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Abstract

Using an effect-barrier height method, we investigate theoretically the influence of the coupling between normal an
motions of an electron on the surface electron states in a semi-infinite Al0.3Ga0.7As/GaAs superlattice with a cap lay
consisting of ternary mixed crystal AlxGa1−xAs within the framework of effective-mass theory. Previous works on the su
states in semi-infinite superlattice paid much less attention to the coupling effect. However, our study showed that the coupli
effect cannot be neglected when the difference of the effective mass of the electron between the well and barrier layer
is found that the existence and features of the surface electron states, especially the higher-lying surface electron sta
as the energy positions and widths of the miniband and minigaps are sensitively dependent on the transverse wave numb
brief analysis of these results is given.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Rapid advances in epitaxial growth techniqu
make it possible to fabricate a variety of superlattice
(SLs) such as periodic, quasiperiodic and random
from various kinds of materials including semicondu
tors, metals and magnetically ordered materials w
well-controlled the thickness of each layer and com
sitions. These man-made structures have received
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siderable attention for many years owing to their no
physical properties, which can be tailored and c
trolled. It is well known that the energy spectrum of
ideal infinite SL is composed of minibands alternat
with minigaps. The localized electron states exist p
sibly in the minigap if any deviations of the structu
from strict periodicity appear by the existence of
homogeneities such as a surface [1–6], structural
fect [7–9]. Similar phenomena can also be found
acoustic [10,11] and optical vibrations [12–14] in su
structures. Surface electron states should be con
ered when we design heterostrucutre devices, s
surface is a necessity in reality. The properties of
.
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surface electron states in SLs have been extens
investigated both experimentally [4–6,15] and theo
ically [16–24] during the past two decades. By t
minating a GaAs/Ga1−xAl xAs SL with an AlAs (or
Al0.15Ga0.85As) layer, Ohno et al. have made the fi
observation of electronic states localized at an in
nal surface by using a combination of photolumin
cence (PL), photoluminescence excitation (PLE) a
photocurrent (PC) spectroscopies, and calculated
energies of the surface electron states and the exte
states for nine wells according to the envelope fu
tion approximation (EFA) [5,6]. The effect of the S
surface on the electronic properties was studied
modifying the bulk parameters and keeping the s
face parameters fixed [16,20,24], or by changing
height of the substrate barrier and the SL para
ters [17,22,23]. The surface electron states in the p
ence of the cap layer [25] or electric field [18] we
also reported. More recently, a comprehensive rev
of the localized electron states in SLs, in particu
surface electron states, occurring at the terminating
barrier/superlattice interface was given by St¸éslicka
et al. [26]. To date, previous works on surface sta
based upon the effective mass parabolic conduct
band model paid much less attention to the coup
effect between normal and lateral motions of an e
tron. However, recently studies have showed that
coupling effect due to the mismatch of electron eff
tive mass in different thin layers lead to the sign
cant dependence of the transmission probability on
transverse wave vectorkxy in single barrier [27] and
multibarrier [7,28] structures at zero magnetic fie
and in a infinite SL with structural defect at finite mag
netic field [9].

In the present Letter, we investigated the effec
the coupling between the normal and lateral mot
on surface states in a semi-infinite SL with a cap la
by adopting an effect-barrier height method. A co
parisons of surface electron levels between neglectin
and including this effect is made. Our results show t
the existence and features ofthe surface electron state
dramatically depend on the transverse wave num
and cap layer.

This Letter is organized as follows: in the ne
section gives a brief description of the theoreti
framework of our calculation. The numerical resu
are presented in the Section 3 with analyzes, an
brief summarization is made in the last section.
d

2. Model and formalism

We consider a structure as schematically depic
in Fig. 1, in which a cap layer labelled asd (material
Al xGa1−xAs) with a thickness ofWd is embedded
between a semi-infinite SL with the unit cell compos
of a (GaAs) andb (Al0.3Ga0.7As) materials and a
semi-infinite homogeneous substrate (AlyGa1−yAs)
labelled asc. The potential heights of the materia
a, b, c and d are Ua,Ub,Uc and Ud , respectively.
The thicknesses of the constituent layersa andb are
Wa andWb, respectively, and the period of the sem
infinite superlattice isW = Wa + Wb . We choose the
growth direction of the SL as thez-axis.

To obtain the surface states, one has to solve
Schrödinger equation

(1)

[
− h̄2

2m

d2

dz2 + U(z)

]
φ(z) = Eφ(z),

wherem is the electron effective mass,U(z) is the
potential height function, andE the eigenenergy o
the surface state. The potential height is defined
U(z) = Ua = 0 (in the a layer) andU(z) = Uβ (in
theβ (β = b, c, d) layer), withUβ is the offset of the
conduction band edge betweenβ anda layer.

Within the envelope function effective-mass a
proximation, the 1D Schrödinger equation satisfied
the longitudinal envelope-wave functionφ(z) is de-
scribed by

− h̄2

2

d

dz

1

m(z)

d

dz
φ(z) + U(z)φ(z)

(2)=
[
E − h̄2k2

xy

2m(z)

]
φ(z),

where kxy is the transverse wave vector, andU(z)

and m(z) the position-dependent potential and t
effective mass. From Eq. (1), we haveEα

z = E − Eα
xy

(α = a, b, c, d) representing the longitudinal energi
of the electron in theα layer, whereEα

xy = h̄2k2
xy/2mα

is the transverse kinetic energies in theα layer.
Taken into account the difference of the effect
mass of the electron in different layer in a period
the superlattice, i.e.,ma �= mb, both the transvers
kinetic-energy and longitudinal energy compone
of the electron no longer keep their conservat
individually. We introduce an effective barrier heig
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Fig. 1. Conduction-band profile of a semi-infinite superlattice with a cap layerd attached to semi-infinite homogeneous mediumc. Wd,Wa

andWb denote the thickness of the cap layer and the two constituent layers of the unit cell of the semi-infinite SL, respectively.Uc , Ud andUb

denote the potential height of the substrate, the cap layer, and the barrier layer of the SL, respectively.
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(3)Uβ(kxy) = Uβ −
(

1− ma

mβ

)
h̄2k2

xy

2ma

,

whereUβ is the potential height of theβ layer.
Eq. (1) can then be rewritten as

(4)− h̄2

2

d

dz

1

m(z)

d

dz
φ(z) + Ueff(z)φ(z) = Ezφ(z),

whereEz ≡ Ea
z = E − (h̄2k2

xy/2ma), and the effective
potentialUeff(z) is defined as follows

(5)Ueff(z) =
{

0 in thea layer,
Uβ(kxy) in theβ layer.

From Eq. (4), it is evident that the longitudin
component of the motion of the electron is depend
on the transverse wave vectorkxy when taking into
account the difference of the effective mass of
electron in the different layers.

We now applying Eqs. (4), (5) to investigate loc
ized electron levels in the structure as shown in Fig. 1
The longitudinal envelope-wave function for the sl
of materiala in the regionnW < z < nW +Wa can be
written as

(6)

φ(z) = eiqz(n−1)W
[
Aae

ika(z−zn
a−Wd)

+ Bae
−ika(z−zn

a−Wd)
]
.

While for slabb in the regionnW + Wa < z < (n +
1)W , we have

(7)

φ(z) = eiqz(n−1)W
[
Abe

ikb(z−zn
b−Wd−Wa)

+ Bbe
−ikb(z−zn

b−Wd−Wa)
]
,

wherezn
a andzn

b is the center coordinate of thea and
b layers in thenth (n = 1,2,3, . . .) period of the SL,
W is the period of the SL, andqz is the attenuation
constant and its imaginary part should be positive
the localized surface states. In the region 0< z < Wd

we have

(8)φ(z) = Adeikd (z−zd ) + Bde−ikd (z−zd ),

where zd represents the center coordinate of thed

layer. And in the regionz < 0 the wave function
decays exponentially as

(9)φ(z) = Ace
kcz,

where the longitudinal wave number of the electron
given by

(10)kµ =
[

2mµ(Ez − Uµ,eff)

h̄2

]1/2

(µ = a, b, d),

and

(11)kc =
[

2mc(Uc,eff − Ez)

h̄2

]1/2

.

Note thatkc is real and positive, i.e.,Ez < Uc,eff. For
localized electron states lying within minigaps, t
Bloch wave numberqz should take a complex value
in the form as

(12)qz = nπ

W
+ iq (q > 0, n = 1,2, . . .).

n denotes the index of minigaps. It is worth pointi
out that the imaginary Bloch wave numberq (decay
factor) reflects the localization degree of the localiz
modes in the vicinity of the cap layer.

By imposing the boundary conditions at interfac
φ(z) and φ′(z)/m(z) should be continuous at eac
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interface, we can obtain the following equations

(13)cos(qzW) − 1

2
(P̂11 + P̂22) = 0,

(Fcd + 1)

(
Ŝ21 + Ŝ22

e−iqzW − P̂11

P̂12

)

− (Fcd − 1)

(
Ŝ11 + Ŝ12

e−iqzW − P̂11

P̂12

)
e−ikdWd

(14)= 0,

where

(15)Fcd = ikdmc

mdkc

,

(16)Ŝ = T̂ −1(md, kd,Wd)T̂ (ma, ka,−Wa),

(17)

P̂ = T̂ −1(ma, ka,Wa)M̂(mb, kb,Wb)

× T̂ (ma, ka,−Wa),

with

(18)M̂(m,k, z) = T̂ (m, k,−z)T̂ −1(m, k, z),

and

(19)T̂ (m, k, z) =
(

eikz/2 e−ikz/2

(ik/m)eikz/2 (−ik/m)eikz/2

)
.

Eqs. (13), (14) determine the localized electron sta
lying within the minigaps. For real Bloch wave num
ber qz, Eq. (13) gives the dispersion relation of t
electronic states in SL. Here, it should be particula
noted that in numerical studies of the dispersion re
tions of the surface electron states one seeks the
of Eq. (14). Once a root is found, it is necessary to
sure that the imaginary part of the attenuation cons
qz determined by equation (13) is positive (nam
(qz) > 0) for the surface electron states. In the f
lowing section, we present the results of numer
calculations of the dispersion relation of the surfa
states for the structure shown in Fig. 1. In the calcu
tions, we employ those values of the potential fu
tion and the effective-mass values of AlxGa1−xAs:
U(x) = 944x meV andm(x) = (0.067+ 0.083x)me,
me being the free-electron mass [4].

3. Numerical results and analyzes

We first take into account the influence of the tra
verse wave numberkxy on the longitudinal energ
components of the surface electron states. The ca
lated surface electron structures are shown in Fi
for different concentrationsy of the semi-infinite ho-
mogeneous substratec: (a)–(f) correspond toy =
0.1,0.15,0.23,0.4,0.5and 1.0, respectively. Here, w
take Wa = 4.0 nm, Wb = 4.0 nm andWd = 0. The
structure in this case is, indeed, recovered to a se
infinite SL attached to a semi-infinite homogeneo
substratec. The lower and higher shade areas are
noted as miniband 1 and 2, and the three regions f
low to high separated by two allowed bands rep
sent the first, second and third minigaps, respectiv
Here, note that the first and third minigaps lie at
mini-Brillouin zone center, and the second minig
at the zone edge. The dotted curves are for the
gitudinal energy spectra of the surface states ly
in the corresponding minigaps. From Fig. 2, we c
clearly observe the evolution of the surface states w
the increase of the concentrationy. Our calculated
results showed that wheny < 0.3, there exists only
one surface state at the first minigap, and no sur
states at the other minigaps (see Fig. 2(a)–(c)). W
the increase of the concentrationy, the surface stat
shifts towards the higher-energy region, and gradu
merges into the bulk band from largerkxy to smaller,
finally vanishes when the concentrationy is closed to
0.3, i.e., the barrier height of the substrate is ne
equal to that of the SL. When the potential of the s
strate is larger than that of the barrier layer of the
(i.e.,Uc > Ub), a surface state begins to arise from
second minigap (see Fig. 2(d)). Moreover, it is a
seen clearly that a surface state appears in the
minigap for certainkxy . From the figure, we can fin
that the existence and the features of the surface s
in different minigaps are dependent on the conc
tration y and the transverse wave numberkxy . Here,
one may inquire if the conservation of total numb
of surface states in every minigap for every value
the wave numberkxy can be kept. We give physic
explanations for this as follows: the formation of t
bulk bands in SL results from the periodicity coupli
between two adjacent layers, while for a SL with in-
homogeneous layers such as surface or defect la
the periodic coupling is locally broken down arou
the inhomogeneous layer of the SL. The periodic
broken coupling will leads to the appearance of
new splitting levels. Some of them may lie within th
bulk bands and develop into the delocalized scatte
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Fig. 2. Electronic energy spectra as a function of the transverse wave numberkxy for different concentrationy of the semi-infinite homogeneou
substrate. (a)–(f) correspond toy = 0.1,0.15,0.23,0.4,0.5 and 1.0, respectively. The lower and higher shade areas denote the scope of the fi
and second allowed minibands, respectively. The three regions from low to high separated by two minibands represent the first, second a
third minigaps, respectively. The dotted curves denote the energy spectra of the surface states inside minigaps.
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states, and the other part of them reside in the m
gaps and become surface states located in the v
ity of the surface. Though the conservation of the
tal number of surface states is broken, the conse
tion of the total number of all splitting levels includ
ing both the delocalized scattering states and sur
states is still kept for every value of the wave nu
ber kxy . Fig. 2 also shows that with the increasing
the transverse wave numberkxy all minibands, mini-
gaps and localized energy levels always monotonic
shift towards lower-energy region, minibands beco
broader and the minigap more narrow, and the cha
of the higher-lying minibands and minigaps are fas
than that of the lower ones. These results are attrib
to the decrease of the effective-barrier height cau
by the coupling effect as the transverse wave num
kxy increases (see Eq. (3)).
Fig. 3 gives the calculated electron longitudina
energy as a function of the potential height of t
substrate for differentkxy : (a) for kxy = 0 and (b)
for kxy = 2.0(π/W). It is obvious that all minibands
minigaps and surface energy levels atkxy = 2.0(π/W)

are lower than that atkxy = 0, as is seen by comparin
Fig. 3(a) and (b). To study the localized properties
the surface states at different transverse wave num
kxy , the modular square|φ|2 of the wave function of
the surface states was calculated fory = 0.15 (i.e.,
Uc = 141.6 meV), which was used in the experimen
observation of a surface state in superlattice [5],
is shown in Fig. 4. As expected, the wavefunct
decays exponentially into the substrate and quickl
into the semi-infinite SL. Clearly, the wave functio
is almost completely localized at the border of t
substrate and the first well. This is why we name th
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,

Fig. 3. Electronic energy spectra of the GaAs/Al0.3Ga0.7As SL, terminated by a AlyGa1−yAs substratec, as a function of theUc , for different
transverse wave numberkxy : (a) for kxy = 0, (b) for kxy = 2.0(π/W). The dotted curves are the localizedenergy spectra lying in minigaps
respectively. Other parameters are the same as those in Fig. 2.
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localized states as surface states. From Fig. 4, we
see clearly that whenkxy is smaller, its localization
become stronger. This is due to the fact that wh
increasing the transverse wave numberkxy , the effect
of coupling of the normal and lateral motion of a
electron becomes bigger and the wavefunction of
electron penetrates furthermore into the substrate an
SL, and thus the localization degree of the elect
state become weaker.

In Fig. 5, we describe the dispersion curves of
longitudinal energy components of the surface sta
for the case where the concentrationy of the semi-
infinite homogeneous substratec is fixed to unity
(AlAs), and the concentrationx of the cap layerd is
varied from zero to unity: (a)–(f) correspond tox = 0,
0.2, 0.25, 0.27, 0.7 and 1.0, respectively. Here, we t
Wa = 4.0 nm,Wb = 4.0 nm andWd = 3.0 nm. When
the x < 0.3 (i.e., Ud < Ub), only one localized stat
exists at the second and third minigap respectiv
The localized electronic levels monotonically sh
towards higher-energy region with an increase ofx,
and emerges into the minibands atx = 0.3. It is
Fig. 4. The modular square|φ|2 of the wave functions of the
surface states in the first minigap for different transverse w
numberkxy : the dotted curve forkxy = 0, and the solid curve fo
kxy = 2.0(π/W), respectively.

interesting that the localized levels enter into
miniband from 2.8π/W to zero at the second miniga
while from zero to 2.8π/W in the third one. When
x > 0.3, one localized state appears at the second
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)
aps.
Fig. 5. Electronic energy spectra as a function of the transverse wave numberkxy for different concentrationx of the cap layer. (a)–(g
correspond tox = 0, 0.2, 0.25, 0.27, 0.7 and 1.0, respectively. The dotted curves denote the energy spectra of the surface states inside minig
Others are the same as those in Fig. 2.
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third minigap again, respectively, and monotonica
shift towards higher-energy region with an increa
of x. Fig. 5 clearly shows that all the localized sta
sensitively depend on the concentrationx of the cap
layer. The variation of the localized levels, miniban
and minigaps with the transverse wave numberkxy

is similar to those in Fig. 2. If it is taken that th
substrate potentialUc is larger than that of the S
barrier (namelyUc < Ub), similar features of the
surface states can be obtained. However, the sur
states only lie at the first minigap.

Fig. 6 describes the influence of the thicknessWd

of the cap layer on the electronic level of the surfa
states for differentkxy : (a) for kxy = 0 and (b) for
kxy = 2.0(π/W). Here we takex = 0.3, andy = 1.0.
In this case, we haveUc > Ub. As a consequence
the surface states have not been found at the
minigap. The surface states exist in the second
third minigaps only for some ranges ofWd . From
Fig. 6 it is clearly observed that with the increase
Wd , the surface states monotonically decrease f
upper miniband to the lower miniband. By compari
Fig. 6(a) with (b), we can find that the effect of th
transverse wave numberkxy on minibands, minigap
and surface energy levels is obvious.

4. Summary

In this Letter, we have studied, for the first tim
to our knowledge, the coupling effect of the norm
and lateral motions on the surface electron state
a semi-infinite SL with a cap layer and showed a
tailed comparisons of surface electron levels betwee
neglecting and including this coupling effect with
the framework of the effective-mass theory. The
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t
inside
Fig. 6. Dependence of surface electron levels as a function of the widthWd of the cap layer atUc > Ub (the substrate is AlAs) for differen
transverse wave numberkxy : (a) for kxy = 0, (b) for kxy = 2.0(π/W). The dotted curves denote the energy spectra of surface states
minigaps. Others are the same as those in Fig. 2.
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istence and properties of the surface electron state
sensitively dependent on the transverse numberkxy ,
and the concentration and thickness of the cap la
as well as the concentrationy of the AlyGa1−yAs
substrate. It is found that with the increase of
transverse wave numberkxy minibands, minigaps an
surface levels monotonously shift towards the low
energy region, and minigaps become narrower and
minibands broader. Moreover, the coupling effec
more important on the higher-lying minibands, min
gaps and surface electron states. In a word, the
pling effect between normal and lateral motions of
electron should be considered when the differenc
the effective mass of the electron in the well and b
rier layers cannot be neglected.
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