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The dislocations and surface roughness in anAlGaN/AlN/GaN heterostructure were analyzed by transmission electronmicroscopy
(TEM) and atomic force microscopy (AFM), respectively, and the mobility limitationmechanisms in the two-dimensional electron
gas (2DEG) were studied using a theoretical model that took into account the most important scattering mechanisms. An
exponential correlation function provides a better description of the statistical properties of surface roughness than the Gaussian
form and thus is adopted in the theoretical model. The calculated results are in good agreement with Hall data. The quantitative
measurements of dislocations and surface roughness allow the evaluation of the relative importance of each extrinsic scattering
mechanism.

1. Introduction

GaN-based materials have attracted a great deal of attention
over the past two decades due to their direct and large band
gap. A high sheet carrier density (over 1.0 × 1013 cm−2)
and high mobility (over 6.0 × 104 cm2

/Vs) two-dimensional
electron gas (2DEG) can be formed in AlGaN/GaN het-
erostructures even without intentionally doping [1, 2], which
forecasts the prospects for fabricating high-power, high-
frequency microwave devices.

In an ideal, defect free material, the electron mobility
is mainly limited by electron-phonon interactions. In a real
heterostructure material, however, the extrinsic scattering
mechanisms, such as dislocations, interface roughness, and
charged impurities, may dominate the electron mobility,
particularly at low temperatures.

Most GaN thin films are grown on 𝑐-plane sapphire
substrates by metal-organic chemical vapor deposition
(MOCVD). The larger lattice mismatch between the GaN
layer and the sapphire substrate induces a large number of
dislocations. Great efforts have been made to improve the
crystal quality of GaN films by preparing a nucleation layer,

optimizing growth parameters, and so on, but GaN still has a
dislocation density up to 108 ∼ 1010 cm−2 [3]. Although high-
density dislocations do not significantly affect the efficien-
cies of GaN-based light-emitting diodes (LEDs) and laser
diodes (LDs) [4], they may dominate the electron mobility
in AlGaN/GaN heterostructures [5, 6].

Interface roughness is another important scattering
mechanism that affects the electron mobility in AlGaN/GaN
heterostructures. Interface roughness is difficult to be
measured directly. Cross-sectional transmission electron
microscopy (TEM) measurements can give a direct obser-
vation of spatial variation in interface structure, but this
approach is not convenient to quantify the interface rough-
ness. For the heterostructures grown in a two-dimensional
(2D) growth mode, the interface roughness can be approxi-
mated by surface roughness and thus can be characterized by
atomic force microscopy (AFM) measurements. The effect of
interface roughness on electron mobility is also difficult to be
precisely modeled due to the random variation of roughness
height. In theoretical calculations, a correlation function has
usually been adopted to describe the statistical properties of
interface roughness for mathematical convenience [7, 8].
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Figure 1: Schematic drawing of the Ga-polar AlGaN/AlN/GaN
heterostructure grown by MOCVD on 𝑐-sapphire substrate.

In addition to dislocations and interface roughness,
charged residual impurities and alloy disorder may play
important roles in the electron transport in a 2DEG system [9,
10]. In most theoretical studies regarding electron transport,
the parameters describing extrinsic scattering mechanisms,
such as dislocation density and impurity density, have been
treated as adjustable fitting parameters [11, 12]; however, the
relative importance of different extrinsic scattering mecha-
nisms cannot be evaluated when the number of the fitting
parameters ismore than one. To evaluate their relative impor-
tance with regard to the mobility limitation, it is necessary
first to quantify these parameters via direct measurements
and then to calculate the mobility limited by individual
scattering mechanisms.

In this work we prepared an AlGaN/AlN/GaN het-
erostructure by MOCVD on 𝑐-sapphire and studied the
mobility limitation mechanisms in the 2DEG. The TEM and
AFM techniques are used to analyze the dislocations and
surface roughness in the AlGaN/AlN/GaN heterostructure,
respectively.Themeasured results of dislocations and surface
roughness are put into a theoretical model that takes into
account the most important scattering mechanisms to fit the
Hall data and to evaluate the relative importance of each
extrinsic scattering mechanism.

2. Experimental Results

A Ga-polar AlGaN/AlN/GaN heterostructure was grown by
MOCVD on 𝑐-plane sapphire. As shown in Figure 1, the
AlGaN/AlN/GaN heterostructure consists of a 120 nm AlN
nucleation layer, a 1.5𝜇mGaN semi-insulating layer, a 100 nm
GaN channel layer, a 1 nm AlN interfacial layer, and a 20 nm
Al0.2Ga0.8N barrier layer.

The cross-sectional and plan-view TEM measurements
are performed on the heterostructure sample. In Figure 2(a)
the dark-field cross-sectional TEM image shows the dislo-
cation distribution. The high-density dislocations near the
substrate appear to be arranged irregularly.These dislocations
are generated at the early stage of the growth when the
neighboring three-dimensional (3D) islands coalesce due to
the Volmer-Weber growth mode. After the islands coalesce
and dislocations form, the growth mode switches from a 3D
growth to a 2D growth. The threading dislocations vertically
traverse from the AlN nucleation layer to the AlGaN barrier

layer, which is accompanied by a decrease in the dislocation
density. The areal density of dislocations in the AlGaN layer
is estimated to be 1 × 109 cm−2 by counting dislocations
fromplan-viewTEM images (see, e.g., Figure 2(b)).Thehigh-
resolution cross-sectional TEM image (Figure 2(c)) shows
abrupt AlGaN/AlN/GaN interfaces and a smooth AlGaN
surface, further indicating a 2D growth mode of the AlGaN
layer.

Dislocations can affect the 2DEG mobility in two ways:
first, they induce local deformation of the crystal structure;
secondly, the accumulated charges along the dislocation line
can scatter electrons via Coulomb interactions. The effect
of the local strain field on electron mobility is negligibly
small compared with that of the Coulomb interactions [5];
therefore, only the Coulomb interactions are taken into
account in the dislocation scattering in this study. Coulomb
interactions are isotropic; thus, the calculations do not
require determining the dislocation types.

Figure 3 shows a 3 𝜇m × 3 𝜇m AFM image. The root-
mean-square (RMS) surface roughness is 0.13 nm, indicating
a smooth surface. The statistical properties of surface rough-
ness can be described by a correlation function, which is
defined as [8]

𝐶 (𝑟) =

1
𝑆

∫

𝑆

𝐻(𝑟

󸀠

)𝐻 (𝑟

󸀠

+ 𝑟) 𝑑𝑟

󸀠

, (1)

where 𝑆 is the sample area, 𝑟󸀠 is the position vector on the
surface, 𝑟 is the relative distance, and 𝐻(𝑟

󸀠

) is the surface
height at position 𝑟󸀠. The correlation function can be numer-
ically calculated from the AFM measurement. But more
often, two approximate analytical expressions, that is, for the
Gaussian, 𝐶(𝑟) = Δ

2 exp(−𝑟2/Λ2
), and exponential, 𝐶(𝑟) =

Δ

2 exp(−𝑟/Λ), are employed in theoretical calculations for
mathematical convenience. Once the analytical form of the
correlation function has been fixed, the surface roughness can
be described by two parameters, that is, the RMS roughness
Δ and the horizontal correlation length Λ of surface heights.
The Λ is usually defined as a distance at which the value of
correlation function drops to 𝑒−1 = 36.8% of the value at 𝑟 = 0
(here 𝑒 is the Neper number).

The normalized correlation function calculated from the
AFM data is shown in Figure 4. The correlation length
Λ is determined to be 4.5 nm according to the definition
above. In addition, the analytical Gaussian and exponential
correlation functions with Λ = 4.5 nm are present in
Figure 4 for comparison. It can be seen from Figure 4 that
the exponential form more closely resemble the measured
results than the Gaussian form. Therefore, the exponential
correlation function is substituted for the measured one in
the following scattering calculations.

Figure 5 shows the temperature-dependent Hall-effect
measurements. The electron mobility monotonically
increases with the decrease of the temperature and
gradually saturates below 100K. The sheet carrier density,
𝑁

𝑠

= 1.05 × 1013 cm−2, is almost temperature independ-
ent, indicating that the contribution of bulk carriers
is quite small. The Hall-effect measurements exhibit
obvious characteristics of the 2DEG formation in the
AlGaN/AlN/GaN heterostructure.
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Figure 2: (a) Dark-field cross-sectional TEM image, (b) bright-field plan-view TEM image, and (c) high-resolution cross-sectional TEM
image of the AlGaN/AlN/GaN heterostructure.
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Figure 3: AFM image of the AlGaN/AlN/GaN heterostructure with
an RMS roughness of 0.13 nm.

3. Theoretical Descriptions

The scattering theories of the 2DEG system have been well
developed by several authors [5, 13–19]. We give below a brief
description of the analytical expressions for the momentum
relaxation time 𝜏

𝑖

(𝐸) due to the important scattering mecha-
nisms. The corresponding mobility component is calculated
via 𝜇
𝑖

= 𝑒𝜏

𝑖

/𝑚

∗; here 𝑒 is the electronic charge, and𝑚∗ is the
electron effective mass. The total mobility is calculated using
Matthiessen’s rule:

1
𝜇TOT

= ∑

𝑖

1
𝜇

𝑖

. (2)
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Figure 4: Normalized correlation function of surface roughness as
a function of relative distance. The solid line is calculated from the
AFMdata, and the dashed anddotted lines represent the exponential
and Gaussian correlation functions, respectively.

3.1. Dislocation Scattering (DIS). The matrix element for the
Coulomb interactions of a single dislocation line is expressed
as [20]
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Figure 5: Mobility and sheet carrier density as a function of
temperature for the AlGaN/AlN/GaN heterostructure.

where 𝑞 is the scattered wave vector, 𝜀0 is the permittivity of
free space, 𝜀

𝑠

is the static permittivity, 𝜌
𝑙

= 𝑒𝑓/𝑐 is the linear
charge density along the dislocation line, 𝑓 is the fraction of
filled states, 𝑐 is the lattice constant along the wurtzite GaN
[0001] direction, and 𝜉(𝑧) is the electron wave function. Here
we set 𝑓 = 1; that is, there is one charge in every interval
length of 𝑐 along the dislocation line.

The reciprocal momentum relaxation time for the DIS is
given by

1
𝜏DIS (𝐸)
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𝑁DIS𝑚
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2
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2
𝜖

2
(𝑞)
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(4)

where𝑁DIS is the dislocation density, ℏ is the reduced Planck’s
constant, and 𝜃 is the angle between electron wave vectors
before and after scattering. The wave vector 𝑞 is related to
𝜃 via 𝑞 = 2𝑘 sin(𝜃/2); 𝑘 is the electron wave vector. 𝜖(𝑞) is
the screening function within the zero-temperature random-
phase approximation [16].

3.2. Interface Roughness Scattering (IRS). Interface roughness
induces fluctuations in the position of the barrier layer,
leading to perturbations of the electron energy and wave
function in the well layer.The effect of interface roughness on
electron mobility is more important in narrower wells [12].

For an exponentially correlated surface, the matrix element
for the IRS can be expressed as

󵄨

󵄨

󵄨
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. (5)

The reciprocal momentum relaxation time is given by
1
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2
(𝑞)
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(6)

3.3. Charged Impurity Scattering (CIS). Most AlGaN/GaN
heterostructures have been prepared without doping, but
residual impurities, such as carbon, hydrogen, interstitial
atoms, and vacancies, cannot be completely eliminated [21].
The neutral impurity scattering is quite small and conse-
quently is neglected in this work. However, the CIS may
dominate the electron mobility at low temperatures. The
matrix element for the CIS is expressed as [12]

󵄨
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2

,
(7)

where𝑁(𝑧) is the distribution function of charged impurities.
𝐹

𝑐

(𝑞, 𝑧) is given by [12]

𝐹

𝑐

(𝑞, 𝑧) = ∫

󵄨

󵄨

󵄨

󵄨

󵄨

𝜉 (𝑧

󸀠

)

󵄨

󵄨

󵄨

󵄨

󵄨

2
exp (−𝑞 󵄨󵄨󵄨

󵄨

󵄨

𝑧 − 𝑧

󸀠

󵄨

󵄨

󵄨

󵄨

󵄨

) 𝑑𝑧

󸀠

. (8)

Assuming that charged impurities are evenly distributed
throughout the heterostructure at a density of 𝑁CIS, the
reciprocal momentum relaxation time is given by

1
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2
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(9)

3.4. Phonon Scattering. Acoustic phonon scattering may
dominate the electron mobility in the temperature range
from several tens to two hundred of degrees Kelvin. Because
wurtzite GaN is noncentrosymmetric, acoustic phonons can
affect the electron mobility via deformation-potential (DP)
and piezoelectric (PE) scatterings. In this study both DP and
PE scatterings are taken into account. A detailed description
of the acoustic phonon scattering can be found in [13, 15].

Polar optical (PO) phonon scattering dominates the
electron mobility at high temperatures. The momentum
relaxation time for PO phonon scattering is hardly strictly
defined because the PO phonon scattering is inelastic and
anisotropic. An accurate approach for studying PO phonon-
limited mobility (𝜇PO) is to directly solve the Boltzmann
equation, but in that way onemust carry out some really elab-
orate mathematical calculations. Here we use an approximate
analytical expression to calculate 𝜇PO [16].

The physical parameters used in the calculations are listed
in Table 1.
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Table 1: Parameters of ZnO employed in calculations. Here 𝑚
0

is
the free electron mass.

Parameter Symbol (units) Value
Mass density 𝜌 (kg/m−3) 6.15 × 103a

Electron effective mass 𝑚

∗ 0.22m0
b

Dielectric constant (high frequency) 𝜀

∞

5.47b

Dielectric constant (low frequency) 𝜀

𝑠

10.4b

LA-phonon velocity 𝑢

𝑙

(m/s) 6.56 × 103a

LO-phonon energy ℏ𝜔PO (meV) 91.2b

Piezoelectric tensor
𝑒15 (C/m

2) −0.3c

𝑒31 (C/m
2) −0.33c

𝑒33 (C/m
2) 0.65c

Deformation constant 𝐷 (eV) 8.5b
a[16], b[20], c[22].

4. Fittings

For AlGaN/AlN/GaN heterostructures, the AlN interfacial
layer produces a potential barrier of height 2.1 eV at the
AlN/GaN interface [23], effectively preventing electron pen-
etration into the AlGaN layer. Therefore, the wave function,
𝜉(𝑧) = (𝑏

3
/2)1/2𝑧 exp(−𝑏𝑧/2), proposed by Fang and Howard

[24], is still a good approximation to the electron distribution
along the growth direction forAlGaN/AlN/GaNheterostruc-
tures and consequently is employed in the scattering calcula-
tions. For the same reason alloy scattering is neglected in this
study.

For the 2DEG in our heterostructure sample, the Fermi
energy 𝐸

𝐹

= ℏ𝑘

2
𝐹

/2𝑚∗ ≫ 2𝑘
𝐵

𝑇 over the entire temperature
range up to 300K, where 𝑘

𝐹

= √2𝜋𝑁
𝑠

is the Fermi wave
vector; thus, the 2DEG is highly degenerate even at room
temperature [25]. In the fitting to the experimental data,
therefore, it is justified to perform scattering calculations only
at the Fermi energy.

Figure 6 shows a comparison between the theoretical and
experimental results. The theoretical calculations are in good
agreement with the experimental data. The measured values
of the dislocation density and interface roughness, that is,
𝑁DIS = 1 × 109 cm−2, Δ = 0.13 nm, and Λ = 4.5 nm, are
used in the fittings. Charged impurities are assumed to be
evenly distributed throughout the heterostructure at a density
of𝑁CIS. In the fittings only the𝑁CIS is treated as an adjustable
parameter and is determined to be 𝑁CIS = 6 × 1017 cm−3.
A comparable unintentional doping level is frequently found
in the literatures [16, 26]; thus, the fitting value of the
charged impurity density is easy to reach experimentally and
is acceptable.

The direct measurements of the defect parameters allow
the evaluation of the relative importance of the extrinsic scat-
tering mechanisms. It can be seen from Figure 6 that the CIS
imposes the most severe limitation on low- and moderate-
temperature mobilities, followed by the DIS and IRS. The
mobilities limited by acoustic DP and PE scatterings are
inversely proportional to the temperature. Acoustic scattering
is relatively less important for the AlGaN/AlN/GaN sample,
but this scattering mechanism will play a more important

Temperature T (K)

M
ob

ili
ty
𝜇

(c
m
2
/V

s)

𝜇DIS

𝜇IRS

𝜇CIS

𝜇PE

𝜇PO

𝜇DP

𝜇TOT

10
5

10
4

10
3

10
2

10
1

Ns = 1.05 × 10
13 cm−2

Λ = 4.5nm, Δ = 0.13nm
NDIS = 1 × 10

9 cm−2, NCIS = 6 × 10
17 cm−3

Figure 6: Temperature dependence of the mobility limited by
individual scattering mechanisms including dislocation scattering
(𝜇DIS), interface roughness scattering (𝜇IRS), charged impurity scat-
tering (𝜇CIS), acoustic DP scattering (𝜇DP), acoustic PE scattering
(𝜇PE), PO phonon scattering (𝜇PO), and all mentioned scattering
mechanisms (𝜇TOT). The scattered symbols are the experimental
data.

role in the heterostructures with perfect crystal quality. The
mobility limited by POphonons decreases exponentially with
increasing temperature, and this scattering mechanism is
dominant at temperatures above 200K.

Because the charged impurities dominate the electron
transport at low and moderate temperatures, the calculation
accuracies of DIS and IRS are more readily affected by
measurement and model inaccuracies. But because of the
larger distinction between the extrinsic scattering mecha-
nisms, their relative importance would not be influenced by
the inaccuracies.

5. Conclusions

In this study, we analyzed the dislocations and interface
roughness in an AlGaN/AlN/GaN heterostructure via direct
measurements and explained the temperature dependence of
the Hall mobility using a theoretical model. The dislocation
density is estimated to be 1 × 109 cm−2 by TEM. The
correlation lengthΛ and roughness heightΔ are, respectively,
determined to be 4.5 and 0.13 nm by AFM. The exponential
correlation function, 𝐶(𝑟) = Δ

2 exp(−𝑟/Λ), gives a better
description of the statistical properties of surface roughness
than the Gaussian form and thus is employed in the theoreti-
cal model.The theoretical calculations are in good agreement
with the experimental data. The quantitative measurements
of the dislocation density and interface roughness allow
the evaluation of the relative importance of each extrinsic
scattering mechanism. It is found that the CIS is the most
important scattering mechanism at low and moderate tem-
peratures, followed by the DIS and IRS, whereas the PO
phonon scattering is dominant above 200K.
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