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Abstract
We present a comprehensive study of longitudinal transport of two-dimensional (2D) carriers in
n- and p-type modulation doped Gax In1−xNyAs1−y /GaAs quantum well structures. The Hall
mobility and carrier density of electrons in the n-modulation doped quantum wells (QWs)
decreases with increasing nitrogen composition. However, the mobility of the 2D holes in
p-modulation doped wells is not influenced by nitrogen and it is significantly higher than that of
2D electrons in n-modulation doped material. The observed behaviour is explained in terms of
increasing electron effective mass as well as enhanced N-related alloying scattering with
increasing nitrogen content.

In order to determine the conduction band (CB) and valence band (VB) structures as well as
electron and hole effective masses, the band anticrossing model with an eight-band k · p
approximation in the Lüttinger–Kohn approach is used. The effects of strain, quantum
confinement and the strong coupling between the localized nitrogen states and the CB extended
states of GaInAs are considered in the calculations. The results indicate that the nitrogen
induces a strong perturbation to the CB of the matrix semiconductor whilst the VB remains
unaffected.

The temperature dependent mobility of 2D electron gas is discussed using an analytical
model that accounts for the most important scattering mechanisms. The results indicate that
the interface roughness and N-related alloy scattering are the dominant mechanisms at low
temperatures, while polar optical phonon and N-related alloy scattering limit mobility at
high temperatures.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

During the past decade, dilute nitride semiconductor alloys,
particularly the quaternary material system of GaInNAs/GaAs,
have attracted world-wide attention, because of both the
unusual physical properties and potential applications in a

5 Author to whom any correspondence should be addressed.

variety of optoelectronics devices [1–4]. However, dilute
nitrides are yet to be utilized in electronic devices. This is
primarily due to the drastic reduction in electron mobility upon
the incorporation of nitrogen (typically 200 cm2 V−1 s−1 at
room temperature in n-type GaInNAs epilayers). Furthermore,
the underlying scattering mechanisms responsible for the low
electron mobility are yet to be fully understood. Several groups
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Figure 1. The layer structure of the samples.

have predicted that alloy scattering induced by nitrogen-related
localized states (single N, N–N pairs and higher order clusters)
near the band conduction edge is one of the main mechanisms
in reducing the electron mobility [5–7]. However, Kurtz et al
[8] argued that the carrier transport in GaInNAs is limited by
large scale material inhomogeneities. Recently, Miyashita et al
[9] suggested that the electron mobility in n-type GaInNAs
films is strongly affected by impurity-like scattering induced
by the Si–N complexes. On the other hand, Voltz et al [10]
reported a much higher electron mobility (2000 cm2 V−1 s−1)
in Te doped samples. Suzuki et al [11] also showed that
high electron mobilities could be recovered when the indium
concentration is increased, hence the N-related scattering
centres are reduced.

In this work, we investigated the electronic proper-
ties of 2D carriers in n- and p-type modulation doped
Gax In1−x NyAs1−y /GaAs quantum wells with various nitrogen
contents. In the conventional modulation doped III–V quantum
well structures where the parent donors (Si) are spatially sep-
arated from the 2D carriers, electron mobilities are enhanced
as a result of the reduced local impurity scattering compared
to the doped bulk material. We investigated experimentally the
electron and hole mobilities and analysed the results using an-
alytical models taking into account the most relevant scattering
mechanisms. The results show clearly striking differences be-
tween the transport characteristics of 2D electrons and holes in
samples with the same nitrogen composition. These are shown
to be fundamentally due to the different effects of nitrogen in-
corporation on the CB and VB structures.

2. Experiment

The samples investigated in this study are listed in table 1.
The samples coded 1930 and 1931 were grown by molecular
beam epitaxy (MBE), while samples coded HN004 and HN01
were grown by metal organic vapour phase epitaxy (MOVPE)
on semi-insulating GaAs. All the samples are modulation
doped (Si for n-type and Be for p-type) with three 7 nm wide
GaInNAs quantum wells separated by 20 nm wide doped GaAs
barriers. The doped GaAs barriers are separated from the
quantum wells by a 5 nm undoped spacer layer as shown in
figure 1 to reduce the remote impurity scattering.

In order to establish the presence and the concentrations of
nitrogen in the Ga1−x Inx NyAs1−y quantum wells, continuous

Figure 2. PL spectra of n- and p-type modulation doped
Ga1−x Inx Ny As1−y /GaAs MQWs with various nitrogen compositions
recorded at 70 K. The inset shows the PL peak position (triangles)
and the full width at half maximum (stars) versus nitrogen
concentration.

Table 1. Samples used in the investigations.

Sample Dopant Indium (%) Nitrogen (%) Growth

HN004 Si(n-type) 30 0.4 MOVPE
HN01 Si (n-type) 30 1 MOVPE
1930 Si (n-type) 30 1.5 MBE
1931 Be (p-type) 30 1.5 MBE

wave (CW) photoluminescence (PL) spectra were measured as
a function of temperature. The 647 nm line of a Kr-ion laser
was used as the excitation source and a 1/3 m, high resolution
monochromator in conjunction with a liquid nitrogen cooled
InGaAs photomultiplier was employed to disperse and record
the PL.

Figure 2 shows the typical PL spectra at 70 K of the four
samples investigated. It is clear from figure 2 that increasing
the nitrogen concentration red-shifts the emission peak,
broadens the spectra line-shape and decreases the PL intensity
as commonly reported in dilute nitride semiconductors. The
observed shift with increasing nitrogen is in accord with the
theoretically calculated transition energies. What is interesting
here is that the peak emission energy for the p-modulation
doped material is 70 meV below that in the n-modulation
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Figure 3. Temperature dependent (a) free carrier density in the quantum well and (b) Hall mobility measured in n- and p-type samples.

doped sample with the same nitrogen content. In the n-type
modulation doped material with carrier densities in excess of
1012 cm−2 (figure 3), all the nitrogen traps are filled; the
recombination is via the band-to-band transition involving
direct e1–hh1 transitions. However, in the p-type material,
the PL emission is due to the recombination of electrons with
hh1 holes via the nitrogen-induced defect states. Therefore,
the 70 meV difference between the peak energies in the two
samples corresponds to the depth of the lowest lying defect
states. (A detailed study of the photoluminescence from these
samples is given elsewhere [12].)

In order to determine the 2D carrier density and Hall
mobility, conventional Hall measurements were carried out in
all the samples. Samples were fabricated in the form of Hall
bars with channel lengths of 1.75 mm and widths of 0.2 mm.
Ohmic contacts were formed by alloying Au/Au:Ge/Ni and
Au/Au:Zn for n-type and p-type material respectively. Hall
measurements were recorded at lattice temperatures between
9 and 300 K, and at low enough applied electric fields to avoid
Joule heating. As a result, both the Hall mobility and carrier
density were independent of applied electric field.

Figures 3(a) and (b) show the temperature dependence
of the carrier densities and mobilities in all four samples
studied. It is clear from figure 3(a) that the free electron density
in the n-type samples decreases with the increasing nitrogen
concentration, as supported by the reduced intensity of the
PL (figure 1), indicating enhanced N-induced trap density in
GaInNAs channels.

The Hall data in figures 3(a) and (b) show the clear
difference between the temperature behaviour of n- and p-
type samples. In the p-doped sample, the hole mobility
(uH ≈ 3125 cm2 V−1 s−1) is much higher than the electron
mobility in n-doped samples at low temperatures. In fact,
it is almost a factor of three higher than the corresponding
electron mobility (uH ≈ 1100 cm2 V−1 s−1) in the sample
with the same nitrogen content. Furthermore, the hole mobility
exhibits the characteristic temperature dependence of the 2D
carriers as observed in N-free GaInAs heterostructures. It has
a very weak temperature dependence below T = 30 K then
decreases rapidly with increasing temperature, as expected for
the enhanced polar optical phonon scattering. The electron
mobility is not only considerably lower than that in the GaInAs

heterostructures but also strongly reduced with increasing N
concentration. This is expected as a result of strong resonant
scattering induced by N-related localized states [13]. In
addition, the electron mobility shows rather weak temperature
dependence. This weak temperature dependence of electron
mobility was also observed by several groups who reported
a strong ionized impurity scattering temperature dependence
(T 3/2) at low temperatures. This behaviour is explained in
terms of both the N-related compositional fluctuation with
highly localized states close to the CB edge, and non-
substitutional N defects such as N–N split interstitials and N–
As split interstitials [14–17], which may trap the carriers and
act as ionized impurity scattering centres, leading to further
reduction in electron mobility. However, this effect is not
obvious in our results, where the mobility remains almost
constant at low temperatures. The reason for this is probably
associated with the screening by high carrier densities in the
QWs resulting in the observed enhanced mobility and the
lack of strong temperature dependence. These observations
are also in accord with the lack of the S-shape temperature
dependent behaviour of PL intensity in these samples as
reported by us [12]. We show in the following sections that
electron mobility in GaInNAs QWs is mainly determined by
the N-induced alloy and interface roughness scattering at low
temperatures, and limited by polar optical phonon and alloy
scattering at high temperatures.

It should be noted that the temperature behaviour of
the Hall density and mobility may be analysed in terms of
two parallel conducting channels, i.e. quantum wells and the
barriers where the relative densities and mobilities change with
temperature.

In the n-type material, following the analysis given by
Kane et al [18], we can write the expressions for the effective
Hall mobility and carrier density of the two n-type conducting
channels as

nH = (n1μ1 + n2μ2)
2

n1μ
2
1 + n2μ

2
2

μH = n1μ
2
1 + n2μ

2
2

n1μ1 + n2μ2

(1)

where n1/μ1 and n2/μ2 are the electron densities/mobilities in
the GaInNAs QWs and Si doped GaAs barriers and n2, μ1,
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Figure 4. Temperature dependence of (a) mobility and (b) density of sheet carriers in the quantum wells and in the barriers as obtained
from QMSA for sample 1930. The temperature dependent Hall mobility and sheet carrier density measured at B = 0.5 T are also shown
(solid line).

and μ2 are all temperature dependent. At low temperatures
conductivity is due to conduction in the quantum wells because
of the carrier freeze-out in the doped GaAs barriers (n1 � n2).
Therefore, the Hall mobility and carrier density at low
temperatures correspond to conduction in the quantum wells,
i.e. μH(0) = μ1 and nH(0) = n1. At room temperature the
measured Hall carrier density in the n-type material is smaller
than the low temperature carrier density, and the measured
mobility is considerably higher than the low temperature
mobility. This observation can be explained if

μ2(T ) > μ1(T ) when T → 300 K

n2(T ) � n1(T ).
(2)

Therefore, the Hall carrier density and mobility will be
a complicated function of temperature as determined by the
temperature dependence of the scattering mechanisms in the
quantum wells and the GaAs barriers.

In order to extract the temperature dependent mobility
of the 2D electron gas in the quantum wells, we carried
out the Hall measurements as a function of magnetic field
over a temperature range of 28–300 K. The magnetic field
dependent Hall data were then analysed using the quantitative
mobility spectrum analysis (QMSA) technique, which allows
individual carrier density and mobility to be extracted from
mixed conduction due to either types of carrier in multilayered
semiconductors. This technique has been successfully used
by us to investigate the transport properties in AlGaN/GaN
heterostructures [19, 20]. Figures 4(a) and (b) show the
extracted mobility and integrated carrier density as a function
of temperature using the QMSA technique for sample 1930.
The Hall mobility and carrier density measured at B = 0.5 T
are also shown in figure 4.

The QMSA analysis indicates clearly that electron density
in the GaAs barriers is around n2 ∼ 8 × 1010 ± 50% cm−2,
and due to their high mobility (μ2 ∼ 3000 cm2 V−1 s−1)
they contribute to the overall conductivity at high temperatures
of around 300 K. In addition to electrons, the thermal
equilibrium holes in the GaAs barriers are observed to
contribute to the overall conductivity at high temperatures,

inducing some degree of further parallel conduction. However,
the carrier densities of both electrons and holes in the GaAs
barriers are much lower than that of 2DEG (n ∼ 7.6 ×
1012 cm−2) in the wells. Therefore, the effect of parallel
conduction induced by minority carriers is negligible and
the overall conductivity is thus dominated by the 2DEG in
the modulation doped quantum wells and our interpretation
of the Hall data in terms of transport of the 2D carriers is
plausible.

3. Analysis and discussion of results

3.1. Transport properties of 2D hole and electron gases

In order to determine whether the observed difference in
the electron and hole mobilities is intrinsic and associated
with the disparity in their effective masses, we carried out a
detailed modelling of the Gax In1−x NyAs1−y conduction and
VB structures and obtained the electron and hole effective
masses. The band structure of Gax In1−x NyAs1−y /GaAs QWs
is calculated by solving the modified eight-band k·p Lüttinger–
Kohn Hamiltonian, including tetragonal strain and strong
coupling between the GaInAs CB and the localized nitrogen
levels. The eigenvalue problem is then solved by the transfer
matrix method, taking into account the interfacial discontinuity
condition [21, 22]. The valence band (VB) material parameters
used for the calculations are the ones of GaInAs [23]. As far
as the CB is concerned, the energy level of nitrogen (EN) is
assumed to be constant relative to the vacuum level whatever
the In concentration is. The In fraction dependence of EN just
reflects the variation of the valence band offset with respect
to GaAs [24]. Moreover, the coupling parameter in the band
anticrossing model (BAC), VNM, that is given as a function of
only N concentration, has been taken as dependent on both
In and N compositions. Because the aim of this work is to
investigate the transport properties of 2D carriers, therefore,
the details of the theoretical model used in this work are not
given here and only calculated effective masses of carriers
lying band-edge for e1 and hh1 levels in the GaInNAs quantum
well are tabulated in table 2. The calculation indicates that
the presence of nitrogen induces strong perturbation mainly
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Table 2. Theoretically calculated values of the band-edge effective
mass for the e1 level and hh1 level in the GaInNAs quantum well.

Sample
Nitrogen
(%)

Electron
effective
mass (m∗

e1)

Heavy hole
effective
mass (m∗

hh1)

HN004 (n-doped) 0.4 0.069m0 0.11m0

HN01(n-doped) 1 0.076m0 0.105m0

1930 (n-doped) 1.5 0.08m0 0.105m0

1931(p-doped) 1.5 0.08m0 0.105m0

N-free GaInAs 0 0.054m0 0.105m0

on the conduction states by mutual repulsion between the
CB edge state and localized N states, leading to enhanced
non-parabolicity of CB in GaInNAs. Therefore, the electron
effective mass increases with increasing nitrogen content even
at the CB edge. However, the nitrogen incorporation has
negligible effect on the valence band (VB), thus the hole
effective mass is independent of nitrogen composition. As a
result, the effective masses and mobilities for electrons and
holes at elevated nitrogen concentration (1.5% for n-doped
sample 1930 and p-doped sample 1931) should be similar.
However at low temperatures the hole mobility is a factor of
3 higher than the corresponding electron mobility. We believe,
therefore, that the higher hole mobility may be attributed to
the lack of scattering from the nitrogen complex whilst the
effective mass remains unchanged compared to that in GaInAs.
The electron mobility decreases as N concentration increases,
which can be explained by both the increasing effective mass
and the enhanced N-related alloy scattering. In addition, the
nitrogen induces the flattening of the lower sub-band, giving
rise to an enhanced density of states of electrons at the CB
edge. Therefore, the density of electrons is expected to be
higher than that of holes in the GaInNAs QWs with the
same nitrogen concentration, as observed in figure 3(a) at low
temperatures.

In the p-modulation doped sample at high temperatures
(above 150 K), the Hall density represents a combination of
the 2D hole gas in the quantum wells and the holes in the wide
GaAs barriers due to the full ionization of acceptors further
away from the depletion regions as well as the thermionic
emission of holes from the quantum wells over the shallow
barriers, VB = 110 meV [25].

3.2. 2DEG mobility analysis

In order to evaluate the temperature dependence of the
electron mobility, different scattering mechanisms have been
considered. The final carrier mobility μtot was then obtained
using Matthiessen’s rule:

μtot =
(∑

i

1

μi

)−1

(3)

where μi is the mobility due to the i th scattering mechanism.
For simplicity, we assume that electrons are confined to the
lowest sub-band in an infinite square quantum well and the
interaction with phonons is confined to the same quantum
well. In addition, the isolated nitrogen state lies about

Table 3. Values of material constants used in the calculation for
sample 1930 [45–47].

Electron effective mass m∗
e1 = 0.08m0

High frequency dielectric constant ε∞ = 11.11
Static dielectric constant εs = 13.575
LO phonon energy h̄ω = 36 meV
Quantum well width L = 7 nm
Lattice constant of GaInAs a0 = 5.7668
Energy of isolated nitrogen EN = 1.67 eV
Interaction strength of the isolated
nitrogen

β = 1.675 eV

Electron wavevector k = 4.1416 × 108 m−1

Carrier density of 2DEG n2D = 2.73 × 1016 m−2

480 meV at RT and 410 meV at 10 K above the band-
edge of the lowest sub-band in the quantum well calculated
for sample 1930. We assume all carriers lying at the
bottom of the CB minimum (CBM) at low electric fields;
therefore, it is acceptable to calculate electron mobility using
parabolic energy dispersion. The analytical expressions
of the scattering mechanisms used in the calculation are
summarized below. The material parameters used in the
calculations for sample 1930 (y = 0.015) are also listed in
table 3.

3.2.1. Polar optical phonon scattering. In usual N-free
heterostructures, the mobility is limited by optical phonon
scattering at high temperatures. Therefore, the optical phonon
is also considered in the diluted nitride system. The expression
of the mobility limited by polar optical phonon scattering is
given by Ridley [26]

μpo = 4πε0εph̄3

eh̄ωm∗2 L

[
eh̄ω/kB T − 1

]
where

1

εp
= 1

ε∞
− 1

εs
.

(4)
Here, h̄ω is the polar optic phonon energy; ε∞ and εs are

the high and low frequency dielectric constants, respectively;
m∗ and L are the electron effective mass and width of the
quantum well, respectively.

3.2.2. Alloy scattering. The electron mobility in dilute nitride
is intrinsically limited by strong N-related alloy scattering.
Recently, the relaxation rate of resonant scattering due to
the substitutional N for 2DEG electron was derived by Fahy
et al using the linear combination of isolated nitrogen states
(LCINS) approach incorporating hybridization with a full
range of nitrogen-related cluster states, and can be expressed
as [7]

Rall,QW(E) = 3πa3
0m∗

8Lπ h̄3

1

Na

∑
i

β
′4

(E − Ei)2 + (�av,i/2)2
(5)

where Na, a0 and h̄ are the number of primitive cells,
lattice constant of GaInAs and reduced Planck’s constant,
respectively; Ei , �av,i and β ′

i = β
√

fT are energies, energy
broadenings and effective interaction strength of the i th
nitrogen cluster, respectively. The carrier mobility can then be
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obtained from the Boltzmann transport equation and is given
by [7]

μall = jQW

en2D F
= e2 F

en2D F(2π h̄)2

∫ ∞

0

p2

m∗2 Rall,QW(E)

× ∂ f0

∂ E
2πp dp (6)

where jQW, n2D, F , f0 and p are current density, carrier
density, electric field, Fermi–Dirac distribution and momentum
at energy E , respectively. By substituting equation (5) into
equation (6), we have

μall = 16eLh̄3

3m∗2
(a0)3

1

ln(1 + eη)

∫ ∞

0

eu2−ηu3 du

MQW(kT u2)[eu2−η + 1]2

(7)
where η = (EF − EC,QW)/kT ; EC,QW is the CB edge of the
lowest sub-band in the QW and the Fermi level, EF, can be
obtained from the measured sheet carrier density by

n2D = m∗kT

π h̄2
ln

[
1 + e

EF−EC,QW
kT

]
. (8)

At T = 0 K, equation (6) reduces to the familiar
expression

n2D = m∗

π h̄2
(EF − EC,QW) (9)

and

MQW(u) = 1

Na

∑
i

β
′4

(EC,QW + kT u2 − Ei)2 + (�av,i/2)2
.

(10)
In the GaNAs material, the effect of N–N pairs and higher

order clusters on the electron mobility has to be considered
due to nitrogen pairs and larger cluster states near the CB
edge [5, 7]. In the case of GaInNAs, the replacement of gallium
by indium shifts the host CB edge downward, and also pushes
the energy of the N cluster states upward relative to the cluster
state energies in GaNAs [27]. The N–N energy relative to the
GaAs valence band maximum (VBM) is about 1.51 eV, which
gives about 260 meV (RT) and 190 meV (10 K) above the CB
edge of GaInNAs calculated for sample 1930 using model solid
theory taking the equation (strain effect into account [28, 29].
In addition, we assume the nitrogen distribution is random,
then the concentration of N–N pairs is much smaller than
that of isolated nitrogen (12% of N atoms in N–N pairs) [5];
therefore, it is reasonable to calculate the alloy scattering rate
by neglecting the effect of N–N pairs. The scattering rate is
further simplified by making the assumption that all clusters
of same type have the same energy and interaction strength;
and the interaction between nitrogen-induced localized states
is neglected. The scattering rate is then reduced to the BAC
model (only two bands considered and the energy broadening
is neglected) and is similar to the calculation deduced by
Vaughan et al [30] using the n-band model. Equation (10) then
can be simplified and reduced to

MQW(u) = β4y

(EC,QW + kT u2 − EN)2 + (�av/2)2
(11)

where y and EN are the concentration and energy of isolated
nitrogen, respectively. EC,QW is calculated using the BAC
model taking the strain effect into account and is shifted
by infinite quantum well confinement (dE = h̄2π2

2m∗L2 ). All
energies are aligned to the VB edge of GaAs. Here the energy
broadening is given by

�av = 2π

√
3

2
β2 (a0)

3m∗

8Lπ h̄2 . (12)

In order to confirm the current model, the mobility limited
by alloy scattering for sample 1930 was calculated taking the
parameters given in table 3. The results were compared to
the carrier mobility in GaNAs QW calculated by Vaughan
et al [31] using non-parabolic band structure as shown in
figure 3. The temperature dependence of the mobility is in
good agreement with that modelled by Vaughan et al for the
10 nm GaNAs quantum wells, which is of comparable width
to the QWs in our samples.

In contrast to the mobility in the bulk dilute nitride,
where the mobility strongly depends upon temperatures
as ∝T −1/2; the 2DEG mobility exhibits much weaker
temperature dependence, and increases slightly with increasing
temperature [6]. As the quantum well becomes wider, the
2DEG mobility is more bulk-like and shows strong temperature
dependence, as shown in figure 5(b). In GaInNAs material,
the electron mobility should be higher than that in GaNAs
due to the effect of indium, which reduces the interaction
strength between N and the CB edge and also pushes the
CB edge EC,QW far below the energy level of nitrogen
complexes [32–35].

3.2.3. Interface roughness scattering. In dilute nitrides the
almost inevitable presence of alloy fluctuations, impurities
and interface imperfections leads to the perturbation of the
electron confinement energy [36, 37]. The PL spectra of
different samples cleaved from the same wafer shift by
about 15 nm, corresponding to about 1–2 monolayer (ML)
fluctuations in the well width, strongly suggesting the presence
of interface roughness, which can become one of the dominant
mechanisms at low temperatures. The interface roughness
(IFR) in QWs is usually described by the lateral size 	 and
height 
 of the Gaussian fluctuation of the interface and can
be expressed as [38, 39]

〈
(�r)
(�r ′)〉 = 
2 exp

(
−|�r − �r ′|2

	2

)
(13)

where �r and �r ′ are the 2D spatial coordinates. The mobility
due to the interface roughness including 2D screening is then
obtained as [40, 41]

μIFR = eπ h̄3

m∗2

1∫ 2k
0

|Mq |2
2k3(q+qs)

2
q4dq(

1−
(

q
2k

)2)1/2

(14)

where k is the wavevector, q is the wavevector transferred in a
scattering event, Mq is a scattering matrix element and can be

6
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(a) (b)

Figure 5. Calculated mobility limited by alloy scattering versus temperature: (a) current model; (b) calculated by Vaughan et al for varying
GaNAs quantum well widths (5, 10, 20, and 50 nm) using a non-parabolic band structure [28].

calculated for the case of infinite quantum well [39]

M2
q = π5h̄4
2	2

m∗2 L6
exp

(−	2q2

4

)
(15)

and qs is the two-dimensional reciprocal screening length and
is defined as (in the static limit) [42]

qs = e2m∗

2π h̄2ε0εs
F11(q) f (0) (16)

where f (0) is the occupation probability at the lowest sub-
band-edge and F11(q) is the form factor and is given by

F11(q) = 2

q L
+ q L

(q L)2 + 4π2

− 32π4

(q L)2[(q L)2 + 4π2]2
(1 − e−qL ). (17)

In the case of kBT � EF, the mobility can be simplified as
μ = eτ(EF)

m∗
e

, thus the electron wavevector k can be calculated

using k = √
2πn2D [43].

3.2.4. Other scattering mechanisms. In the usual N-free
polar materials, scattering mechanisms such as deformation
potential, acoustic phonons and piezoelectric acoustic phonon
scattering, which limit the electron mobility at intermediate
temperatures, need to be considered for mobility analysis.
However, in GaInNAs material, the relaxation time of N-
induced alloy scattering is almost three orders of magnitude
smaller than that of acoustic phonon scattering at room
temperature [44]. Therefore, the electron mobility, limited by
acoustic phonons, is negligible and is not considered for 2D
mobility analysis.

The mobilities limited by individual scattering mecha-
nisms have been calculated for sample 1930 taking the material
constants given in table 3. The total mobility was then calcu-
lated using Matthiessen’s rule. In order to calculate the mo-
bility due to the interface roughness, the height 
 was taken
as 2 × 2.83 (corresponding to two monolayers) and the lateral
size 	 was used as an adjustable parameter. In figure 6 we
show the calculated individual mobilities and total mobility as

Figure 6. Calculated mobility verses absolute temperature compared
to extracted 2DEG mobility using the QMSA technique for sample
1930. Here μpo refers to optical phonon scattering, μall refers to alloy
scattering, μIFR refers to interface roughness scattering and μtot refers
to calculated total mobility.

a function of temperature for sample 1930. The experimental
2DEG mobility extracted by QMSA is also shown in figure 6 to
compare the results. It is clear from figure 6 that the total mo-
bility fits quite well to the experimental data taking the value
of lateral size as 	 = 23.4 Å. The results indicate that the
low temperature mobility is dominated by both the interface
roughness scattering and N-induced alloy scattering. However,
at high temperatures, alloy scattering and polar optical phonon
scattering are the dominant mechanisms, and interface rough-
ness scattering only has a small contribution to the mobility of
the 2DEG.

4. Summary

In conclusion, we have investigated electronic transport
properties of n- and p-type modulation doped GaInNAs/GaAs
quantum well structures with various nitrogen compositions.
The discrepancy between electron mobility and hole mobility
has been observed and discussed in terms of the different
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responses of the conduction and valance band structures and
hence the effective mass to varying nitrogen concentration as
well as the strong alloying scattering that limits the former.
The temperature dependence of electron mobility is discussed
by using an analytical model taking into account the most
relevant scattering mechanisms. The results indicate that the
2DEG mobility in GaInNAs is higher than those reported in
GaNAs due to the presence of In atoms, and exhibits a much
weaker temperature dependence, probably associated with the
screening effect induced by high carrier density in our samples.
Finally, we show that the 2DEG mobility is fundamentally
limited by the scattering from N complexes.
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