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The results of experimental and theoretical studies concerning the temperature dependence of electron
mobility in a two-dimensional electron gas (2DEG) confined near the interface of an AIGaN/GaN het-
erostructure are presented. In order to compare the experimental results with the theory a simple analytical
formula is used for the low-field electron mobility, which uses the 2D degenerate statistics for a 2DEG
confined in a triangular well. All standard scattering mechanisms, including scattering by acoustic and op-
tical phonons, remote and background impurities and interface roughness (IFR), have been included in the
calculations. From the calculated dependence of mobility on temperature, it is clear that IFR and ionised
impurity scattering dominate the low-temperature mobility of 2D electrons in AIGaN/GaN structures with
a high electron density n, > 10'> cm™2. At intermediate temperatures, acoustic deformation potential and
piezoelectric scattering are the dominant mechanisms. The polar optical phonon scattering is found to be
the important mechanism of scattering at high temperatures. The experimental results are discussed in the
light of the calculated mobility.

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Over the past decade, GaN has been the focus of intense research [1-3]. Due to its large band gap, tun-
able between 1.9 and 6.2 eV upon alloying with In or Al, and its high thermal conductivity and stability
GaN is ideally suited for making light-emitting diodes, lasers and detectors operating in the visible to
ultraviolet range as well as high-power transistors with operating frequencies in the microwave region
[4-6]. Compared with their technological applications, partly due to poor material quality, fundamental
research on nitrides, particularly in electronic transport, appears to be in its infancy. For example, the
rapid advance in fabricating high-quality sub-micrometre group III nitride modulation-doped field effect
transistors [7] calls for reliable and predictive device simulations. While published transport studies of
nitride compounds have so far focused on bulk properties [8—10], the prediction of efficient AlGaN/GaN
heterostructure devices requires accurate modelling of quantum confinement effects of the carriers in the
two-dimensional (2D) channels. This is a prerequisite for understanding, predicting and optimising the
effects of remote doping, interface roughness or temperature dependence [11, 12] of the electron mobil-
ity.

In modulation-doped structures a two-dimensional electron gas (2DEG) is formed at an AIGaN/GaN
heterointerface due to the electron affinity difference between the two materials. The space charge at the
heterointerface creates a very strong built-in electric field that causes significant band bending in the
GaN region. This strong band bending results in the confinement of electrons into a quasi-triangular
potential well. Therefore, carrier motion in the direction perpendicular to the interface is quantised, form-
ing a set of bound states. Motion along the interface remains unhindered. Since electrons are spatially
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separated from ionised parent impurities, this type of doping technique helps to reduce the ionised impu-
rity scattering.

In this paper we use simple analytical expressions for the determination of low-field mobility in a
2DEG confined in a triangular well, taking into consideration all major scattering mechanisms, including
interface roughness (IFR), ionised impurity scattering by remote donors and due to interface charge,
acoustic deformation potential scattering, piezoelectric scattering and polar optical phonon scattering,
using 2D degenerate statistics of 2DEGs. Because the efforts at explaining the observed mobilities in
AlGaN/GaN modulation-doped heterostructures have not considered the IFR scattering [13—18], we also
investigate the effect of IFR on the low-field mobility of 2DEGs at low temperatures. The IFR scattering
is typically quantified on the basis of weak perturbation theory in terms of two parameters: the lateral
size (A4) and the correlation length (A) between fluctuations [19-26]. These parameter values affect the
transport properties of 2DEGs at low temperatures. The principal objective of all theoretical calculations
of 2D transport is to understand the scattering mechanisms limiting electron mobilities in such structures.
The point of the theory is to provide an accurate description of the electronic structure of electrons con-
fined in a quasi-triangular quantum well at the heterointerface. Section 2 discusses the mobility calcula-
tions in detail. The results of the calculations as well as their relation to experimentally obtained mobili-
ties are the focus of Section 3. Finally, we summarize our results in Section 4.

2 Scattering mechanisms

The scattering theories of the 2D carriers in I1I-V heterojunction systems have been well developed by
several authors [27-33]. The dominant scattering mechanisms for the 2D and bulk III-V compounds are
now well established [34]. In our calculations of electron mobility in the 2DEG in the GaN/AlGaN het-
erojunction we include IFR, impurity scattering by remote donors and due to interface charge, acoustic
deformation potential scattering, piezoelectric scattering and polar optical phonon scattering. We con-
sider the degenerate statistics of 2DEGs for the lowest subband occupation for the structure, as shown in
Fig. 2.

The analytical expressions for the above mentioned scattering mechanisms are briefly summarized
below for convenience and the material parameters used in the calculations are also listed in Table 1.

2.1 lonised impurity scattering due to remote donors

At low temperatures, the electron mobility is limited by the ionised remote impurity scattering by remote
parent donors in the barrier separated from the channel by a thin spacer layer. The value of the mobility
limited by this scattering mechanism is given by [35, 36]
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where ¢ is the dielectric constant of the crystal, 7 is the reduced Planck constant, m* is the electron effec-
tive mass, n, is the density of the 2D electron gas, Z; is the width of the quantum well and d, is the
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Fig. 1 Energy and band diagram of a modulation-doped heterojunc-

S/ EO tion. d; is the width of the depletion layer and Z; is the average dis-

tance of the electronic wave function from the heterointerface corre-
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width of the depletion layer. The screening constant Sy is a function of #g and the lattice temperature 71,
which is given in the non-degenerate case by [28]

ezn
Sy = —— 2
" 2ekT, @

and in the degenerate case by

em*
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 27eh?
Since impurity scattering dominates only at low temperatures, the degenerate limit should be used for S.

d, is given by the approximation as d; = ny/N4, where Ny is the donor density in the barrier.

2.2 lonised impurity scattering due to interface charge

Since the 2DEG is formed on the GaN side of the (AlGa)N/GaN heterointerface, there is additional scat-
tering due to background impurities, the density of which is of the order of 10'* cm™, as well as due to

Table 1 Values of GaN material constants used in the calculations.

electron effective mass m* = 0.22my
high-frequency dielectric constant &,=535

static dielectric constant &=9.7

LO phonon energy ho=92 meV

width of the quantum well Zy=65A
longitudinal acoustic phonon velocity w=6.56x10"ms"
transverse acoustic phonon velocity u=2.68x10°ms"
density of the crystal p=6.15x10"kgm™
deformation potential E;=83¢eV
dielectric constant of the crystal £=858x 10" Fm™
donor density Ny=3x10"m>
density of the 2DEG ng=1x10"m>
width of the depletion layer dy=333x10"m
impurity density Ng=1x10"m™
piezoelectric constant hia=0.375Cm?
electron wavevector k=73%x10°m"
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the interface charge [37]. The corresponding mobility s is given by [36]
8kl (B)

3 2
e'm* Ny,

“

Hgr

where Ng is the 2D impurity density in the potential well due to background impurities and/or interface
charge and

" sin*@ dé@
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where
B=So/2k¢ (6)

and kg is the wavevector on the Fermi surface.

2.3 Acoustic deformation potential scattering

When the temperature increases, the electron mobility depends on the acoustic phonon scattering. The
mobility limited by this scattering mechanism is given by [38]

2eh’ pu; Z,

= 7
3m** E;k,T, @

A

where p is the density of the crystal, #, is the longitudinal acoustic phonon velocity, Z, and E, are the
effective width of the 2DEG and the deformation potential constant, respectively, as shown in Fig. 1, and
kg 1s the Boltzmann constant.

2.4 Piezoelectric scattering

At intermediate temperatures, the electron mobility is related to piezoelectric scattering in the 2DEG as
[28]
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where /4 is the piezoelectric constant, u, is the velocity of transverse acoustic phonons and
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2.5 Polar optical phonon scattering

At high temperatures, the mobility of the carriers is limited by the polar optical phonon scattering that is
comparable to acoustic deformation potential and piezoelectric scattering. The expression of mobility
limited by the polar optical phonon is [31]

4re flz ho
=—F _|ex —1|¢ 14
Hpo emm*zzo|: p(kBT 0 (14)
where
1.1
& &, &

in which &, and & are the dielectric constants of the semiconductor at high and low frequencies, respec-
tively, and 7@ is the optical phonon energy.

2.6 IFR scattering

IFR in layered structures can be in the form of well width fluctuations or alloy fluctuations both leading
to the perturbation of the electron confinement energy [39—41]. The presence of IFR in optical devices
can lead to some undesirable effects such as the splitting or broadening of excitonic spectra. The effect is
more prominent in narrower wells where a few monolayer fluctuations in the well width result in a large
fluctuation in the quantised energy [42]. The effect of IFR is also observed in conventional longitudinal
transport measurements [43]. The carrier transport in quantum wells is mainly limited by IFR scattering
[44]. Furthermore, at high electric fields, the IFR scattering of non-equilibrium LO phonons can render
the non-drift hot phonon population, leading to the saturation of the high-field electron drift velocity and
inhibition of negative differential resistance (NDR) [45, 46].

The influence of IFR on the mobility of 2D electrons in modulation-doped GaN/AlGaN quantum
wells is never very precise since the roughness itself is not straightforward to model. In this section, we
adopt an approach commonly used for its mathematical convenience by other workers [45—48], namely
we assume that fluctuations in the interface position are randomly correlated spatially, the correlation
being describable by a Gaussian distribution. As regards the interaction we assume a variation in the
potential that the electron experiences to be based on a first-order Taylor expansion of the confining
potential [48-50]:

e’n,

AV(r) =2

Ar). (15)
&

s

Taking this as the perturbation we assume a correlation of the form

(A(r) AGF)) = 4 exp {— (r ;12 bl } (16)

where r and #' are the 2D spatial coordinates. Therefore, the mobility of electrons being scattered from
IFR is obtained as
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q = 2ksin(62), k is the electron wavevector, € is the scattering angle and ¢ is the screening constant
given by [43]
em*

=" g 19
S (q) (19)

s

in which F(gq) is the form factor defined by [43]
F(g)= [ dz [ d' [f@T [FE@F exp (—q|z—2]) (20)
0 0
where f(z) is the Fang—Howard variational wave function [30].

3 Electron mobilities in AlIGaN/GaN modulation-doped heterostructures

The sample investigated in this work was grown using MBE on tungsten-backed sapphire substrates. The
thickness of the Aly5Gag¢sN barrier is 250 A and has a doping density of 3 x 10" cm™. In order to see
the relative importance of the various scattering mechanisms described above in determining the total
mobility, we first present in Fig. 2 the temperature dependence of the 2DEG mobility and carrier density
between lattice temperatures 7, = 10 and 300 K. Figure 2 shows that the mobility is = 5153.7 cm*/V s
at 10 K and = 348.51 cm?/V s at 300 K.

A basic mobility characteristic of the modulation-doped heterostructure, which reveals the importance
of the different mechanisms, is the temperature dependence of the electron mobility. Figure 3 depicts the
calculated low-field drift mobilities of the electrons in the channel as a function of temperature. The
triangles represent the drift mobility calculated from Matthiessen’s rule for the sample with doping con-
centration of 3 x 10'® cm™. This density yields a sheet charge density of 1 x 10"* cm ™ in the channel. We
find the corresponding drift mobility of 2D electrons in the GaN channel to be 358.37 cm*/V s at room
temperature and 8685.7 cm?/V s at 10 K. It is clear that at room temperature, polar optical phonon scat-
tering is the dominant scattering mechanism. On the other hand, at intermediate temperatures, electron
mobility is limited by deformation potential acoustic and piezoelectric acoustic scatterings. At low tem-
peratures, the ionised impurity scattering is independent of temperature, with the constant mobility value
of 14 =10130 cm?/V s.

It is clear that the calculated mobilities at room temperature agree well with the experimental results.
However, at low temperatures, the calculated values are higher than the experimentally determined mo-
bilities. The reason for this discrepancy may be associated with IFR scattering and dislocation scattering.
In this paper, we focus on IFR scattering. Our efforts on scattering by dislocations for explaining the
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observed mobility will be reported in a future paper. IFR scattering can dominate the low-temperature
mobility of 2D electrons in GaN/AlGaN structures with a high electron density since a small roughness
of the heterointerfaces can cause a large fluctuation in the quantisation energy of confined 2D electrons
[51-54]. In order to confirm such an interpretation, Fig. 4 shows mobility versus correlation length for
three values of the well width fluctuation A at a lattice temperature of 10 K. A good agreement with
the experimental mobility # = 5153.7 cm?/V s is evident when we use a correlation length of A =100 A
for a lateral size well width fluctuation of A = 14.4 A and for the experimental carrier concentration
ng =1 x 10" m>. For the same carrier concentration mobilities similar to the experimental ones can
also be obtained by choosing a different set of lateral size and correlation length values, such as A= 66 A,
A=200Aand A=3.33 A, A=50 A, as indicated in Fig. 4.

Figure 5 shows the calculated mobility as a function of carrier concentration for different IFR parame-
ters. It is clear that the mobility decreases with increasing carrier concentration and that the mobility is
more sensitive to the magnitude of the IFR parameters for lower carrier densities. Therefore, IFR scatter-
ing at these high carrier concentrations is the dominant mechanism, which affects the transport properties
of the 2DEG at low temperatures.
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Fig. 5 Calculated 2D electron mobility limited by IFR as a function of sheet electron density for inter-
faces of different roughness using a Gaussian distribution: © 4 =100 A, 4 = 144 A; — A =100 A,
A=10A;x A=100 A, A=20 A; AA=200A, A=20 A;+ A=50 A, A=20 A.
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4 Conclusion

In this paper we compare the experimentally determined Hall mobility of a 2DEG formed at an
AlGaN/GaN heterointerface with theory. In the theory all major scattering mechanisms, including IFR
scattering, ionised impurity scattering, acoustic deformation potential scattering, piezoelectric scattering
and polar optical phonon scattering, have been taken into account. The temperature dependence of the
observed mobility is explained very well by the temperature-independent ionised impurity and IFR and
by the temperature-dependent acoustic deformation potential, piezoelectric and polar optical phonon
scattering. We show that IFR scattering limits mobility in AIGaN/GaN modulation-doped heterointer-
faces with a high electron density, 7 > 10'* cm 2, at low temperatures.
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