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Pressure effect on the electron mobility

in AlAs/GaAs quantum wells∗
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By taking the influence of optical phonon modes into account, this paper adopts the dielectric continuum phonon

model and force balance equation to investigate the electronic mobility parallel to the interfaces for AlAs/GaAs semi-

conductor quantum wells (QWs) under hydrostatic pressure. The scattering from confined phonon modes, interface

phonon modes and half-space phonon modes are analysed and the dominant scattering mechanisms in wide and narrow

QWs are presented. The temperature dependence of the electronic mobility is also studied in the temperature range

of optical phonon scattering being available. It is shown that the electronic mobility reduces obviously as pressure

increases from 0 to 4GPa, the confined longitudinal optical (LO) phonon modes play an important role in wide QWs,

whereas the interface optical phonon modes are dominant in narrow QWs, the half-space LO phonon modes hardly

influence the electronic mobility expect for very narrow QWs.
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1. Introduction

In the past two decades there has been consid-

erable interest in electronic and optical properties of

low–dimensional structures, such as quantum wells

(QWs) and heterojunctions.[1−7] Since the electron-

phonon interaction plays an important role for many

properties such as optical absorption or emission and

carrier transport etc., several analytical models were

developed to describe the Fröhlich interaction between

the electrons confined in these structures and differ-

ent phonon modes.[1−3,8] Furthermore, the electron-

phonon interaction in ternary mixed crystals is helpful

to understand the corresponding properties in layered

materials.[9]

Intensive studies of these kinds of interac-

tion in AlAs/GaAs QWs showed that the bulk

phonon approximation is reasonably good for esti-

mating the electronic mobility under infinite bar-

rier approximation,[4] which is adoptable only for

wide QWs. However, in narrow QWs or heterojunc-

tions the scattering by interface phonons may become

important.[5,6] It is necessary to clarify how the elec-

tronic mobility is influenced by the scattering from

different phonon modes to understand quantitatively

the obvious decrease of the mobility even in a single

QW at finite temperature.

Hydrostatic pressure can shift effectively the en-

ergy levels of tetrahedral semiconductors without al-

tering the crystal symmetry. The study of the pressure

dependence of the electrical and optical properties

of semiconductors provides information on the band

structure and other parameters. Furthermore, it may

help ones to understand the properties of layered ma-

terials under strain and stress.[10,11] In an early year,

Lefebvre et al.
[12] presented a theoretical calculation

about the pressure coefficients of carrier effective mass

in GaAs/AlxGa1−xAs QWs. Their results showed

that the effective masses of electrons increase with in-

creasing pressure. Goi et al.
[13] measured the disper-

sion of refractive index for Ge and GaAs between 0.6

and 1.4 eV under a hydrostatic pressure up to 8GPa

and also obtained the variation of high frequency di-

electric constant with pressure. Their results showed

that the high frequency dielectric constant decreases

monotonically with increasing pressure. Tang et al.
[14]

studied hydrostatic pressure coefficients of the photo-

luminescence for InAs/GaAs quantum dots based on

nonlinear elasticity theory. The results showed that

the pressure dependence of energy gap and electronic
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confined energy are the main reasons that lead to the

small pressure coefficients of the photoluminescence.

The accumulation of these physical data gave the pos-

sibility to discuss the pressure effect of electronic mo-

bility in a heterostructure with a macroscopic contin-

uum model.[15]

The pressure effect on the electronic mobility in

GaAsN and AlGaAs alloys at room temperature was

investigated by Skierbiszewski et al.
[16] and Saxena,[17]

respectively. The pressure dependence of electronic

mobility in a GaAs/GaAlAs heterostructure at low

temperature, concentrating on the deformation poten-

tial behaviour, was examined by Gorczyca et al.[18,19]

It was found that the electronic mobility decreases

with increasing pressure. Although there were many

experimental and theoretical references on the pres-

sure effect in bulk materials and heterostructures, the

pressure effect on electronic mobility in GaAs/AlAs

QWs in the temperature range of optical phonon (es-

pecially the interface phonon) scattering being avail-

able should be investigated in detail since this struc-

tures have an active application in quantum cascade

lasers and high electron mobility transistors[20,21]even

under hydrostatic pressure.[22]

Lei and Ting[23] developed a balance equation ap-

proach to deal with the problem of carrier transport

for electron-phonon-impurity systems. The formula-

tion has been proved to be effective in study of the

linear and nonlinear carrier transport.[4,24]

In this paper, we adopt the force balance

equation[23]to calculate the electronic mobility in QWs

with finite barriers under hydrostatic pressure. The

pressure effects of the electron effective mass, the di-

electric constants and the band offsets between the

well and barrier materials are considered in our cal-

culation. Meanwhile, the effect of the electronic wave

functions penetrating into the barrier regions is also

taken into account. Our results show that the elec-

tronic mobility decreases in pressure range from 0 to

4GPa.

In an early year of the last decade, Zhu et al stud-

ied the electronic mobility in single and multiple QWs

at zero pressure.[25] It was shown that the electronic

mobility experiences a strong decrease with increas-

ing temperature in a single QW. Unfortunately, af-

ter comparing with their results, we find that even

though the scattering mechanism of electrons and con-

fined longitudinal optical (LO) phonons naturally lead

to a mobility decrease versus temperature, but it is

not sufficient to explain the whole set of experimen-

tal data by using this mechanism. We also find that

the confined LO phonons play an important role in

wide QWs, whereas the interface optical (IO) phonon

modes are dominant in narrow ones. This may be

considered both in theory and design of devices. In

comparison, it indicates that our result is in better

agreement with the experimental data[25] at temper-

atures above 120K under zero pressure since we have

not found suitable experimental data under pressure.

2. Electronic mobility and its

pressure effect

We consider an electron confined in a single QW

consisting of two different polar semiconductors as

shown in Fig.1. The z axis is chosen to be perpen-

dicular to the interfaces. The well material is in the

region of |z| ≤ d denoted as material 1, the barrier ma-

terials are in the regions of |z| > d denoted as material

2.

Fig.1. Schematic drawing of a single quantum well com-

posed of two different polar semiconductors.

In a semiconductor heterostructure, the phonon

modes are modified due to the presence of interfaces.

For a single AlAs/GaAs quantum well with finite bar-

riers, there are three types of optical-phonon modes

which couple to electrons: (1) the four branches of

IO modes with frequency ωS± and ωA±; (2) the con-

fined slab LO modes in the well with frequency ωLO1;

(3) the half-space LO modes in the barrier layers with

frequency ωLO2.

The frequencies of the symmetric IO modes ωS±

are given by the solution of

ε1(ω) tanh(q// d) + ε2(ω) = 0. (1)

The frequencies of the antisymmetric IO modes ωA±

are given by the solution of

ε1(ω) coth(q// d) + ε2(ω) = 0. (2)
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The dielectric function εi(ω) is given by

εi(ω) = ε∞i
ω2 − ω2

LOi

ω2 − ω2
TOi

, (3)

where ωLOi and ωTOi are the frequencies of LO phonon

and transverse-optical (TO) phonon in material i, re-

spectively. ε∞i is the corresponding high-frequency

dielectric constant, q// is the two-dimensional wave

vector of the phonon modes in the x-y plane.

The IO modes appearing in the QWs generate the

following potentials:

φS±,q(z) =







VS±,q exp[−q//(|z| − d)],

VS±,q cosh(q//z)/ cosh(q//d),

|z| > d,

|z| ≤ d,
(4)

for the symmetric interface phonon modes, and

φA±,q(z) =







VA±,q exp[−q//(|z| − d)],

VA±,q sinh(q//z)/ sinh(q//d),

|z| > d,

|z| ≤ d,
(5)

for the antisymmetric interface phonon modes. Here VS±,q, VA±,q is given by Ref.[8].

The phonon modes confined in quantum well are given by[8]

φLO1,q(z) =
[2π~ωLO1e

2

ε0Sd

( 1

ε∞1
− 1

ε01

)]1/2







0,

sin(qm(z + d)/
√

q2// + q2m,

|z| > d,

|z| ≤ d.
(6)

The half-space phonon modes located in barrier side are given by[8]

φLO2,q(z) =
[2π~ωLO2e

2

ε0Sd

( 1

ε∞2
− 1

ε02

)]1/2







sin(qz(|z| − d)/
√

q2
//

+ q2z ,

0,

|z| > d,

|z| ≤ d.
(7)

On the effective mass and finite square-well potential approximation, the electron wavefunction of subband

n is Ψn,k(r) = (1
/√

S)ψn(z)eik//·ρ with

ψn(z) =







N cos(k1d)exp[−k2(|z| − d)],

N cos(k1z),

|z| > d,

|z| ≤ d,
(8)

where the normalization constant N and wave vectors

k1 and k2 are given by Ref.[26], ρ = (x, y) is the two-

dimensional coordinate vector and S is the area of the

quasi-two- dimensional electron gas in the x–y plane.

According to Lei and Ting’s force-balance

equation,[23] the linear mobility µ of the quasi-two-

dimensional electron gas is given by

1

µ
=

2

NseT

∑

n,n′,q,λ

q2x|Mn,n′(q, λ)|2

× Π2(n, n
′, q//, ωλ) × eωλ/T

(1 − eωλ/T )2
, (9)

where the Fröhlich interaction matrix between sub-

band n and n′ coupling to the λ’th branch of phonon

modes is written as

|Mn,n′(q, λ)| = |e
∫

dzψn(z)φλ,q(z)ψn′(z)|. (10)

In Eq.(9), Π2(n, n
′, q//, ωλ) is the imaginary part of

the zero-order two-dimensional density-density corre-

lation function.[27] The areal electronic density Ns =

2.0 × 1011 cm−2 is used in our calculation.

In GaAs/AlAs QWs, the lowest subband is usu-

ally populated and the transition to upper subbands

is unimportant if kBTe is less than the subband sep-

aration, which is about 20 meV[28] for Ns = 2.0 ×
1011 cm−2. In this case the balance equation can

be simplified so that we can confine ourselves only

to n′ = n = 0 terms. Thus the expression for the
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mobility is reduced to

1

µ
=

2

NseT

∑

q,λ

q2x|M(q, λ)|2

× Π2(q//, ωλ) × eωλ/T

(1 − eωλ/T )2
. (11)

In order to obtain the pressure effect on the elec-

tronic mobility in the QWs, we first discuss the depen-

dence of the electronic effective mass, dielectric con-

stants for the bulk materials and band offset between

GaAs and AlAs on the hydrostatic pressure. The

pressure dependence of the electronic effective mass

is given by[29]

m0

m(p)
= 1 +

C

Eg(p)
, (12)

where m0 is the mass of free electron, Eg(p) = Eg+αp

is the band gap and C is constants for different mate-

rials given in Table 1.

For the pressure dependence of high frequency di-

electric constant, we use the equation given by[16]

∂ ln ε∞i

∂ lnV
≈ 5(ε∞i − 1)

3ε∞i
(0.9 − fI), (13)

where fI is the ionicity of the material under pressure.

The volume V of the material can be determined by

the Murnaghan state equation. It satisfies approxi-

mately the following linear relation[30] in low pressure

range:

B(P ) = −V ∂P
∂V

= B0 +B′
0P. (14)

Here B is the bulk modulus and is assumed being lin-

ear with the pressure for not very high pressures. B0

and B′
0 are the bulk modulus and its first order pres-

sure deviation at zero pressure, respectively. Thus

we can write the pressure coefficient for the high fre-

quency dielectric constant as

∂ε∞i

∂P
= −5(ε∞i − 1)

3B
(0.9 − fI). (15)

The static dielectric constant is then determined by

the famous Lyddane–Sachs–Teller relation:

ε0i = ε∞i(~ωLOi/~ωTOi)
2. (16)

According to the mode-Grüneisen parameter

γλ = B0
1

ωλ

∂ω′
λ

∂P
, (17)

we can obtain the optical phonon energy dependence

on pressure. In the above equation,B0 is the bulk

modulus, ωλ and ω′
λ are the optical phonon frequen-

cies under hydrostatic pressure P = 0 and P 6= 0

respectively. The values γλ for the λ’th branch of

phonon modes are given in Table 1.

Table 1. Parameters used in the computation.

ε∞ ~ωLO/meV ~ωTO/meV m∗/m0 fI B0/GPa

GaAsa 10.89 36.25 33.29 0.067 0.310 77b

AlAsa 8.16 50.09 44.88 0.15 0.274 74.8b

C/meV B′
0 Eg/eV α/(meV/GPa) γLO γTO

GaAsa 19829 4.6b 1.511d 115 1.01c 1.12c

AlAsa 12285 4.6b 3.050d 102 0.85c 1.08c

aRef.[31], bRef.[32]. cRef.[33] , dRef.[34].

3. Numerical results and

discussion

We have calculated the electronic mobility in

GaAs/AlAs QWs influenced by the three kinds of op-

tical phonon modes. The original data of material

parameters are listed in Table 1.

In Fig.2, the total mobility in an AlAs/GaAs QW

is plotted as a function of well width L = 2d, at

temperature T = 300 K. The contribution from the

IO, confined LO and half-space LO phonons are also

shown with separated lines. It is found that the con-

fined modes play an important role in wide QWs, but

the IO modes are dominant in narrow ones. The

LO phonon in the barrier material hardly influence

the electronic mobility expectation for very narrow

QWs and it is dominant only for the well width of

d < 0.6 nm. It can be easily understood since the

electron is confined in the well and far away from the

interfaces in wide QWs, for which the confined phonon

scattering is dominant. However, as the well width de-

creases, the average distance between the electron and

the interfaces decreases and the scattering from the IO
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phonons becomes stronger and that from confined LO

phonons becomes weaker. The former contribution

is dominant for narrower wells. For much narrower

wells, the penetrating effect of the electrons into bar-

rier sides is obvious so that the scattering both from

IO and half-space LO becomes important. The latter

is dominant for very narrow wells since the electron

penetrates the barriers deeply. At this moment, our

model is not suitable because a quasi-2D approxima-

tion is adopted here. As a result, the total mobility

first increases and reaches a peak (around 1.5 nm),

then decreases towards a valley (around 7.4 nm) and

finally increases. It should be noticed that the appear-

ance of peak and valley is caused by the existence of

IO phonons.

Fig.2. Electric mobility as a function of well width L due

to the scattering from the half-space LO (µ
HLO

, dot line),

IO (µ
IO

, dash-dot line), confined LO phonons (µ
CLO

,

dashed line) for the given temperature T = 300 K. The

total mobility is denoted by the solid line and satisfies

µ−1
T

= µ−1
CLO

+ µ−1
HLO

+ µ−1
IO

.

Fig.3. Electric mobility as a function of well width L, for

the given temperature T = 300 K and pressure P = 0,

2 and 4 GPa, corresponding to the solid, dashed and dot

lines, respectively.

The electronic mobility as a function of well width

L, at temperature T = 300 K corresponding to differ-

ent pressures is shown in Fig.3. Comparing the results

at P = 2 GPa and P = 4 GPa with that at P = 0 GPa,

we can find the net decreases of mobility are 21% and

36%, respectively. On the one hand, the electron ef-

fective mass and energies of phonons increase with

increasing pressure. On the other hand, the barrier

potential and high dielectric constants decrease with

increasing pressure. The large pressure-induced re-

duction of mobility can be attributed to the complex

effects of the pressure on the electron effective mass,

energies of phonons, high dielectric constants and the

barrier potentials, and the magnitude of pressure ef-

fect of electron effective mass is significant. The prop-

erties of mobility at different pressures are similar to

that at zero pressure.

Fig.4. The total mobility of electrons as a function of

temperature T , for the given well width L = 2 nm and

pressure P = 0, 2 and 4 GPa, corresponding to curves 1,

2, 3, respectively. The dot, dashed, and dash-dot lines in-

dicate the contribution from the half-space, confined, and

interface modes, respectively.

In Fig.4, the calculated mobility versus temper-

ature T , corresponding to different pressures, is pre-

sented for given well width L = 2 nm. It can be seen

that the IO modes are obviously dominant to influ-

ence the mobility in comparison with the confined LO

modes for narrow QWs and the former effect is more

important at high temperature. The scattering from

the half-space LO modes can be neglected. Further-

more, comparing the results of mobility under differ-

ent pressures, we can also find that pressure leads to a

large reduction of the electronic mobility, whereas the

mobility at different pressures decreases as the tem-

perature increases.

Figure 5 presents the results of mobility µ as

a function of temperature T for given well width

L = 12.4 nm corresponding to different pressures. The

experimental result under zero pressure from Ref.[25]

is also shown in Fig.5 for comparison. It can be found

that the calculated electron mobility under pressure
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has the same tendency with that of the experimental

result at zero pressure.

Fig.5. The total mobility of electrons as a function of

temperature T , for the given well width L = 12.4 nm and

pressure P = 0, 2 and 4 GPa, corresponding to curves

3, 4, 5, respectively. The contributions to the mobility

scattering from confined LO and IO phonons are denoted

by curves 1, 2 and the experimental result from Ref.[24]

denoted by asterisks.

It is also shown that out result below 120K is ob-

viously higher than that given by experiment, whereas

our result is slightly lower than the experimental result

above 210K, and the discrepancy between the former

and the latter is small at higher temperatures to show

that our result is in better agreement with the exper-

imental result at a temperature above 120 K.[25] This

may indicate that the optical phonons are less impor-

tant to influence the mobility and the other scattering

mechanism such as acoustic phonons et al should be

considered below 120K. Furthermore, it can be seen

that the confined LO modes play an important role in

wide QWs and pressure causes a large reduction on

the electronic mobility.

4. Conclusions

We studied the pressure effect on electronic mo-

bility in QWs with finite barriers at temperature range

of optical phonons being available. It was found that

the mobility decreases with the increase of pressure

from 0 to 4GPa. The Fröhlich interaction matrix of

electrons with confined modes, interface modes and

half-space modes is obtained by using the phonon di-

electric continuum model. The results show that the

confined LO phonon modes play an important role in

wide QWs, whereas the IO phonon modes are domi-

nant in narrow QWs, and the half-space LO phonon

modes hardly influence the electronic mobility expec-

tation for very narrow QWs. Our result is in better

agreement with the experimental data above 120K at

zero pressure.
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Appl. Phys. Lett. 89 221105
[23] Lei X L and Ting C S 1984 Phys. Rev. B 30 4809
[24] Weng M Q and Wu H S 1999 Acta Phys. Sin. 48 682 (in

Chinese)
[25] Zhu X T, Goronkin H, Maracas G N, Droopad R and

Stroscio M A 1992 Appl. Phys. Lett. 60 2141
[26] Hai G Q, Peeters F M and Devreese J T 1993 Phys. Rev.

B 48 4666
[27] Zou Z Q and Lee Y P 2001 Physica B 305 155
[28] Ando T, Fowler A B and Stern F 1982 Rev. Mod. Phys.

54 437
[29] Ting D Z Y and Chang Y C 1987 Phys. Rev. B 36 4359
[30] Anderson O L 1966 J . Phys. Chem. Solids 27 547
[31] Adachi S 1985 J. Appl. Phys. 58 R1
[32] Lam P K, Cohen M L and Martinez G 1987 Phys. Rev. B

35 9190
[33] Holtz M, Seon M, Brafman O, Manor R and Fekete D

1996 Phys. Rev. B 54 8714

[34] Ban S L and Hasbun J E 1999 Phys. Rev. B 59 2276


