
for different scattering processes limiting the 2DEG mobility.

We have proved that the effects due to the polarization
confinement are counteracting. On one hand, this enhances
the screening, so reducing the scattering and increasing the
mobility. On the other hand, this generally enhances the un-
screened potentials for the scattering processes under study,
so reducing the mobility. Altogether, their screened potentials
are enhanced. Opposite to the earlier theory,'® the electron
mobility may be remarkably reduced by the polarization con-
finement. The sheet polarization charges can cause a drastic
enhancement of the screening in two ways, viz., by elevating
the number of 2D electrons involved in the screening effect,
as already known, and also by elevating the efficiency of
their screening act.

We have introduced the roughness-induced scatterings,
viz., by piezoelectric charges and deformation potential, into
the 2DEG transport theory for wurtzite Ill-nitride hetero-
structures as new mechanisms. Despite being located in the
GaN well, the mechanisms depend not only on the interface
profile but also the lattice mismatch, i.e., the residual strain
in the AlGaN barrier. These are found to be among the key
scattering sources that dominates the mobility, and these be-
come more important when increasing the alloy content.

We have succeeded in handling some challenging prob-
lems in the theory of the low-temperature 2DEG mobility in
wurtzite IIl-nitride heterostructures. We have been able to
provide a good quantitative explanation of the recent experi-
mental data about the high-density mobility in AlGaN/GaN
SH and DH samples, e.g., its nonmonotonic dependence on
the carrier density and its enhancement in the DH sample,
which could not be understood if based merely on the con-
ventional sources.
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