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Abstract. A variational method and a memory function approach are adopted to investigate the electron
mobility parallel to the interface for a model Al,Gai—,As/GaAs heterojunction and its pressure effect by
considering optical phonon modes (including both of the bulk longitudinal optical (LO) in the channel
side and interface optical (IO) phonons). The influence of a realistic interface heterojunction potential
with a finite barrier and conduction band bending are taken into account. The properties of electron
mobility versus Al concentration, electronic density and pressure are given and discussed, respectively. The
results show that the electron mobility increases with Al concentration and electronic density, whereas
decreases with pressure from 0 to 40 kbar obviously. The Al concentration dependent and the electron
density dependent contributions to the electron mobility from the scattering of IO phonons under pressure
becomes more obvious. The variation of electron mobility with the Al concentration and electron density
are dominated by the properties of IO and LO phonons, respectively. The effect of IO phonon modes can
not be neglected especially for higher pressure and electronic density.

PACS. 72.10.Di Scattering by phonons, magnons, and other nonlocalized excitations — 73.63.Hs Quantum

wells — 63.20.Kr Phonon-electron and phonon-phonon interactions

1 Introduction

In recent decades, the optical and transport properties of
electrons in quasi-two-dimensional (Q2D) systems (such
as heterojunctions, quantum wells and superlattices) have
been intensively studied with the fast development of mi-
crostructure science and technology. The electron-phonon
interaction [1,2] has a more obvious effect on the car-
rier transport [3,4] and electro-optical properties [5-7]
in these Q2D structures. It is possible to show qualita-
tively the dominant role of optical phonons influence on
the electron mobility in these systems at high tempera-
ture since the detailed electron-phonon interactions were
discussed [1,2,5].

In early years, Basu et al. [8] calculated the mobil-
ity of 2D excitons in an Al,Ga;_,As/GaAs quantum
wells (QWs) by considering various scattering processes.
Hasbun [9] investigated the temperature dependence of
electron mobility in a 2D heterostructures taking into ac-
count of the scattering from the LO optical phonons us-
ing a memory function approach. More recently, Anderson
et al. [10] presented the relationship between electron
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mobility and QW width within the Boltzmann equa-
tion approach and showed that the electron mobility in-
creases with the well width in GaN-based QWs. The
theoretical calculation of electron mobility with varying
carrier density was conducted by Farvacque et al. [11].
Their results showed that the free-carrier mobility expe-
riences a strong decrease with increasing carrier density
in Al,Ga;_,N/GaN QWs. However, a large part of these
works adopted the 3D LO phonon approximation to es-
timate the electron mobility in Q2D structures without
considering the detailed contribution of IO phonons, which
were shown to be more important for QWs [12]. For binary
compound heterojunctions, Hasbun et al. [13] discussed
the electronic scattering due to different optical phonon
modes and found that the combined scattering rate of the
IO phonons and the half bulk optical phonons is greater
than the 3D LO phonons. Pozela et al. [14] studied the rel-
ative contribution to electron mobility by confined LO and
IO phonons in QWs to demonstrate the former strongly
affects the electron mobility. In practice, the heterostruc-
tures consisting of ternary mixed crystals are potentially
applicable. This gives an impetus to us to clarify the effect
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of ternary mixed crystals on the electron mobility modu-
lated by the LO and IO phonons [7] for heterojunctions.

On the other hand, hydrostatic pressure can be used
to study the physical properties in bulk and low dimen-
sional semiconductors to provide suggestion for prepara-
tion of new materials and devices. It is well-known that
pressure can shift the energy levels of tetrahedral semi-
conductors without altering the crystal symmetry. Up to
now, there have been many works to investigate the pres-
sure effect on the electronic effective mass, dielectric con-
stants, and energy band, frequencies of optical phonons,
etc. [15-19]. Wagner et al. [15] presented the pressure de-
pendence of the dielectric constants and found that the
dielectric constants decrease with pressure in GaN and
AIN. Holtz et al. [19] conducted the optical phonon ener-
gies under pressure in Al,Ga;_,As systems. The local vi-
brational modes in GaAs were investigated by Mccluskey
et al. [20]. Skierbiszewski et al. [21] studied the pressure
effect on the electron mobility in GaAsN alloys and mea-
sured the pressure coefficient of the energy gap at room
temperature. Their results showed that the electronic mo-
bility decreases with pressure. However, as far as we know
few works studied the pressure influence on electron mo-
bility in such a kind of semiconductor heterojunctions,
which is beneficial to understand the electronic transport
properties.

In this paper, we develop a variational method and the
memory function approach [13] to discuss the electron mo-
bility in Al,Gaj_,As/GaAs heterojunctions under pres-
sure by considering both the bulk LO and IO phonons at
room temperature 7' = 300 K, and also considering a re-
alistic interface heterojunction potential model including
the influences of finite potential barrier and energy band
bending. Meanwhile, the tunneling of electrons into the
barrier is taken into account but the scattering from the
LO phonons in the barrier is neglected since it is compara-
tively small [7]. In our calculation, the electronic mobility
versus Al concentration, electronic density and pressure
are given, respectively. In Section 2, the heterojunction
model and the outline of the calculation are presented; in
Section 3, the pressure coefficients are discussed; Section 4
shows our calculated results and related discussions; some
conclusions are finally given in Section 5.

2 Electron mobility

We consider a heterojunction consisting of two different
polar semiconductors, for which the channel side GaAs
denoted by material 1 is located at z > 0 and the bar-
rier side Al,Gaj_,As denoted by material 2 is located
at z < 0, respectively. The interface of the heterojunc-
tion is chosen as the z — gy plane, which is assumed to
be infinite without losing generality. To discuss the mobil-
ity of electrons in the system, we only consider the case
that the electrons are confined on the lowest sub-bands of
the ground states. To simplify the calculation, the opti-
cal phonon scattering is approximated to be quasi-elastic
and isotropic. The variational trial wave function for an

electron can be chosen as [13]

(79 = e i (-

with associated energy level

7)] ), 1)

Eix = Ey + 1°E*/2m, (2)

where the constant A is the sample area, Ej is the elec-
tronic energy of the ground state, k = (ks, ky) and
7= (z,y) are a 2D wave vector and position vector. Here
the average electron band mass m/, parallel to the z —y
plane is given by [13]

o 3)
my = ——————,
7 (mapa + mapy)
where p; and py are the probabilities of the electron in
material 1 and 2 respectively (see Ref. [13] about their
detailed definitions).
In equation (1), ¢ (z) describes the localization of the
electrons in the z direction and satisfies [13]

C1(2) = DbY2 (bz + B) exp (—bz/2) z > 0
C(2)= o anl/2 , (4)

G (2) = D' ()P exp(V/2) <0,
where b and b’ are the variational parameters which are
obtained by minimization of the ground state energy. Con-
stants D, D’ and (3 depend on b and ¥, their relationship
are written as

b —1/2
D{62<1+—>+26+2} ,
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b\ 2h
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The realistic  heterojunction potential of the
Al,Gay_5As/GaAs can be written as [13]
Vi(z) = Vol (—=2) + Vi (2) + Va (2), ()

where V; is the potential barrier height, 6 (—z) is a step
function. Here, V; (z) and V; (2) are the electron contri-
bution and the depletion charge contribution to the po-
tential, which are respectively given by

5220 (2) Vs (2) = —4mePng € ()
%50 (2) %Vd (2) = —4me? [na (2) — np (2)].

Here, n, is the areal electron density, n4 (z) and np (z)
are the position dependent acceptor and donor concentra-
tion.

According to the Schrédinger equation in the z direc-
tion:

e () +V (2)C(2) = EoC(2) . (6)
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One can obtain the variational energy of the ground state
Eo = (T) + (Vo) + (Va) + (Vs) . (7)

Then, the variational parameters can be obtained by min-
imizing Eo — (Vs) /2.

The electron mobility x4 in a Q2D heterojunction
can be given by considering the memory function ap-
proach [13]:
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The first item in the right hand of equation (8) repre-
sents the electron-LO phonon interaction, and the second
one is the electron-I0 phonon interaction. In equation (8),
Iy, is the imaginary part of the 2D density-density cor-
relation function, n’ (z) is the derivative of the phonon
number with respect to z. Here we define M(q,q.,\) =
Mx(7,49.)Ix(q,) and M(q,0) = A({,0)J(q), where the
coupling strengths My (q, q.) and A(q, o) are respectively
given by

2 1/2
_i L he . (10
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Furthermore, the matrix elements I (¢.) and J(q) are re-
spectively defined as

A7, o)

n)= [ I (=) P sin (gs2) dz,

— 00

and

1= [ T )P exp (g 2]) d,

_ 1/2
where ), = w,a =+ A=1,2.
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wy, the interface optical phonon frequencies, can be

given by
b+ Vb2 — 4ac
2a

for high (+) and low (—) frequencies, respectively. where
parameters a, b, ¢ depend on the LO phonon frequency and
transverse optical (TO) phonon frequency for material A
and relate to the Al concentration [7].

In the above equations, V' is the volume of the material;
the wave vector Q = /g% + ¢2; €,600x and gy are the
vacuum, high frequency and static dielectric constants;
wr and wry are the LO phonon frequency and transverse
optical (TO) phonon frequency for material A.

Wi = (11)

3 Pressure effect on the electron mobility

To obtain the pressure effect on the mobility of electrons
in a Al,Ga;_,As/GaAs heterojunction, one needs to dis-
cuss the dependence of the electronic effective mass, di-
electric constants, phonon frequencies and energy band
offset between GaAs and Al,Ga;_,As on the hydrostatic
pressure. Here pressure is confined within the range from
0 to 40 kbar [16,22] and Al concentration is in the range
from 0.2 to 0.4 [23]. Thus Al,Gai_,As can be treated as
a direct band gap semiconductor. The pressure-dependent
electronic effective mass is given by [24]

mo - C
mp) 1+ —Eg o)’ (12)

where E,; (p) = E4(0)+ap is the band gap under pressure,
a = dE,/dp is the pressure coefficient of band gap and C
is a constant obtained by solving equation (12) for p = 0.

For the pressure dependence of high frequency di-
electric constant, we adopt the formula given by Goni
et al. [25]

dlnex (p)
olmv "~

5[eso (p) — 1]
3€00 (p)

09-fi),  (13)
where f; is the ionicity of the material under pressure. Ma-
terial volume V'satisfies approximately the following linear
relation in the chosen pressure range

0

B(p) = —V% = By + Byp.
Here B is the bulk modulus and may be assumed as linear
with pressure for not very high pressures. By and B, are
the bulk modulus and its first order pressure deviation
at zero pressure, respectively. According to equations (13)
and (14), one can write the pressure coeflicient for the
high frequency dielectric constant as

(14)

o () = 14 [ 0) = texp (~ 35 09— £)p). (1)

Then, the static dielectric constant is determined by the
LST relation:

(16)

hwro } ?
hwro |

2o () = e 1) |
where Awro and hAwpo are the LO and TO phonon ener-

gies, respectively.
According to the mode-Griineisen parameter [19]

_ Byow

o b (17)

The dependence of optical phonon energies on pressure
can be determined. In equation (17), wp and w are the
optical phonon frequencies under hydrostatic pressure
p = 0 and p # 0, respectively. Here an effective phonons
mode approximation is used to consider the pressure ef-
fect [18,23].
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Table 1. Parameters used in the computation (see the text about the adopted units).

€0 Exo hwro  hwro m fi Bo B} Ey a YLO YTo

GaAs® 13.18 10.89 36.25 3320 0.067 0.310 748" 4.6° 1424 11.5 1.01°¢ 1.12°

AlAs®  10.06 816 50.09 44.88 0.15 0.274 770° 4.6° 3018 10.2 0.85° 1.08°

* Adachi, reference [23]; "Lam, reference [26]; “Holtz, reference [19)].
The values of parameters used in our calculation are

given in Table 1, where phonon energies and energy band 25 g
gap are measured in units of meV, electronic effective mass 3 (a) ]
in units of the bare electronic mass mg, bulk modulus By ~ 20 E 10 _/-——”‘:
in units of kbar and pressure coefficient of band gap « in = = /,/"' 9
units of meV /kbar. e 157 et E
‘o 4~ -
. . Z 10 3 .
4 Results and discussion 2 ] LO ]
In numerical calculation of the electron mobility in an ° E Total E
Al,Ga;_,As/GaAs heterojunction under pressure, we 0 3 e — .:

adopt the 60:40 rule and write the barrier height as [7,18]
Vo=0.6 % (Eg2 — Eg1), (18)

where Ego = 1.424 4 1.247x for the direct band gap bar-
rier Al,Ga;_,As within 0.2 < z < 0.4 [23]. The calcu-
lated results are shown in Figures 1-4 at room tempera-
ture T' = 300 K.

In Figure 1, the contribution to the electron mobility
from the scattering of the IO, LO and the total (IO+LO)
phonons are plotted as functions of Al concentration x
for given electronic density ny = 4.0 x 10'*/cm?, corre-
sponding to different pressures, respectively. Comparing
Figures 1a, 1b and 1c, it is found that the electron mobil-
ity decreases as pressure increases and the scattering from
the IO phonons is more sensitive to pressure. The contri-
bution from the IO phonons becomes more and more ob-
vious especially for small z as increasing pressure even the
contribution from the LO phonons plays a more important
role to decide the mobility. For examples, the ratios to the
mobility from the LO phonons are 0.671, 0 kbar, 0.655,
40 kbar for z = 0.2, and 0.779, 0 kbar, 0.770, 40 kbar for
x = 0.4, respectively. The two contributions are compara-
ble so as to the IO phonons are not negligible especially
under pressure. Meanwhile, one can see that the total mo-
bility increases with z slightly at the same pressure. This
is due to the competition between the contributions from
the I0 and LO phonons. With increasing x, the potential
barrier is sensitive to pressure to enforce the electron move
away from the interface into the channel side, results in
the increasing of the average distance between the electron
and the interface (2) = —D"?/b/+ D?(6+43+3?)/b. Thus,
the scattering from the IO phonons becomes weaker and
the scattering from the LO phonons becomes stronger. On
the other hand, the contribution from the LO phonons is
not sensitive to the change of x since the channel material
is binary compound. The scattering from LO phonons in-
creases with pressure causes the decrease of mobility. How-
ever, the net increase of mobility from the IO phonons go

020 025 0.30 0.35 0.40

X

25 :IIIIIIIIIIIIIIIIIII:

1 (b) ]

_ 20 =
= ;
g 15 O_.---=""" 3
2 - el -
= ] - ]
= 107 E
] LO ]

S 4+—————— —

E Total E

0 |||||||||||||||||||

020 025 0.30 0.35 0.40

X

25:I(IC’5IIIIIIIIIIIIIIII:
20 -
& ] ]
T 15 3
2 0 e E
T 10 E
5 ] LO E

] Total ]

0 IIIIIIIIIIIIIIIIIII

020 0.25 0.30 0.35 0.40

X

Fig. 1. Electron mobility as a function of Al concentra-
tion due to the scattering from IO (short-dashed line) and
LO (long-dashed line) phonons for given electronic density
ns = 4.0><1011/cm2, temperature 7' = 300 K, and pressures
p = 0 kbar (a), p = 20 kbar (b) and p = 40 kbar (c), respec-
tively. The total mobility from IO+LO scattering is denoted
by the solid line and described by p;l = ,u;é + ,uzé.
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Fig. 2. Electron mobility as a function of Al concentration x
for given electronic density ns = 4.0x10' /cm?, temperature
T = 300 K, and pressure p = 0, 20, 40 kbar, corresponding to
solid, long-dashed, short-dashed lines, respectively.

beyond the net decrease of mobility from the LO phonons.
As a result, the electron mobility from the total phonon
(I0O+LO) scattering increases with z, which is mainly de-
cided by the IO phonons.

Figure 2 shows the total electron mobility as a func-
tion of Al concentration x for given electronic density
ns = 4.0 x 101 /em?, corresponding to the different pres-
sures p = 0, 20 and 40 kbar. This indicates obviously that
the electronic mobility decreases with increasing pressure
and the curves of mobility under pressure are similar to
that at zero pressure. Comparing the results at 20 kbar
and 40 kbar with that at 0 kbar, one can see that the net
decreases of the mobility are 17% and 29% respectively.
The electronic effective mass and phonon energies increase
with pressure, but the dielectric constants and potential
barrier decrease with pressure. These factors combine to-
gether to influence the energy band bending, the hetero-
junction potential and the intrinsic properties of the ma-
terials. The pressure-induced reduction of mobility results
from the complex effects of the pressure on the electronic
effective mass, dielectric constants of materials, phonon
energies and potential barrier.

Figure 3 presents the contribution to the electron mo-
bility from the scattering of the IO, LO and the total
(IO+LO) phonons as a function of electronic density with
x = 0.3, corresponding to different pressures, respectively.
It is obvious that the total electron mobility increases with
electronic density ns. The reason can also be attributed
to the competition between the contributions from the
scattering of IO phonons and the LO phonons. As the
increase of electronic density, the band bending becomes
more noticeable and makes the electron move towards the
interface and penetrates into the barrier side, which leads
to the fact that the average distance between the elec-
tron and the interface (z) is closer to the interface. So the
scattering from the IO phonons becomes stronger and the
scattering from the LO phonons becomes comparatively
weaker even the latter plays an important role. But the
net decrease of mobility from the IO phonons are lower
than the net increase of mobility from the LO phonons.
As a result, the electronic mobility influenced by the scat-
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Fig. 3. Electron mobility as a function of electronic density ns
due to the scattering from IO (short-dashed line) and LO (long-
dashed line) phonons for given Al concentration x = 0.3, tem-
perature T' = 300 K, and pressures p = 0 kbar (a), p = 20 kbar
(b) and p = 40 kbar (c), respectively. The total mobility from
the IO+LO scattering is denoted by the solid lines and de-
scribed by pr' = i + o

tering of total (IO+LO) phonons increases with the elec-
tronic density. This property is decided mainly by the LO
phonons, whereas the IO phonons become more and more
important as increasing pressure.

Finally, in Figure 4, the total electron mobility u versus
electronic density ns for given Al concentration x = 0.3
is shown corresponding to the different pressures. Here,
the pressure-induced trend of mobility is similar to that
in Figure 2.
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Fig. 4. Electron mobility as a function of electronic density ns
for given Al concentration x = 0.3, temperature 7' = 300 K,
and pressure p = 0, 20, 40 kbar, corresponding to solid, long-
dashed, short-dashed lines, respectively.

5 Conclusions

We studied the pressure effect on the electron mobility
in Al,Ga;_,As/GaAs with a realistic heterojunction po-
tential by considering the scattering from the 10 and LO
phonons at room temperature. The results show that the
electron mobility increases nonlinearly with the Al con-
centration and electronic density, whereas decreases with
pressure from 0 to 40 kbar. The contribution to the elec-
tronic mobility from IO phonons scattering under pres-
sure becomes more obvious. The electron mobility from
the optical phonon scattering increases slightly with the
Al concentration and its property is dominated by the 10
phonons. The mobility increases with the electron density
and is dominated by the LO phonons.
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