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The mobility of electrons in vertical transport in GaAs/Ga;_, Al As barrier structures was investigated using
geometric magnetoresistance measurements in the dark. The samples studied had Ga;_,Al,As (0 < y <
0.26) linearly graded barriers between the n™-GaAs contacts and the Gag 74Alg 26As central barrier, which
contain N,, (=0, 2, 4, 7 and 10) n-doped GaAs quantum wells. The mobility was determined as functions
of (i) temperature (80-290 K) at low applied voltage (0.01-0.1 V) and (ii) applied voltage (0.005-1.6 V) at
selected temperatures in the range 3.5-290 K. The experimental results for the temperature dependence
of low-field mobility suggest that space-charge scattering is dominant in the samples with N, =0 and 2,
whereas ionized impurity scattering is dominant in the samples with N,,=4, 7 and 10. The effect of polar
optical phonon scattering on the mobility becomes significant in all barrier structures at temperatures above
about 200 K. The difference between the measured mobility and the calculated total mobility in the samples
with N,,=4, 7 and 10, observed above 200 K, is attributed to the reflection of electrons from well-barrier
interfaces in the quantum wells and interface roughness scattering. The rapid decrease of mobility with
applied voltage at high voltages is explained by intervalley scattering of hot electrons.
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1. Introduction

*E-mail: cankur@hacettepe.edu.tr

Investigation of vertical transport of electrons and scatter-
ing mechanisms in barrier structures containing quantum
wells is of great importance in understanding the physi-
cal properties of various advanced electronic devices, such
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as quantum-well infrared photo-detectors (QWIPs), het-
erostructure bipolar transistors, semiconductor lasers, and
hot-electron transistors (for a review see [1]). For instance,
the vertical transport of electrons has a direct influence on
the performance of QWIPs. Various scattering processes
affect the electron mobility along the growth direction, in-
fluencing the well-capture probability, a parameter that is
directly related to the detector’s optical gain and respon-
sivity.

Barrier structures with rectangular potential barriers have
been studied extensively (see [1]). Recently, Ridley
and coworkers [2-6] investigated vertical transport in
GaAs/Gai_,Al,As barrier structures with linearly graded
barriers grown between the n*-GaAs contacts and the
central barrier containing N,, (=0, 2, 4, 7 and 10) quantum
wells. Bishop et al. [4] measured the electron mobility as a
function of temperature in the range 77-300 K by applying
low voltage (0.01 V) to the samples with N,, =4, 7 and 10.
They did not, however, measure the variation of electron
mobility with applied voltage. Daniels et al. [5] proposed
a theoretical model to account for the effect of the quan-
tum wells in the central barrier on the electron mobility.
Nevertheless, the scattering mechanisms that determine
the temperature and applied voltage dependences of the
electron mobility in these barrier structures have not been
investigated in detail.

i

n'-GaAs
(contact layer)

GajyAlAs (0.26<y<0)
(graded barrier)

Gag.74Alg 26As
(central barrier with
GaAs/Gag 74Alg26As quantum
wells, Ny=0,2, 4,7, 10)

GajyAlAs (0=y<0.26)
(graded barrier)

n -GaAs
(contact layer)

n -GaAs
(substrate)

*

Figure 1. The layer structure of the samples used in the study.

In this paper we present a systematic study of the ef-
fects of temperature and applied voltage on the mobility of
electrons in vertical transport in barrier-structure samples,
which were prepared from the same wafers as those used
in [4]. The electron mobility was determined from geomet-
ric magnetoresistance (GMR) measurements carried out
in the dark. The scattering processes affecting the elec-
tron mobility were analysed as functions of temperature
and applied voltage. The present study provides valuable
information about the relative importance of various scat-
tering mechanisms that limit the mobility of electrons in
these barrier structures.

2. Theoretical background

The major scattering mechanisms in GaAs/Gai_,Al,As
barrier structures without quantum wells are essentially
the same as those in bulk Ga;_,Al,As alloys. These mech-
anisms include ionized impurity scattering, space-charge
scattering, alloy-disorder scattering, polar optical phonon
scattering, acoustic phonon scattering due to the deforma-
tion potential coupling, and acoustic phonon scattering
due to the piezoelectric coupling [7, 8]. However, addi-
tional scattering processes, such as quantum-mechanical
reflection due to well-barrier interfaces [5, 9] and inter-
face roughness (IFR) scattering, play a role in limiting the
electron mobility in the barrier-structure samples contain-
ing quantum wells. The total mobility (y¢¢) can be calcu-
lated from the individual scattering-limited mobilities (u;)
by using Matthiessen’s rule:

I E g

Htot

where e is the magnitude of the electron charge, 7; is
the momentum relaxation time, and m* is the electron ef-
fective mass. In the following, the approximate analytical
expressions that we used to calculate the electron mobility
(1:) determined by each scattering mechanism are briefly
outlined for the sake of convenience.

2.1. lonized impurity scattering

lonized impurity scattering is an important mechanism,
which limits the electron mobility in semiconductors. The
mobility (in units of m?V~"s™") determined by ionized im-
purity scattering (u;) can be obtained from [8, 10]

_ 128(27)'" (ks TV (e560)? €73 (m*) "2 (2N,) ™
[ln(1+n0)+ 1o ]
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Figure 2. The variation of fractional magnetoresistance (AR/Ro) with
magnetic field for the samples with (a) N,,=0 and (b) N,,=4
measured at an applied voltage Vs=0.1 V and at different
temperatures (T) as quoted. The symbols correspond to
the experimental data, and the full curve through each set
of data points represents the parabola (Eq. (12)) that best
fits the experimental data.

where

no— 6 ks Tm | o)

732 1% [Np — Na|™

Here kg is the Boltzmann constant, T is the absolute tem-
perature, &; is the static dielectric constant, g is the per-
mittivity of vacuum, h is the Planck constant, N; is the
ionized impurity density, and Np and N, are the ionized
donor and acceptor impurity densities, respectively. (For
p-type and n-type doped materials, N; can be taken equal
to Na and Np, respectively). Several experimental stud-
ies published in the literature show that ionized impurity
scattering is effective in bulk Ga;_,Al,As alloys at low
temperature [7, 11-14].

2.2. Acoustic phonon scattering

The mobility (upp) determined by acoustic deformation
potential scattering can be calculated using

2Px'pteC,

= SERm Rks T) "

Hpp

Here C; is the longitudinal elastic stiffness constant (see
Eq. (6)) and E4 is the acoustic deformation potential [7, 8].

Because of the lack of inversion symmetry in Gai_,Al,As
crystals, there is another source of scattering due to piezo-
electrically active acoustic phonons. The mobility (ypg)
limited by the acoustic piezoelectric scattering can be ob-
tained from [8]

16(271)2h%ese0
HpE = 2 (m*)312 7 ()
3eK2, (m*)32 (kg T)

with

(6)
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Here K2, is the average electromechanical coupling con-
stant, eq4 is the piezoelectric stress constant, and C; and
Cr are the spherical-average, longitudinal and transverse
elastic stiffness constants of a single-crystal with cubic
symmetry, respectively [7, 15]. Earlier studies indicate
that acoustic phonon scattering is not significant in the de-
termination of electron mobility in bulk Gai_,Al,As [7, 11-
14].

2.3. Polar optical phonon scattering

Because of the high values of the optical phonon energy,
optical phonon scattering in semiconductors is an inelas-
tic process, and a momentum relaxation time cannot be
defined for polar optical phonon scattering. Nevertheless,
the following expression [16] can be used as an approxi-
mation to estimate the mobility (tpp) due to polar optical
phonon scattering:

16h%eo (2kgT)'? 1 Tro
Hpo = 1 1 X T
3 ¥)32 (. _
e(m’) (sw & kg Tpo
Tro
e T -1

(7)
Here &4 is the high-frequency dielectric constant, Tpo(=
hwpolkg) is the longitudinal optical-phonon temperature,
and x(Tpo/T) is an integral function. For Gaq_,Al,As
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Figure 3. Temperature dependence of the electron mobility for the barrier-structure samples containing (a) N,,=0, (b) 2, (c) 4, (d) 7 and (e) 10

quantum wells, measured at different applied voltages (V) as quoted. The symbols represent the experimental data, and the full curves
through the experimental data points are intended to be a guide to the eye.

alloys, Look [8] obtained the following expression for x(Tpo/T), which is valid at high temperatures (T > 84 K):

482

Tro\ Tpro Tro \*
X(?) =1-0.5841 (?) +0.2920 (?)

T 3 T 4
—0.037164 (%) +0.0012016 (%) . (8)

Brought to you by | Hacettepe Ueniversitesi
Authenticated
Download Date | 3/12/20 1:58 PM



Safi Altundz, Huseyin Gelik, Mehmet Cankurtaran

0.14
0.12
"
Z
g 0.10
B
W) 4 L
=) g \
< 008} * N \
o N7 =
A N=10
0“(7 1 M 1 i 1 n 1 i 1 1 1 1 1 i 1

100 120 140 160 180 200 220 240 260 280 300

Temperature (K)

Figure 4. Comparison of the mobility-temperature curves measured
at low applied voltage (0.01 V) for the barrier-structure
samples containing N,, quantum wells. The symbols rep-
resent the experimental data, and the full curves through
the experimental data points are intended to be a guide to
the eye.

The scattering of electrons by optical phonons through the
deformation potential interaction is not important for the
I valley of the conduction band in Ga;_,Al,As alloys [7, 8]
and is thus not considered in the present study.

2.4. Space-charge scattering

The mobility (usc) determined by space-charge scattering
can be calculated using

HSC = m ks T)2NSA’

where Ns is the space-charge density and A is the ef-
fective scattering area of the space-charge region [17]
Previous studies [7, 11-13, 18, 19] show that, in bulk
Gai_yAl,As alloys, space-charge scattering becomes ef-
fective at higher temperatures than ionized impurity scat-
tering.

2.5. Alloy-disorder scattering

The relaxation time due to alloy-disorder scattering was
determined by Hauser et al. [20]. The temperature de-
pendence of the mobility () limited by alloy-disorder
scattering can be expressed as [7, 13]

27(2)1/28h4

P o (m Ry (1 - g) (AUR (ks )

(10)

where a is the lattice constant, y is the Al molar fraction,
and AU is the alloy-disorder potential of Ga;_,Al,As.
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Figure 5. Temperature dependence of the electron mobility mea-
sured at 0.01 V (full circles) for the barrier-structure sam-
ples containing (a) N,,=0 and (b) N, =10 quantum wells
and the calculated mobilities (full curves). pa, ppp, vpe,
upo, ui; and psc are the mobilities determined by alloy
disorder, acoustic deformation potential, acoustic piezo-
electric, polar optical phonon, ionized impurity and space-
charge scattering, respectively, and py,, is the calculated
total mobility.

The mobilities limited by alloy-disorder and space-charge
scattering mechanisms have identical temperature depen-
dence. However, it has been shown that alloy-disorder
scattering does not play an important role in the determi-
nation of electron mobility in Gai_,Al,As (y <0.32) alloys
[7,8 13, 19]

2.6. Intervalley scattering

Because of the small dimensions of the barrier-structure
samples, the electric field within the structure becomes
very high, even at low applied voltages. When the applied
voltage is increased, the conduction electrons gain kinetic
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Table 1. Structural properties of the barrier-structure samples used in the study.

Sample Number of quan- Width of the barrier Quantum well width Total thickness of Doping density in
tum wells layer between the Ly [A] barrier layers contact layer
Ny quantum wells LA] 102 m~3]
Lg[A]
QT680A 0 - - 2084 8
QT680E 2 1006 35 2076 95
QT680D 4 310 35 2070 9
QT680C 7 135 35 2055 7
QT680B 10 77 35 2043 8

energy from the electric field, and their energy becomes
higher than the thermal equilibrium value 3kgT/2. The
electrons, which are not in thermal equilibrium with the
crystal lattice, are known as hot electrons (see for instance
[21]). As the applied electric field becomes higher than a
critical value, hot electrons scatter from the [ valley into
the L (and X) valleys. Within the framework of a three-
valley, conduction band model, the Hall mobility () is
given by [11, 13, 18]

2 2
o) ea ()]
nr \ Hr nr \ Hr
- S
+¢ﬂ)
nr pbr

nr Hr

Here pr,u; and py are the mobilities, and nr,n; andny
are the densities of the electrons in the I', L and X valleys
of the conduction band, respectively.

3. Experimental procedure

3.1. Samples

The barrier-structure samples investigated in the present
study were prepared from the same wafers as those used
by Bishop et al. [4] The layer structure of the samples
is shown in Fig. 1. A 1 pym thick, heavily doped n*-GaAs
contact layer was deposited on the n*-GaAs substrate.
The barrier structure was then grown on this layer in three
stages: (i) a 500 A thick Gai_,Al,As graded barrier, in
which the Al concentration (y) increased linearly from 0
to 0.26; (il) Gap74Alo26As central barrier containing N,
(=0, 2, 4, 7 and 10) n-doped GaAs quantum wells; and (iit)
a 500 A thick Gaj_yAlyAs graded barrier in which the Al
concentration decreased linearly from 0.26 to 0. Finally, a
1pm thick heavily doped n*-GaAs contact was deposited
on the Ga;_,Al,As graded barrier. All barrier layers were

Table 2. Ga;_,Al,As (y=0.26) material parameters used in the cal-
culation of the electron mobility [7, 25].

Longitudinal elastic stiffness constant C; [10""N/m?] 1.403
Transverse elastic stiffness constant Cr [10""N/m?] 0.486
Lattice constant a[A] 5.6553
High-frequency dielectric constant €4 10.17
Static dielectric constant & 12.35
Piezoelectric constant eq4 [C/m?] -0.177
LO phonon energy hwyp [meV] 34.64
Acoustic deformation potential E4 [eV] 8.6

Alloy disorder potential AU [eV] 0.30

Electron effective mass (in I valley) m*/mg 0.089

nominally undoped. The samples were fabricated in the
circular mesa geometry of 100 ym diameter.

Structural properties of the barrier-structure samples used
in the study are given in Table 1. The doping density in
the n*-GaAs contacts was of the order of 10%* m~3, and the
doping in the quantum wells was chosen to give a Fermi-
level matching that of the contacts, in order to avoid band
bending [4, 5]. All barrier structures containing quantum
wells in the central barrier were designed to have only
one bound state in the well.

3.2. Geometric magnetoresistance measure-
ments

Geometric magnetoresistance (GMR) measurements pro-
vide a useful technique to determine the electron mobility
in barrier-structure samples of mesa geometry [2, 8, 9, 22—
24]. In this technique, a steady magnetic field (B) is ap-
plied to the sample parallel to the layers but perpendic-
ular to the vertical current. A dc voltage is applied to the
sample, and the vertical current (/) is measured as a func-
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Figure 6. Voltage dependence of the electron mobility measured at selected temperatures for the barrier-structure samples containing (a) N, =0,
(b) 2, (c) 4, (d) 7 and (e) 10 quantum wells.

tion of the magnetic field. The experimental / — B data is given by
are then used to obtain the fractional change in magne- AR R(B)— R,

~ 2 2
toresistance (AR/Rp) of the sample as a function of the Ry = = (pemrB)” for (uemrB)” < 1, (12)

Ro
magnetic field. The magnetic field dependence of AR/Ry where Ry is the resistance at zero magnetic field, R(B)
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Figure 7. Electric-field dependence of the electron drift velocity
in the barrier-structure sample without quantum wells
(N,,=0) determined at the temperatures quoted.

is the magnetoresistance, and pcur is the GMR mobility,
which is usually taken approximately equal to the Hall
mobility [2, 4, 8, 9, 22-24]. In order to use the GMR tech-
nique, the magnetic field must be low enough to ensure
that (u(;/\/,RB)2 « 1, and the mesa diameter (d,,) must be
much greater than the total thickness (L) of the barrier
layers [4, 8, 23]. For the samples used in the present
study L =0.2 ym (see Table 1) and d,=100 pm, the high-
est measured value of the mobility is £0.17 m*V~"s~", and
the magnetic field is in the range 0.2-2.2 T. Therefore, both
conditions are fulfilled in our experiments.

The GMR measurements were carried out in the dark as
functions of temperature from 80 to 290 K at low applied
voltages (0.01-0.1 V), and applied voltage (0.005-1.6 V) at
selected temperatures in the range 3.5-290 K. The mea-
surements were performed in a three-stage, closed-cycle
refrigeration system (HS-4 Heliplex, APD Cryogenics) us-
ing a source/measure unit (Keithley 236).

4. Results and discussion

Typical examples for the variation of fractional magnetore-
sistance (AR/Ry) with magnetic field are shown in Figs.
2a and 2b. The AR/Ry increases linearly with B%. The
electron mobility (vemr) was determined by fitting Eq.
(12) to the experimental AR/Ry versus B curves measured
for each temperature and each applied voltage. In this
procedure pcumr was taken as an adjustable parameter,
which was assumed to be independent of the magnetic
field.

4.1. Temperature dependence of the electron
mobility

To determine the temperature dependence of the electron
mobility in the barrier-structure samples, GMR measure-
ments were carried out in the temperature range 80-290
K at low applied voltages between 0.01 and 0.1V. In this
set of measurements, the applied voltage was low enough
to permit the assumption that the electrons be in thermal
equilibrium with the lattice. Since the graded barriers
limit the tunnelling current at low applied voltages, it was
not possible to determine the low-field electron mobility
at temperatures below 80 K.

Examples for the variation of electron mobility with tem-
perature are presented in Figs. 3a to 3e. At the lowest
voltage (0.01 V), the mobility rises with increasing temper-
ature, passes through a broad maximum at a temperature
T =200 K, and decreases at higher temperatures. This
behaviour is more clearly demonstrated by the peur(T)
curves obtained for the samples containing N, =4, 7 and
10 quantum wells. The pepmr(T) curves determined at 0.05
and 0.1V exhibit similar features, however, the mobility
reaches the maximum at lower temperatures. As the ap-
plied voltage is increased from 0.01 to 0.1V, the electron
mobility measured at temperatures below T, increases
for all the samples, except the one with N,=10 quantum
wells.

The temperature dependence of the Hall mobility in bulk
Gai_yAlyAs alloys has been investigated in several stud-
tes [7, 11-13, 19]. The mobility has been reported to in-
crease with increasing temperature from 100 K, reach a
broad maximum at about 200 K, and decrease at higher
temperatures. The increase of mobility as the tempera-
ture is increased from 100 to 200 K has been attributed
to lonized impurity scattering. The decrease of mobility
at temperatures above 200 K has been explained by polar
optical phonon scattering. However, for bulk Ga;_,Al,As
samples, in which space-charge scattering is significant,
the reduction of electron mobility with temperature above
200 K has been attributed to the combined effect of po-
lar optical phonon scattering and space-charge scattering
[7,11-13, 18].

In the light of these earlier studies, for the barrier-
structure samples containing N,=4, 7 and 10 quantum
wells in the central barrier, the increase of electron mo-
bility as the temperature is increased from 80 to about 200
K can be ascribed to ionized impurity scattering (see also
[5]). However, at temperatures below 200 K, the slope of
the pemr(T) curves measured at 0.01 V for the samples
with N,,=0 and 2 is relatively small (Figs. 3a and 3b), in-
dicating that space-charge scattering is in effect in these
samples.

The peuvr(T) curves obtained at 0.01 V for the barrier-
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structure samples with different numbers (N,) of quantum
wells in the central barrier are compared in Fig. 4. The
figure demonstrates that the maximum mobility measured
at T, =200 K decreases significantly as N, increases
from 4 to 10 (that is, as the barrier width Lg between the
quantum wells decreases from 310 to 77 A). Electrons en-
countering a quantum well would undergo reflection from
well-barrier interfaces, so their mobility would decrease
[4, 5] The influence of this quantum-well scattering on
the electron mobility is expected to be more pronounced
for the barrier structures in which the barrier width Lg is
smaller [5, 9]. The peur(Ty) data measured in the present
study, for the barrier-structure samples with N,,=4, 7 and
10, are in line with these theoretical predictions. How-
ever, the penmr(Ty) values determined for the samples with
N,,=0 and 2 are markedly smaller than that for the sam-
ple with N, =4. This experimental finding indicates that
space-charge scattering is important in the determination
of the electron mobility in the samples with N,,=0 and 2,
and growing 2 quantum wells (one at each end of a wide
central barrier) is not adequate to prevent the formation
of space charge in the barrier layer between the wells.

4.2. Analysis of the scattering mechanisms
that determine the temperature dependence of
electron mobility

To carry out a detailed analysis of the scattering
mechanisms that limit the mobility of electrons in
GaAs/Gai_,Al,As barrier structures, the mobility p; de-
termined by each intra-valley scattering mechanism was
calculated as a function of temperature from 80 to 300
K by using the Equations given in section 2. The ma-
terial parameters used in the calculation of the mobili-
ties pa, Upp, Hpe, Hi, Msc and ppo are given in Table
2. The space-charge scattering mobility psc was calcu-
lated only for the samples with N,,=0 and 2, because the
space-charge effect was not observed [4, 26] in the current-
temperature characteristics of the samples with N,=4, 7
and 10. Because the lattice mismatch between the GaAs
and Gai_,Al,As layers is very small [25] the effect of
dislocation scattering due to lattice mismatch [27] on the
electron mobility in the barrier-structure samples was not
considered in the present study. Intervalley scattering
was assumed to be negligible at low applied voltage, be-
cause almost all electrons reside in the I valley of the
conduction band [13]. The current-temperature character-
istics of the samples with N, =4, 7 and 10 did not exhibit
any evidence for miniband conduction. This could be due
to the fact that the width of the first subband was much
smaller than the collision broadening, as determined from
the mobility measurements at low applied voltage. For

instance, for the sample with N,=10, the width of the
first subband is 4.5 meV and the collision broadening is
about 15 meV. Therefore, the influence of subband width
on the vertical transport in these samples was not taken
into account.

In order to calculate the mobility p; determined by ion-
ized impurity scattering, the donor (Np) and acceptor (N,)
densities are required (see Eqgs. (1) and (2)). Accep-
tor impurities were introduced by unintentional doping
during the growth of the barrier structures [2, 4] The
acceptor densities N, in the samples with N,,=0 and 2
were assumed to be equal to the space-charge densities
Ns=4.0x10%" m—3 and 4.1x10%' m=3, respectively, as de-
termined from the current-temperature measurements at
low voltage (0.01 V) [26]. Then, the mobility pcur mea-
sured at 140 K for each of these samples was fitted to
the total mobility yy,: calculated at the same temperature
from Eq. (1), by taking the NsA product (in Eq. (9)) as a
fitting parameter and neglecting Np in Eq. (2). The NsA
values that provide the best fit between the experimen-
tal mobility and the calculated total mobility are 7.2x10’
m~" and 7.1x10” m™' for the samples with N,,=0 and 2,
respectively. These NsA values are comparable to the
data 3x107, 1.7x107 and 2x10” m~’ reported in the lit-
erature for bulk Gag75Alo25As [13], GagesAlo32As [18], and
Gage5Alo35As [11], respectively. The donor density Np in
the samples with N,=4, 7 and 10 was estimated to be
about 4x102m~3 (which is slightly smaller than the dop-
ing level of the quantum wells in the central barrier [4]),
under the assumption that ionized impurity scattering is
dominant at low temperatures. More specifically, the Np
value for each of latter samples was deduced by match-
ing the mobility pcypr measured at 110 K to the ionized
impurity scattering mobility p; calculated at that temper-
ature. In this procedure N4 was neglected, because the
space-charge effect was not observed in these samples.

Examples for the comparison between the calculated p;(T)
and p(T) curves and the experimental pgymgr(T) data
measured at 0.01 V are presented in Figs. 5a and 5b
for the samples with N,,=0 and 10, respectively. For all
the barrier-structure samples investigated, the calculated
mobilities pa, ppp and ppge are about two orders of mag-
nitude larger than the measured mobility. This suggests
that the effects of alloy-disorder scattering and acoustic
phonon scattering on the mobility of electrons in vertical
transport are negligibly small at all temperatures. The
results show that space-charge scattering is dominant in
the samples with N,,=0 and 2 at all temperatures, while
the effect of ionized impurity scattering on the mobility
is negligible (Fig. 5a). In the samples containing N, =4,
7 and 10 quantum wells, the mobility is primarily limited
by itonized impurity scattering (Fig. 5b). The effect of
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polar optical phonon scattering increases progressively at
temperatures above 200 K, leading to a decrease in the
mobility, as observed in all the samples studied (see Fig.
3).

For the samples containing N,=4, 7 and 10 quantum
wells, the electron mobility measured at temperatures
above about 200 K is somewhat smaller than the calcu-
lated total mobility (see Fig. 5b). This suggests that ad-
ditional scattering mechanisms, which are not considered
in the calculation of e (T), come into effect in the de-
termination of the electron mobility in these samples. As
the number (N, ) of quantum wells increases, the reflec-
tion of electrons from the well-barrier interfaces increases,
thereby leading to a decrease in the measured mobility of
electrons in vertical transport [5, 9]. It is well established
that the mobility of two-dimensional electrons in parallel
transport in GaAs/Ga;_,Al,As (y =0.3) multiple quantum
wells (MQWs) is primarily limited by interface roughness
(IFR) scattering [28, 29]. IFR scattering would also in-
fluence the vertical mobility of electrons in the barrier-
structure samples containing N, (=4, 7 and 10) quantum
wells [30, 31]. Dharssi and Butcher [30] calculated the
IFR scattering-limited mobility in the growth direction at
300 K for a low-density, non-degenerate electron gas in
short-period GaAs/Gag7Aly3As superlattices. They found
that the mobility limited by IFR scattering is up to an
order of magnitude less than the predicted LO phonon
scattering-limited mobility. Therefore, the difference be-
tween the measured mobility (vcumr) and the calculated
total mobility (u0¢) observed above about 200 K for the
barrier-structure samples with N,,=4, 7 and 10 can be
attributed, at least in part, to the quantum-mechanical
reflection due to the quantum wells and to IFR scatter-
ing. Nevertheless, further theoretical work is required to
calculate the effects of IFR scattering on the vertical mo-
bility in barrier structures containing MQWs, in which the
electrons are strongly localised in the first subband.

4.3. Variation of electron mobility with ap-
plied voltage

Examples for the variation of electron mobility with ap-
plied voltage, measured at selected temperatures in the
range 3.5-290 K, are shown in Figs. 6a to 6e. The
temr(V) curves obtained at 3.5, 70 and 150 K for the
samples with N,=0, 2 and 4 demonstrate that the mo-
bility increases slightly with increasing voltage, passes
through a maximum, and decreases rapidly with further
rise in the voltage. For the samples with N, =0 and 2,
the mobility measured at 220 and 290 K remains essen-
tially constant up to ~0.06 V and decreases at higher
voltages. The pcmr(V) curves measured at 150 and 220 K

for the samples containing N,,=7 and 10 quantum wells
exhibit similar behaviour. The mobility measured at 290
K for the samples with N,=4, 7 and 10 is practically in-
dependent of the applied voltage up to ~0.25 V and tends
to decrease at higher voltages.

The voltage V|, at which the mobility becomes maximum is
found to be a function of the temperature. For the samples
with N,,=0, 2 and 4, V,, decreases substantially when the
temperature is increased from 3.5 to 220 K (Figs. 6a, 6b
and 6¢). In the low-voltage region (Vs < V,,), the increase
of mobility with applied voltage can be attributed to ion-
ized impurity scattering [32]. The reduction of electron
mobility at high voltages (Vs > V,,) is likely to be due
to intervalley scattering of hot electrons from the I valley
into the L (and X) valleys in the conduction band, where
they will have lower mobilities. The GMR measures an
average of the mobilities of the three electron populations
(see Eq. (11)). In the case of bulk GaAs and Gaj_,Al,As
(y <0.35) alloys [18, 32] and GaAs/Gai_4Al,As barrier
structures with rectangular potential barrier containing
MQWs [9], the mobility reduction in the high-voltage re-
gion has been explained by intervalley scattering of hot
electrons. A similar interpretation should also be valid for
the barrier-structure samples investigated in the present
study.

When the voltage (electric field) applied to the barrier-
structure sample exceeds a given threshold, hot electrons
scatter from the [ valley to the L (and X) valleys, which
are at higher energies and have larger electron effective
mass but smaller mobility. The duration times of electrons
in the L (and X) valleys were found to be about an order
of magnitude longer than the scattering time back to the
I valley [9, 32, 33]. Earlier studies [18, 34, 35] found that
the mobilities pr, p; and py in bulk GaAs and Gay_,Al,As
(y <0.32) alloys fall in the ranges 0.2-0.3, 0.03-0.05 and
0.03-0.04 m?V~"s™', respectively. In addition, the ratio
pr:u; was found to be about 8:1 (Refs. [13, 34]). Hence,
one would expect the Hall mobility estimated from Eq.
(11) to be much smaller than the mobility pgrvg measured
at low applied voltage (Vs <« V,). However, since the
carrier densities in the [, L and X valleys are not known,
it is not possible to determine separately the mobilities
ur, pr and px for the barrier-structure samples used in
the present study. For the sample with N,,=7, the mobil-
ity (ucmr) values measured at 80 K and at high voltages
(1.1-1.5 V) fall in the range 0.05-0.08 m*V~"'s~" (Fig. 6d).
Similarly, for the sample with N, =10, the pcur values
measured at 3.5 and 75 K and at high voltages (0.95-1.5
V) fall in the range 0.03-0.05 m?V~'s™" (Fig. 6e). These
mobility values, determined for the barrier-structure sam-
ples investigated in this study, are comparable to those
reported [18, 34, 35] for y;, and px of electrons in the L
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and X valleys of bulk GaAs and Gaq_,Al,As (y <0.32) al-
loys. The results suggest that, when a voltage higher than
about 1.0 V is applied (at low temperatures) to the barrier-
structure samples containing N,,=7 and 10 quantum wells,
an important proportion of electrons are transferred from
the I valley to the L and X valleys.

Finally, we deduced the electron drift velocity V, as a
function of applied electric field from the experimental
temr(V) data. As a first approximation, the drift veloc-
ity was calculated from V; = pF by taking p = pemr and
F = Vs/L (the average applied electric field). Examples
for the V,(F) curves obtained for the sample with N,,=0
are shown in Fig. 7. Initially, the drift velocity increases
linearly with electric field; after the electric field exceeds
a certain value the drift velocity continues to increase, but
with a progressively decreasing slope. The sublinear de-
viation of the experimental Vy(F) curve at high electric
fields is due to the heating of electrons. The V4(F) curves
obtained for the barrier-structure samples investigated in
this study show similar features with those calculated us-
ing Monte Carlo methods [36-39], and those measured at
300 K for bulk Gai_,Al,As (y <0.45) alloys [13], and at
15 K for GaAs/Gai_4Al,As barrier structures containing
MQWs [9].

When the excess kinetic energy of hot electrons in the I
valley of bulk GaAs reaches the intravalley LO phonon en-
ergy, the hot electrons cool down by emitting LO phonons;
consequently, the slope of the Vy4(F) curve decreases.
When the energy-input rate of electrons becomes equal
to the energy-loss rate to the lattice, the drift velocity is
expected to reach a maximum (saturation) value and to
decrease at higher electric fields, due to intervalley scat-
tering (see for instance [32]). The decrease in electron
drift velocity with electric field is known as negative dif-
ferential resistance (NDR), which is seen clearly on the
V4(F) curve obtained at 3.5 K (Fig. 7). However, since
the intervalley energy separations AEr; and AEry in bulk
Gai_yAlyAs (y <0.26) alloys are smaller than the cor-
responding energy differences in GaAs [13, 33, 35], the
V4(F) curves obtained for the barrier-structure samples
at temperatures above 70 K did not clearly exhibit NDR
behavior.

5. Conclusions

The geometric magnetoresistance technique was used to
measure the mobility of electrons in the vertical transport
in GaAs/Gai_,Al,As (y <0.26) barrier-structure samples
containing N, (=0, 2, 4, 7 and 10) quantum wells in the
central barrier. The results show that space-charge scat-
tering is dominant in the samples with N,,=0 and 2, at all

temperatures, while ionized impurity scattering is domi-
nant in the samples containing N,,=4, 7 and 10 quantum
wells. Polar optical phonon scattering becomes signifi-
cant in all the samples at high temperatures, leading to a
decrease of mobility at temperatures above 200 K. The ef-
fects of alloy disorder, acoustic deformation potential and
acoustic piezoelectric scattering mechanisms on the mo-
bility are negligibly small. The difference between the
measured mobility and the calculated total mobility for
the samples with N,=4, 7 and 10, observed above 200
K, is attributed to the reflection of electrons from well-
barrier interfaces in the quantum wells and to interface
roughness scattering.

The mobility-temperature curves measured at low voltage
exhibit a broad maximum at about 200 K. The maximum
mobility decreases systematically as the number of quan-
tum wells in the central barrier increases from N,,=4 to
10. This experimental finding is in line with the theo-
retical prediction [5] that the electrons will scatter more
frequently from the well-barrier interfaces with increasing
N,, and their mobility will decrease as a consequence.
However, the maximum mobility data for the samples with
N,.=0 and 2, in which space-charge scattering is domi-
nant, do not follow this trend.

The mobility of electrons in vertical transport increases
slightly as the applied voltage is increased, passes
through a maximum, and decreases rapidly with further
increase in the voltage. The decrease of electron mobility
at high voltages is explained by intervalley scattering of
hot electrons. This suggests that optimisation of devices
which incorporate barrier structures should consider the
properties of the L and X valleys as well.
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