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We analyze electron scattering from phonons, ionized impurities, line dislocations, and interface roughness
at an Al,Ga;_N/GaN interface. These mechanisms are responsible for mobility limitations in a two-
dimensional electron gas. Scattering from charged dislocation lines, ionized impurities, and surface roughness
are added to the lattice scattering processes. The dislocation line scattering is described by a new analytical
model for the two-dimensional electron scattering. The total mobility variations with temperature, 10-500 K,
and electron concentration, 0.05-2 X 10'3 cm™2, were analyzed. Calculations were compared with available
and own experimental data in the temperature range 10-300 K. At temperatures below 50 K the ionized
impurity scattering and line dislocation scattering were found to limit the mobility. For temperatures at and
above room temperature the optical phonon scattering was predominant. For samples having a rough interface
between the AlGaN top layer and the GaN channel there was additional roughness scattering at both high and
low temperatures. Therefore, to utilize the heterostructures in field effect transistors, operating at high power
levels at or above 300 K, several parameters must be carefully controlled. For a two-dimensional electron gas
concentration of 1 X 10'3 cm™2 with mobility above 1500 cm?/V s at room temperature, the ionized impurities
should be less than 1 X 10'7 cm™ and the line dislocation density below 1 X 10'° cm™2. Further, the root-mean-
square value of the surface roughness need to be less than 1 nm with the lateral surface roughness correlation

length larger than 5 nm.
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I. INTRODUCTION

The semiconductors GaN, AIN, and InN, together with
the AlGaN and InGaN alloys and their heterostructures, are
all important in several photonic and electronic applications.
Examples are light emitters covering the UV and the visible
range, and high temperature and high power microwave elec-
tronics. The basis for these applications is the large and di-
rect band gap of GaN. This provides high breakdown voltage
and the ability to sustain large electric fields. The GaN based
layers have large piezoelectric constants and high spontane-
ous polarization both contributing to a built-in electric field.'
The layers are usually grown by epitaxial methods such as
metalorganic vapor phase epitaxy (MOVPE) and molecular
beam epitaxy (MBE). The temperatures are quite different as
growth takes place at 1050 °C for MOVPE and 750 °C for
MBE.

The layers with wurtzite structure are generally grown on
sapphire, SiC or Si(111). However, the mismatches in lattice
constant and thermal expansion coefficient enhance the de-
velopment of structural defects such as line dislocations,
with densities from 5 X 10% to 5 10! cm™2, and crystallites,
10-100 nm in sizes. Electron scattering from dislocations in
bulk GaN has been studied by both modeling and
experiments.>3 The dislocations propagating through a two-
dimensional electron gas (2DEG) have an increasing contri-
bution to the scattering when the dislocation density in-
creases and carrier concentration decreases.*>

Crystallites are less pronounced in epitaxial layers grown
at the highest temperatures and for increasing thicknesses.
The defects give a nonplanar growth front, which results in a
structural morphology of the AlGaN/GaN heterointerface.
When this is used for confining a 2DEG the roughness will
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contribute to the scattering of electrons. Due to the sophisti-
cated modeling needed to describe the mobility, there have
been different attempts to simplify the representation. The
scattering potential is believed to originate in islands sticking
up from an atomically smooth surface. In one model, the
2DEG potential well was simplified to a square quantum
well (QW).® The roughness, A, was described by a random
stepwise function. The local energy level fluctuations led to a
simple expression of mobility,® w(A,L), where L is the well
width. This model, however, does not work for A—0. To
simplify the calculated description of the roughness a Gauss-
ian correlation function with two parameters, A for height
and A for lateral distance, is frequently used. In a recent
study® of the roughness scattering at low temperatures, the
roughness correlation heights, A, and lateral sizes, N, were
estimated to be 0.3-3.4 nm and 1.5-20 nm, respectively.
Apart from the roughness there is scattering in the 2DEG
due to background charges and the Al-concentration in the
Al,Ga,_N-barrier. In another study’ of both MBE and
MOVPE samples the island heights were found to be 0.5-2.0
nm for x=9-31%. Mobilities were 10°~10* cm?/V s for low
Al content. As the Al content increased to 31% the mobility
decreased below 300 cm?/V s.”# An increase of the Al in the
barrier layer induces a higher sheet charge density due to the
higher piezoelectric field, but also reduces the mobility due
to the roughness. Too high interface roughness could cause
localization of low-lying electron levels. Another important
parameter is the distance between the position of the charge
distribution and the interface. For increased charge density
the maximum, |i],.x» moves toward the interface and thus
enhances the roughness scattering.” The distance of || ax to
the interface was estimate to be above 2 nm for n,p=1

©2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.72.045316

GURUSINGHE, DAVIDSSON, AND ANDERSSON

X 10'2 cm™2 and ~0.6 nm for 2 X 10!3 ¢cm™2, which is within
the typical expected values for surface roughness, A.

Mobility calculations are essential when studying the
mechanisms limiting the electron transport in a two-
dimensional channel at the AlGaN/GaN interface. Clearly,
the control of the electron scattering is indispensable for the
material and device physics as well as for the design of het-
erostructure devices. In this work we have studied the effect
of different scattering mechanisms on the mobility in the
AlGaN/GaN heterostructures. In our analysis the tempera-
ture and the 2DEG concentration were used as parameters. A
new analytical expression to calculate the dislocation line
scattering in two dimensions is presented. To limit the num-
ber of parameters the dependence on the Al-concentration in
the barrier was omitted. Calculations were used to character-
ize experimental data. We draw conclusions about the inter-
face properties in order to use the structure for heterostruc-
ture field effect transistor (HFET) devices working at and
above room temperature.

The paper is organized in the following way. First we
describe the experimental techniques used to study mobility
and the interface roughness. In Sec. III the mathematical
models for the different scattering mechanisms including
phonon scattering, dislocation scattering, ionized impurity
scattering and interface roughness scattering are given. In
Sec. IV the contributions from the scattering models are pre-
sented. In Sec. V the scattering contributions are added to
describe four different experimental temperature-dependent
mobility data.

II. EXPERIMENT

In this section the structural parameters of interest for the
2DEG mobility in the AlGaN/GaN heterostructure are de-
scribed and experimentally investigated. The following ma-
terial properties have been studied: 2DEG mobility, 2DEG
density, ionized impurity concentration, line dislocation den-
sity, and interface roughness.

The AlGaN/GaN heterostructure samples characterized in
this work were grown by molecular beam epitaxy on sap-
phire substrates. The nitrogen atoms were supplied from an
Oxford CARS-25 rf-plasma source while Ga and Al came
from solid source effusion cells. The growth started with
nitridation'® followed by deposition of a 50 nm thick AIN
nucleation layer, setting up the surface for growth of Ga-face
GaN. This bulk layer was grown up to a thickness of
1.4 pm. Finally, a heterostructure interface was obtained by
growing a 40 nm thick Al 3,Gag 79N on top of the GaN.

The 2DEG mobility and density were measured by Hall
effect using the van der Pauw technique and a typical room
temperature 2DEG density was ~2 X 10'3 cm™2. The 2DEG
mobility was also measured as a function of temperature.
The space charge concentration was investigated'! by
capacitance-voltage profiling (CV). This gave a charge den-
sity, (Np—N,), of ~5X 10" cm™3, where Nj, is the donor
concentration and N, is the acceptor concentration, respec-
tively. Typical compensation, (N,/Np), values for bulk
materials> have been found to be in the range 0.3-0.6. The
depletion area at the Schottky contact is partially removing
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FIG. 1. A SEM image of an AlGaN/GaN sample surface. The
dark areas are voids produced by the edge of dislocation lines.
These voids are counted to get the dislocation density. In this mi-
crograph the density was ~1Xx 10'0 cm™2.

electron from the dislocations. Therefore, we assume that the
effect of the dislocation line on the CV measurement is
small.

Scanning electron microscopy (SEM) measurements were
made to obtain the line dislocation density.'”> A micrograph
of a sample surface is shown in Fig. 1. The pits in the figure
are considered to be voids originating from the ends of line
dislocations. By counting these the sample dislocation den-
sity was found to be approximately 1 X 10'® cm=2. Our MBE
grown samples had dislocation densities in the range from
5% 10° to 5% 10" cm™.

During the growth slightly misaligned GaN crystallites
grow in parallel to form the film. The interface roughness is
a feature that emanates from the growth process. The rough-
ness of the interface between the AlGaN and GaN contrib-
utes to the scattering by a local variation of the width of the
quantum well where the 2DEG is confined. Clearly, it is not
possible to measure on the interface directly. Instead we es-
timate the interface roughness by measuring the surface
roughness of GaN and AlGaN/GaN samples. Since we have
not observed any significant surface smoothing/roughening
effect during growth interruption at our growth temperature,
it is reasonable to assume that the measured values are rep-
resentative for the AlGaN/GaN interface roughness. The
measurements were made by atomic force microscopy
(AFM). The root-mean-square (RMS) value for the height
variations is used as a qualitative measure of the surface
roughness. The RMS values measured on our MBE grown
samples ranged from 0.8 to 5.0 nm.

The surface roughness can be statistically described by
using a correlation function defined as C(A(r))
=(A(NAF"))=[A(r+R)-A(r' +R)dR, where A(r) is the dis-
placement of the interface (height of interface roughness) at
position r. For a real sample this correlation function can be
numerically calculated from an AFM measurement. How-
ever, when the correlation function is to be used in calcula-
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FIG. 2. High resolution AFM tapping-mode measurement. The
lateral crystallite size, D, is ranging from 20 to 50 nm. The sample
surface roughness (RMS) is 4.5 nm. The figure also shows the voids
(black pits) formed by line dislocations (see Fig. 1).

tions the common and convenient approach is to approxi-
mate it with a Gaussian distribution!® given by

12
a0-aey =2l -0 )
Here A is, by definition, the RMS value measured by AFM
and the parameter N describes the lateral extension of the
height correlation.

Figure 2 shows an AFM image of a surface, which is
typical for our samples presented in this work. The morphol-
ogy is given by crystallites having diameters, D, in the range
of 20-50 nm. A complete statistical description of this sur-
face requires two correlation functions, C;(A;,\;) and
C,(A,,\,), where C; gives the roughness on top of the crys-
tallites and C, describes the height variations and distance
between neighboring crystallites. The lateral parameters are
chosen with respect to the surface features as A<D and
N,>D. The height parameters should add up to the total
RMS value as A’=A7+A3. From the AFM data of Fig. 2 we
get the parameters A; =1 nm, A,~4.4 nm, A\, <20 nm, and
A, >50 nm.

III. SCATTERING MECHANISMS
A. Basic consideration

In a pure, defect free material the electron mobility is
mainly limited by the electron-phonon interactions. For a
real sample the mobility is further reduced by structural
defects/impurities that interact with the electrons. Compared
to other semiconductors, the nitrides have a special defect in
the negatively charged dislocation lines. Since they propa-
gate through heterointerfaces, they may also contribute to the
interface roughness. Figure 3 illustrates the energy band
bending at the AlGaN/GaN interface and a dislocation
propagating through the potential well. Scattering by charge
dislocation lines can be categorized, similar to ionized impu-
rities, as a charge impurity scattering.*
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FIG. 3. An illustration of energy band bending at the interface.
A dislocation passing through the Al,Ga;_N/GaN interface is
shown as a line.

Several approaches to calculate the two-dimensional elec-
tron scattering at semiconductor heterojunction interfaces
have been presented.!>'® However, the calculated values
may differ from each other, depending on the theoretical
model adopted.'> Therefore, we briefly describe our calcula-
tion procedure and the models used for each scattering
mechanism.

As illustrated in Fig. 3 we assume that the two-
dimensional electrons are characterized by a plane wave par-
allel to the AlGaN/GaN interface (in the r-direction) and a
quantized wave perpendicular to the interface (in the
z-direction). For such a system, the total wave function can
be written as W(r,z)=A""2y(z)exp(ik-r), where A is the
two-dimensional normalization constant that converts the
scattering rate per area. Let us consider a scattering of an
incident wave, W,(r,z)=A""?y(z)exp(ik-r), by a three-
dimensional scattering potential V(r,z). After the collision,
the scattered wave can be expected to have the form
W (r,z)=A""2y(z)exp[i(k+q)-r] with an additional mo-
mentum #g. The change of wave vector, ¢, for elastic colli-
. . [ .
sions is given by ¢=2v2m #~=E sin(6/2). Then the matrix
element for the transition, M;_,=[ \I’:V(f,z)\lfidzdr, is

M =A" f ¥ ([V(r.2)exp(-iq - r)drl(z)dz, (2)

where the middle part of the above equation is the two-
dimensional Fourier transform of V(gq,z), the relevant poten-
tial to describe the two-dimensional scattering, with respect
to r for a given z. Therefore we may write the matrix element
[given in Eq. (2)] as

M;_=A" j ¥ (2)[V(q.2) 1(2)dz. 3)

The energy dependent scattering rate, 7~'(E), under the as-
sumption that all collisions are elastic, is used for each con-
tribution, and the fundamental equation for a two-
dimensional electron gas is'?
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1 _JLGQ
7(6,E) T 2m?\ A

( Mj"H-Y )2 27,1
XJ@,k’ m (1 —cos ) S(Ey - E)d k',
(4)

where, j denotes the various possible scattering mechanisms.
Following Ref. 15, the 2D screening effect is introduced by
dividing the scattering matrix element, M}, by the screening
function, S(g,T), where

¢’F(q)I1(q,T,E)

2eq )

S(g,T)=1+
Here the form factor, F(g), is
F(q) = f f P(2) A2 exp(= gz — 2 dzdz’  (6)
0 Jo

and Il(g,T,E), the polarizability function, is

m' F 1-0(q - 2kp)[1 - (2kz/g)*]"
4mh’kgT ), cosh’[(Ep — E)/2k,T]

I(¢q.T.E) = dE.

(7)
In this equation O(x) is representing the usual step function.
Next, the total scattering is calculated from the time constant
values (as a function of energy, E)

ﬁm%Eﬁwﬁﬁ (8)

J

At the end, the numerically calculated energy-dependent
scattering time is averaged according to the Fermi statistics,
which is given by

_ OfAE) ofE)
<T>—JT(E)E E dE/JE E dE. 9)

This is valid for both nondegenerate and degenerate electron
densities. Here E is energy and f is the Fermi function. The
measurable quantity, the mobility, which connects the mate-
rial and structural quantities through the scattering rates, is
calculated from the well-known relation

mmmﬂhﬁwm%ﬂ» (10)

Equation (10) allows us to study the mobility as a function of
temperature 7, electron concentration n,p, and other various
structural and material parameters denoted by P;. We have
focused on two-dimensional (2D) electron scattering at het-
erointerfaces due to phonons, charged impurities, line dislo-
cations, and surface roughness; all of which are included in
our calculations. Further, the Fang-Howard variational wave
function,'* y(z)=(b>22/2)"? exp(~bz/2), was used to calcu-
late the scattering matrix elements. Here the variational pa-
rameter, b, is given by b=(12m"e’n/eh?)'?, where n
=(Ngepi+11/32Xnyp) and nyp and Ny, are the two-
dimensional electron density in the channel and the depleted
electron concentration in the barrier region, respectively.
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After these basic considerations of the physical system we
treat the scattering mechanisms one by one as follows.

B. Phonon scattering

The electron-phonon (e-ph) interactions usually depend
on the physical parameters of the material rather than on its
structure. However, the e-ph scattering time constant de-
pends on the electron density in the channel via the wave
function and the electron distribution statistics. Phonons are
the major source of scattering at high temperature and may
even dominate at low temperatures in very pure materials.
Two types of e-ph scattering mechanisms are expected. First,
there is the acoustic phonon scattering, which has the two
modes, deformation potential scattering and piezoelectric
potential scattering. Second, we have the optical phonon
scattering. The scattering time constants for these three are
given here and the calculated results are given in Sec. IV.

The scattering time constant due to the deformation po-
tential scattering is given by'>1?

I _ 3bEgm'ksT f (1 - cos )
mp(0.E)  327hC

de. 11
.1 n
Here Eg, is the deformation potential and C; is the longitu-
dinal elastic constant.

The analytical formula for the piezoelectric scattering

islS,ZO

1 _ (eh]4)2m*kBT
To(0,E)  Amh?
(1 - cos 0)[ 9 13
— | — — de.

(12)

The parameter /4 is a piezoelectric tensor element and Cr is
the transverse elastic constant. The expressions for the fac-
tors f(y) are, for the longitudinal phonons, f;(y)=(1+6y
+12y?+2y%)/(1+y)® and for the transverse phonon mode,
Fr(y)=(13+78y+72y*+82y*+36y*+6y°)/ 13(1+y)°, respec-
tively, with y=¢q/b. Here, g is the change of the electron
wave vector at the scattering event and b is the variational
parameter described with the wave function in Sec. IIT A.

Since the electron scattering by optical phonons is an in-
elastic process, only approximate analytical expressions has
been given in the literature. From those, we adopt the results
by Hirakawa et al.' In this approach, the scattering time was
derived by neglecting the in-scattering term (thus the inelas-
tic scattering is maintained) and is given by

1 mhopo(er — &™)

To(0.E)  87H1 - £(E)]

X J (1 =cos O{[1 = f.(E + haw o) IN,I(q).)

+[1 - f(E-tho)]
XO(E - o) (N, + 1)I(g,-)}d6. (13)

Here fiw; o denotes the longitudinal optical (LO) phonon en-
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ergy, €., is the optical or high frequency dielectric constant,
qy+ and. g_ are the scattering wave vectors in the phonon
absorption and emission, respectively. The phonon occupa-
tion number, N, is given by N, =[exp(hw o/kgT)~1] ! The
quantity I(qHJ,) is defined as I(qHJ,) J(qt.+aD) (g, Pdq.,
where 1(g,)*=b°%/ (b2+qz)3 for the Fang-Howard wave func-
tion.

The mobility values as a function of temperature and
2DEG concentration have been calculated from these expres-
sions and they are presented in Sec. IV.

C. Charged impurity scattering:
Dislocations and ionized donors

Let us consider an elemental charge with density p(z;) at
the position z; along the dislocation line (cf. Fig. 3). The
Coulomb potential is given by dv(r,z;)
=ep(z;)dz;/ 47eNz; +72. Our next step is to Fourier transform
this potential and substitute it into Eq. (3). This can be done
by considering this elemental charge as a point charge and
using two-dimensional Fourier-Bessel functions.!® The Fou-
rier transformed potential can then be written as

21e p(z;)ex Z; dz,
AV(g.z) = 2re p(z;)exp(= gz;) (14)
41e q

After substituting Eq. (14) into Eq. (3), the matrix element
becomes

P( ) (2)dz.

l*?S

ep( qlz, ZI)> J

(15)

The analytical expression for the dislocation scattering time
constant, under the assumption that all collisions are elastic,
can be obtained by substituting Eq. (15) into Eq. (4) and
multiplying by the dislocation density. In order to calculate
the dislocation charge density p(z), we substitute p=ef/c in
Eq. (15), where a constant filling of electrons into the dislo-
cation line (with a degenerate state>® in the band gap), is
assumed. Here f is the filling factor,? ¢ is the lattice constant,
and Ny, is the areal dislocation density, respectively. The
final analytical expression for scattering time constant is then
given by

1 3 (m*e“Ndlsfz)
Ti(6,E) ~ \ 8mwec*h’

XL{LJ‘(z){fze“’lzi_zdz,] v,b(z)dz}2

(1-cos 0)
[4S(q.T)F

The effect on the transport properties in the 2D channel from
ionized impurities has been discussed before.'> The local po-
tentials of ionized centers rearrange the electrons to screen
the impurity charges. To model the ionized impurity scatter-
ing we use a similar approach as the one used above for
dislocation scattering. We rearrange our matrix element

(16)
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given in Eq. (15) by substituting p(z,)dz;=eZ, where Z is the
atomic number of the impurity atom. By considering these
impurities at a random position, say z;, the rate of ionized
impurity scattering is

1 m*e4Z2 )J |: F(qui) :|2
7;{(0,E) (87Tﬁ382 26 qS(q,T) ziN;i(z;)(1 = cos 6)

(17)

where the form factor is defined by

F(g.z) = f |(2)|%exp(= glz; — z|)dz.

This is precisely the result obtained by Hirakawa et al.'> In
particular, the dislocation and ionized impurity scattering
terms are similar to each other. The scattering potentials are
independent of temperature, but there is a dependence in the
screening function [see Eq. (5)]. This together with averag-
ing over energy [via Eq. (9)] is expected to provide only a
weak temperature dependence for the mobility.

D. Interface roughness scattering

Spatial variations of the interface roughness, A(r), change
the wave function and thus the energy levels. These potential
fluctuations generate the local potential for the electron scat-
tering. We use the formalism by Ando et al.'? and apply it on
the GaN system. The interface roughness gives the scattering
potential, V=A(q)I'(g), where I'(q)=¥(q)+ Vimage(q). Since
the permittivity of the barrier material (AlGaN) and the well
material (GaN) is nearly equal, Yimage is negligible and
I'(q)=(q)=(e*/&)(nyp/2+Ngyep). This is valid for both low
and high ¢ values. Clearly the electron scattering from inter-
face roughness not only depends on the height dimension of
the roughness, but also on the lateral dimension, A(r). For a
real material these features can be quite different from place
to place. Therefore, the usual technique is to assume a
Gaussian form of the correlation of the surface roughness by
statistically defined A and . Now A is the average displace-
ment of the interface and A is the auto correlation length of
A, see Sec. II. Finally, the matrix element for scattering has
been analytically expressed as

ZAZ)\Z qZ}\Z
<|M1Hs|2>_ € p(_

1 2
4 )(EHZD"'Ndepl)’ (18)

and then the scattering time constant for the interface rough-
ness is given by

O (ﬂ)[ ) }2
w0E - 200 J,OP\T 4 )| s (1~ cos 6)do.

(19)

The scattering rate is mostly determined by the prefactor
(AN)? and \ in the exponential part. The dependence on the
2DEG concentration is determined by (nyp+2Nye,)* result-
ing in a decrease of the mobility according to ,uir~n§]2).
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TABLE 1. Material parameters used for the calculations. Here
m, and &, are the rest electron mass and permittivity of free space,
respectively.

Symbol
Parameter (units) Value Reference
Effective electron 0.22m, 21
mass
Dielectric constant e (F/m) 10.4e. 22
(low frequency)
Dielectric constant &, (F/m) 547¢, 22
(high frequency)
Deformation Eg, (eV) 8.5 17
potential
Piezoelectric h,, (C/ m?) 0.5 (0.375-0.6) 22
constant
Longitudinal C; (N/m?) 2.65x 10! 21
elastic constant
Transverse elastic ~ Cy (N/m?) 4.42% 100 21
constant
LO-phonon frwpo (meV) 91.2 21
energy
Lattice parameter ¢ (A) 5.185 23

IV. CALCULATED RESULTS

In this section we make a detailed analysis of the different
scattering mechanisms involved in the 2DEG transport. The
scattering contributors are studied with respect to tempera-
ture and sheet electron charge density. The multitude of
mechanisms can make the analysis of experimental results
rather difficult. Therefore the mobility contributions are di-
vided into three groups. First mobility from the electron-
phonon scattering is calculated. This is considered to origi-
nate from background scattering: as-given for the material.
Secondly, contributions from impurities, both dislocation
lines and ionized impurities, are treated. The third subject of
discussion is the mobility contribution from interface rough-
ness. The basic material parameters put into the calculations
are listed in Table L.

Because of the many coupled parameters in real HFET
structures, it is not straightforward to independently deter-
mine a single quantity. Self-consistent calculations using the
Poisson and Schrodinger equations!! at 300 K, have shown
that only the lowest energy state was populated when n,p
<2X 10" ecm™. The confined level is at least ~4kT below
the GaN band edge at room temperature providing a 2DEG.

A. Phonon scattering

First we study the scattering from the lattice. This
phonon-scattering is composed of the three contributions de-
scribed in Sec. III B. In Fig. 4 the mobility contributions
from the phonon scattering are given as a function of tem-
perature for a typical 2DEG concentration. At high tempera-
tures, 7> 150 K, the optical phonon scattering is dominat-
ing, whereas for the lower temperature range, 0<T
<150 K, the deformation potential scattering dominates.
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FIG. 4. Mobility as a function of temperature (the 2DEG density
is 1 X103 cm™2). The solid line represents the resulting mobility
from all three scattering contributions. The piezoelectric scattering
is small compared to the other two scattering processes.

The piezoelectric scattering has almost no effect on the pho-
non limited mobility.

Figure 5 shows that, besides being temperature depen-
dent, the phonon scattering contributions vary with the
2DEG density. Our calculations showed that the mobility
decreased from 5450 to 1500 cm?/V s within the carrier con-
centration range from 5 X 10! to 2 X 10'3 cm™2. This is im-
portant, since the density is used as a parameter when fitting
calculations to experimental data. In the AlIGaN/GaN hetero-
structure the 2DEG concentration depends on several param-
eters such as the aluminum concentration in the AlGaN
layer,® background doping,'! polarization fields,>>** and in-
tentional doping. In the calculations presented here, we do
not specify the source of electrons in the 2DEG channel.
Also we have excluded the scattering due to the alloy in the

® Piezoelectric potential
0 Deformation potential T=300K
= Optical phonon
10°H — Total o
« ¢ °
o ® *
m .
> o °
o
£ ° % o g, o
< 10% = ° o E
> . o
E u . o] °
e - .
[ »
E - : -
10% .
10" 10"

Two-dimensional electron concentration (cm‘z)

FIG. 5. The variation of the 2DEG mobility at room temperature
as a function of the electron concentration for the three different
phonon scattering mechanisms. The resulting mobility is shown by
the solid line. As shown, the piezoelectric contribution is small,
especially at concentrations above ~10'2 cm™2.
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FIG. 6. Mobility dependence on the ionized impurity concentra-
tion and dislocation density for a 2DEG at room temperature with
1X 10" cm™2 electrons.

barrier layer since it is considered to be small in our ap-
proach.

Since the phonon scattering processes are as-given by the
material, their aggregated contribution to the mobility can be
considered as limiting for other scattering mechanisms. That
is, scattering from other mechanisms is not important as long
as they are small compared to the phonon scattering. In the
following paragraphs, critical quality parameters for the im-
purity scattering and interface roughness scattering mecha-
nisms will be defined to express when they become more
important than the phonon scattering.

B. Ionized impurities and dislocations

Unintentional impurities and dislocations are usually an
effect of the substrate and growth parameters. The impurities
and dislocations are treated much in the same way since their
scattering contributions to the overall mobility are similar. In
addition it is complicated to discern between their contribu-
tions to the free charge concentration.

Atoms and vacancies that have been unintentionally in-
corporated in the semiconductor are categorized as impuri-
ties. These are either neutral or ionized. Whereas the neutral
atom scattering is quite small (neglected in this study), the
scattering from the ionized impurities is significant, espe-
cially at low temperatures. The dislocations are structural
defects in the lattice and for the 2DEG mobility the edge
dislocation is considered to be the most important. This can
act as an electron acceptor? with an effective charge density.
Despite the difference between edge and screw dislocations
we modeled them as line dislocations. In this work we have
considered the Coulomb potential as the scattering potential
for the line dislocations similar to the ionized impurity po-
tential (see Sec. III C).

Figure 6 shows the mobility calculated from ionized im-
purity and line dislocation scattering, respectively, for n,p
=1x10" cm™ at room temperature. The filling factor? is
assumed to be one. The mobility is inversely proportional to
both concentrations and there is a strong dependence. The
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FIG. 7. Calculated mobility contours as a function of the rough-
ness parameters A and 1/A. Three constant mobility values, 100,
1000, and 3000 cm?/V s, are shown for a typical electron concen-
tration at room temperature. The interface morphology is character-
ized as rough or smooth with reference to x~ 1000 cm?/V s.

mobility for Ny <1X10"°cm™ is above ~6X10°
cm?/V s. The ionized impurity concentration needed to press
its mobility below 6X10° cm?*/V's is more than 1.5
X 1017 cm=.

C. Interface roughness

In this section we discuss the effect of AlIGaN/GaN inter-
face roughness on the transport of electrons in the 2DEG.
The characteristic of the wave function decides the amount
of scattering, which means that the electron scattering is
most prominent for the electrons closest to the interface. The
interface roughness is statistically modeled by a lateral di-
mension, \, and a vertical dimension, A. For further infor-
mation on the model for the scattering potential see Sec.
IIT D. The interface roughness mobility varies with both pa-
rameters, A and A. In general terms the mobility increases if
A decreases and \ increases. As shown in Fig. 7 there is a
relation between them, which is illustrated by the mobility
contours. With reference to the mobility, 1000 cm?/V's at
room temperature, we categorize the interface morphology as
either rough or smooth. A smooth surface provides a mobil-
ity above 1000 cm?/V's. A plot of mobility contours as a
function of N and 1/A is shown in Fig. 7. The border be-
tween rough (w<1000cm?/Vs) and smooth (u
> 1000 cm?/V s) conditions is indicated by the solid line.

For typical values of the surface parameters, A=4-5 nm
and A=1 nm, the mobility contribution from the interface
roughness scattering, u;., is about 4000 cm?/V s. This value
is also higher than the contribution from the optical phonon
scattering, pq,=~ 2000 cm?/V s. On the other hand, at low
temperatures the  phonon  scattering mobility  is
100 000 cm?/V s (Fig. 4), whereas u;, remains the same.
Hence, the roughness has the largest effect on the total mo-
bility at low temperatures.
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FIG. 8. Temperature dependence of the mobility due to ionized
impurity scattering, line dislocation scattering, and interface rough-
ness scattering.

D. Combined mobility

As shown in Fig. 8, there is no significant temperature
dependence for the mobility contributions from line disloca-
tions, ionized impurities, and interface roughness. However,
it is important to point out that this trivial result is obtained
under the assumption that the 2DEG density is independent
of temperature. In Fig. 9 the mobility at different 2DEG den-
sities have been calculated for selected parameters. The data
shows that the mobility dependencies of the 2DEG concen-
tration due to line dislocation and the ionized impurity con-
tributions increase linearly. The dislocation-limited mobility
was calculated assuming completely charged dislocation
lines (f=1). The interface roughness mobility was calculated
for A=1 nm and A=7.5 nm. As predicted in Sec. III D the
roughness mobility decreased with the two-dimensional elec-
tron density. The resulting mobility has a maximum due to
the two main limiting factors, roughness scattering (at high
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FIG. 9. The mobility dependence on 2DEG density due to ion-
ized impurity scattering, line dislocation scattering, and roughness
scattering.
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FIG. 10. Measured [from Frayssinet ef al. (Ref. 25)] (X) and
calculated (solid line) mobility data shown as a function of tempera-
ture. The contributions from individual scattering mechanisms are
also shown. The parameter values used to get the best curve fit are
given in the figure.

2DEG concentrations) and ionized impurity scattering (at
low).

V. DESCRIPTION OF MEASURED RESULTS
AND DISCUSSION

In this section we use our calculations to describe mea-
sured mobility data. The results in the previous sections are
applied when analyzing experimental data and identifying
the dominant scattering mechanisms. An AlGaN/GaN het-
erostructure grown by MBE were studied together with
available Hall effect results.”>"?’ The main differences be-
tween the samples are the purity of materials and the sub-
strate used.

Figure 10 shows the calculated and measured mobilities
for a sample? grown on a single crystal GaN substrate by
MBE. In addition, the mobility contribution from each con-
sidered scattering mechanisms is given. Hall effect measure-
ment gave mobilities of 60000 cm?*/Vs at 1.5 K,
30 000 cm?/V s at 77 K, and ~2000 cm?/V s at room tem-
perature. The carrier concentration at room temperature
was ~1.5X10" cm™. This gradually decreased to
~2%10"? cm™? down to 100 K and remained constant for
lower temperatures. In this sample it is evident that the high
temperature mobility is given by the optical phonon scatter-
ing. The deformation potential contributes at medium tem-
peratures, ~75-150 K, giving a slight bump to the mobility
curve. At the lowest temperature the calculated results
showed that interface roughness scattering and ionized im-
purity scattering dominate the mobility. The calculations
agreed with the measured values when setting the ionized
impurities to 1.6X 10'7 cm™ and tuning the surface rough-
ness parameters to A=10.6 nm and A=1.0 nm. The contribu-
tions from the other scattering events were small for this
sample.

In Fig. 11 we present the experimental and calculated mo-
bility data for the high quality sample together with three
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FIG. 11. Mobility as a function of temperature for four selected
samples with different mobility. The solid lines are calculated data
and the symbols are experimental results. The low temperature mo-
bility span from 1200 to 60 000 cm?/V s. References for the experi-
mental data are given in Table II.

additional samples.>>8 All samples were grown by MBE.
The material parameter values used in the calculations are
given in Table I and the structural parameters are found in
Table II. The mobility relation (a) in Fig. 11 is the one given
in Fig. 10. In the data set?® (b) the low temperature mobility
was about 20 000 cm?/V s and the room temperature value
was ~1150 cm?/V s. The 2DEG density varied with tem-
perature. It was ~1.4X 10" cm™? at room temperature and
decreased to ~5% 10" cm™ near 100 K and remained con-
stant down to 12 K. The two samples?’-?® (c) and (d) had
lower mobilities than (a) and (b) but exhibited constant
2DEG concentration over the studied temperature range. In
sample (c) the room temperature mobility was 1211 cm?/V s
and increased to 5660 cm?/V s at 77 K. The 2DEG concen-
tration was constant at ~5X 10'2 cm™2. For sample (d) the
2DEG concentration was higher, ~2X 10'3 cm™, and the
mobility increased from ~500cm?/Vs at 300 K to
~1400 cm?/V s at 10 K. The growth details for this sample
were presented in Sec. II.
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The general mobility dependence on temperature is simi-
lar for the four samples in Fig. 11. However, the mobility
difference at low-temperature is much larger than at room
temperature. This high temperature behavior is because of
the dominating contribution from the optical phonon scatter-
ing. At low temperature there are structural differences be-
tween the samples, which limit the scattering. As shown, the
mobility difference between (b) and (c) at high temperature
is almost zero while it is significant at low temperature. Our
calculations show that the decreased low temperature mobil-
ity in (b) and (c) [as compared to (a)] can be explained by an
increased interface roughness, which enhances the scattering.

The temperature dependence of the fourth sample (d) dif-
fers from the other results. Our calculations showed that the
surface roughness scattering explains this deviation. We used
the experimental parameter values discussed in Sec. II. How-
ever, the surface roughness parameters need to be clarified.
The sample in Fig. 2 is representative for sample (d), since
they were grown at the same conditions. The discussion in
Sec. II demonstrated that the interface roughness in sample
(d) was described by two correlation functions, C, and C,.
However, the result in Fig. 7 shows that the scattering con-
tribution from the larger surface features, C,, is compara-
tively small. Therefore, only C;, A<<20 nm and A=1 nm,
needs to be considered in the calculations for this sample (d).
Due to the limited lateral resolution of the AFM, it was not
possible to find an exact value of the correlation length be-
low 10 nm. Instead we used the correlation length as a fitting
parameter. The best fit was obtained for A=2.23 nm, which
significantly increased the roughness scattering compared to
the other samples. The dislocation density, Ng;
=1X10'" ¢cm™, and the ionized impurity concentration, N;;
=Np+N,~9Xx10'7 cm™3, are high in sample (d). Also the
2DEG density is significantly higher, n,p~2X 10" cm™2,
than in the other samples. Further, even though these scatter-
ing mechanisms are quite large, they are small compared to
the surface roughness scattering. In conclusion, the differ-
ence between (d) and the other data is explained by the in-
terface morphology parameters.

In Fig. 11 we also notice that there is a deviation between
calculations and measurements at room temperature. First we
consider samples (a) and (b). Both exhibited temperature de-

TABLE II. Parameters for the calculations of different data shown in Fig. 11. The fitting parameters for
sample (d) were supported by experimental data measured on it and samples grown at the same conditions.

(@)

(b) (© ()

w (Tiow)(em?/V's) 60000 (T=1.5 K)

20000 (T=12 K)

5660 (T=77K) 1300 (T=10 K)

w (T500)(cm?/V s) 2000 1150 1211 500
nyp (cm™2) 0.2-1.5%x10"3 0.5-1.4x 1013 5% 10"2 ~2 % 10"
Substrate GaN single crystal GaN templates by MOVPE Al,O4 Al,O4
Grown by MBE MBE MBE MBE
N;; (em™) 1-2x 10" ~1.6%10'° Not specified ~9x 10"
Ny (cm™) low Not specified Not specified 1x 10
A (nm) 1 1 1 1
\ (nm) 10.6 53 4 2.23
Ref. 25 26 27 28
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pendent 2DEG concentrations. The reason was claimed to be
parallel conduction which would reduce the mobility.>>2
However, the calculated mobility was lower than the mea-
sured value in sample (a) but higher than the corresponding
value in (b). Therefore, sample (a) might not have any par-
allel conduction. Further, the very low dislocation density in
(a) could be a decisive difference between the samples. The
calculated mobilities for samples (c) and (d) were higher
than the measured values. At 300 K the mobility value is
fixed by the LO-phonon energy. We have no evidence for a
parallel conduction at room temperature, but we cannot fully
exclude a contribution from it. Other effects, which are be-
yond the scope of this work, such as remote charge impuri-
ties in the barrier, piezoelectric and polarization effects, and
surface effects are not accounted for in the model.

VI. CONCLUSIONS

The 2DEG electron scattering mechanisms in
AlGaN/GaN heterostructures were successfully analyzed
and the dominant scattering mechanisms in the low and high
temperature regimes were presented. A new analytical model
to calculate the time constant for dislocation line scattering
as a function of temperature was developed. The interface
roughness scattering was carefully analyzed due to its large
influence on the mobility in rough samples. The interface can
be characterized by its morphology on the scale rough to
smooth using statistically defined roughness parameters. The
values of them can be derived from AFM measurements.
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The highest possible mobility at and above room tempera-
ture is determined by optical phonon scattering, which de-
pends on the carrier concentration and material parameters.
At low temperatures the mobility is limited by the structural
defects such as interface roughness, impurities and disloca-
tions. Hall effect measurement data for four different hetero-
structures were studied and the measured mobility was re-
produced by our calculations. In general terms our study
showed that in high mobility samples (x>60 000 cm?/V s
at 20 K) the ionized impurity scattering and the interface
roughness scattering are limiting the low temperature mobil-
ity. In samples with lower mobility (u
~20 000-60 000 cm?/V s) the effect of interface roughness
scattering is dominating. At room temperature the optical
phonon scattering was the most important limitation when
1>1000 cm?/V s, whereas the interface roughness scatter-
ing may reduce the mobility to a value below 1000 cm?/V s.

To be able to use the AlIGaN/GaN sample in an applica-
tion such as a heterostructure field effect transistor, operating
at high power levels at or above 300 K, several parameters
must be carefully controlled. From our calculated results we
conclude that for a two-dimensional electron gas concentra-
tion of 1% 10'* cm=2 with mobility above 1500 cm?/V s at
room temperature, the ionized impurities should be less than
1X10'7 cm™ and the line dislocation density is below
1X10'° cm™. Further, the root-mean-square value of the
surface roughness need to be less than 1 nm with the lateral
surface roughness correlation length larger than 5 nm. These
parameter values can serve as a minimum quality measure
for application requirements.
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