IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Electronic structures of GaAs/AlAs lateral superlattices

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1998 J. Phys.: Condens. Matter 10 6311
(http://iopscience.iop.org/0953-8984/10/28/012)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.209
The article was downloaded on 14/05/2010 at 16:36

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/10/28
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.: Condens. Matt&0 (1998) 6311-6319. Printed in the UK PIl: S0953-8984(98)92280-9

Electronic structures of GaAs/AlAs lateral superlattices

Shu-Shen Li and Bang-Fen Zhu

CCAST (World Laboratory), PO Box 8730, Beijing 100080, People’s Republic of China, and
National Laboratory for Superlattices and Microstructures, Institute of Semiconductors, Chinese
Academy of Sciences, PO Box 912, Beijing 100083, People’s Republic of China

Received 6 March 1998, in final form 19 May 1998

Abstract. The electronic energy subbands and minigaps in lateral superlattices (LSLs) have

been calculated by the plane-wave expansion method. The effect of the lateral modulation on
the critical well width at which an indirect—direct (X3 optical transition occurs in the LSLs

is investigated. Our theoretical results are in agreement with the available experimental data.
Totally at variance with the previous variation calculational results, the minigaps between the

first two subbands in LSLs, as functions of the modulation period, exhibit a maximum value at

a specific length and disappear on decreasing the modulation period further. The modulations
of several types of lateral potential are also evaluated; the indication is that the out-of-phase
modulation on either side of the wells is the strongest while the in-phase modulation is the

weakest. Our calculations also show that the effect of the difference between the effective
masses of the electrons in the different materials on the subband structures is significant.

1. Introduction

Lateral superlattices (LSLs) are made by imposing a periodic modulation on or in the lateral
planes of quantum wells and superlattices. There are two classes of methods of fabricating
LSLs. One is constituted by the conventional processing technologies, which produce a
direct patterning modulation structure on the surface of the quantum wells by using physical
or chemical processing. The smallest modulation period, on the 100 nm scale, has been
achieved in the last decade by the use of the processing technologies. The second class of
methods of making LSLs is epitaxial growth of periodic structures in the lateral direction.
The tilted superlattices and the fractional-layer superlattices, with characteristic lengths of
10 nm or less, belong to this class. Quantum wires may be regarded as the localization
limit of the LSLs.

Since the LSLs are ideal systems for which to investigate the effect of dimensionality
crossover on the electrical and optical properties of low-dimensional systems, and are
useful for exploring the fabrication technology of quantum wires and dots, a great deal
of experimental and theoretical research has been carried out on them in the past ten years
[1-18]. However, until now, owing the complicated potential pattern on the lateral planes,
only a few calculations of the electronic subband structures have been carried out. Sun [15]
has recently calculated the minigaps between the first two subbands in GaAs/AlAs LSLs by
using a variational calculation based on the simple two-wave approximation—i.e., the trial
wave function is composed of products of the ground state of the quantum well and two
plane waves in the lateral plane which differ by a reciprocal-lattice vector in the modulation
direction. As we shall show, such an approximation is qualitatively acceptable only when
the modulation period is much larger than the well width. When the two length scales are
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comparable or the modulation period is much less than the well width, we shall obtain a
quite different variation trend of the minigaps of the LSLs.

It is well known that, in GaAs/AlAs heterostructures, the lowest conduction band state
in the constituent GaAs comes from tRevalley, while that in the constituent AIAs comes
from the X valley. IfT"'—X mixing can be ignored, two sets of quantized states are formed.
The I'-like levels are mainly confined to GaAs layers and the X-like levels to AlAs layers.
For (GaA9, (AlAs), superlattices, a critical thickness gfcan be defined as the well width
of the superlattices in which the lowest conduction band state transits from the X-like state to
the I'-like one on increasing, provided that the barrier width is fixed. For LSLs, however,
the effect of the lateral modulation on tle-X transition has, to our knowledge, never been
reported so far, which is crucial to the optical process in LSLs.

In this paper, we intend to present a simple and efficient calculational model for the
electronic subband structure in lateral superlattices, with the emphasis on the effect of
modulation on the minigaps of the first two subbands and onlth¥ transition. Also,
we shall evaluate the effect of the differences between the effective masses of GaAs and
AlAs on the subband energies in LSLs, which has been shown to be non-negligible for
GaAs/AlAs superlattices.

2. The theoretical model

Let/ andd be the average GaAs and AlAs widths of the LSLs, respectiviely:= [ +d is
the average period of the LSL along the growth direction of the LSLs, which is taken to be
the z-direction. The interfaces between the GaAs and AlAs are=atnL, +1/2 + fi(x)
(n = 0,£1,£2,...), where fi(x) represent the periodical modulation structures on the
lateral planes.

According to Burt and Foreman’s effective-mass envelope function theory [20, 21],
neglecting the second- and higher-order terms, the effective Hamiltonian of the electrons
can be written as follows:

H=P

2m*mp +V(r) 1)

where P is the electron momentum operator, and

{m; for —1/2— f_(x) <z—nL, <1/2+ fi(x)

m*(r) = 2

mj elsewhere

Vi) = 0 for—1/2— f.(x) <z—nL, <l/2+ fi(x) 3)
AV, elsewhere.

mj andm} are the electron effective masses in the materials GaAs and AlAs, respectively,
which can be anisotropic along different coordinate directions, with components denoted by
mi,; andmj; (i = x,y, z). The electron envelope function equation is

HV = EWV. 4)

To make further calculations, we must specify the periodical interface structure. As a
model for the calculation, we assume that

fi(x) = AIF cos(i”) (5)

where Al* and L, are the amplitude and period of the modulation structure. Our method
can easily be extended to calculate the electronic state in other LSLs with various forms of
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potential. WhenA/~ = 0, equation (5) reduces to equation (11) of reference [15]. Clearly,
the present model is more general than the model of reference [15].

Using the plane-wave expansion method, we assume that the electron wave functions
have the following forms:

1 _ .
W(r) = mé"»‘ Z Com €Xpli [(ky +nK)x + (k, + mK,)z]} (6)

with K, = 27 /L., K, =27 /L, andn,m = 0, £1, £2, . ... The matrix elements of Ham-
iltonian (1) for equation (6) can be written as

( 2 h?
_*(Snn’smm’ - —*Snm,m’n’>Ki + Snm,m/n’ AVL (7)
Z 2’”1,[ 2m12,i

where

1mi,; = 1/mi; — 1/mj; with i = (x, y, 2)

ky = (ky +nK,)(k, +n'K,) Ky = kyk, K, = (k; + mK,)(k, + m'K.).
8w 1s ad-function:

1 forn=n’'
811n’ = (8)
0 forn #n'.
In equation (7), whem: # m’,
i
Snmm’n’:— +J+— -J 9
= (@ =) (©)

where
et = exp{zin[(m —m"I/L, + (n —n')/2]}
JE = Jo_w[2n(m —m")AIE/L.]
and J,(x) is thenth-order Bessel function of. Whenn = n’ andm = m’,

d
Snm m'n = T - 10
o = 1 (10
Whenn —n’ = £1 andm = m/,
Al + AIT
Snm mn — T A~y - 11
, o (11)
And whenn —n’ £ 0 or £1, andm = m/,
Snm,m/n’ =0. (12)

Thus, the electron subbands in LSLs can be worked out from equation (7).

Table 1. The energy band parameters of bulk GaAs and AlAs used in our calculations.

Energy gap (eV) Effective mass (in units ab)

; r X r X X
Material  E, Ey m, my,  mp,

GaAs 15192 1981 0.0665 1.9 0.19
AlAs 3.14 2.25 0.15 0.88 0.25
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3. Results and discussion

In our calculation, the bulk energy band-structure parameters of GaAs and AlAs are taken
from reference [19] as shown in table 1. The conduction band offsets are taken to be 1.06 eV
at theT” point [15] and 0.2918 eV at the X point. The number of plane waves expanded
in both thex- andz-directions is 21 in our calculations—namely those withn = 0, 1,
+2, ..., +10—and, using these, several of the lowest subbands can be accurately described.
In calculating the X-like states, we neglect the coupling between non-equivalent valleys.
Because of the anisotropy in the effective mass in the X valley, three sets of X-like states
can be obtained, each taking the longitudinal component of the effective mass in a different
spatial direction.

300

250

IA)

Figure 1. The lowest electron energy levels of X alfdas functlons of the GaAs average
thickness! for the AlAs average thlckness = 200A L, = ZOOA AVF = 1.06 eV,
AVX = 0.2918 eV;Al* = Al~ =10 A (solid lines), Al* = —AI~ = 10 A (dotted lines),
Al+ = 10A and Al- = 0 (dashed lines), and/* = AlI~ = 0 (chain lines), respectively. The
effective masses of the electron are taken from table 1.

Figure 1 gives the lowest electron energy levels of X &nds functions of the GaAs
average thicknesswith a fixed AlAs average thickness= 200A, and a fixed modulation
period L, = 200A. The four cases of interfaces studied axet = AI- = 10 A (solid
lines), Al* = —Al~ = 10 A (dotted lines),Al* = 10 A and Al~ = 0 (dashed lines), and

AlT = A~ = 0 (chain lines). From our calculations, we have found the following trends.

(i) When the GaAs average thickness is smaller than a critical VgJube firstI'-like
level of the electron is higher than the X-like level, and a direct-optical-transition LSL is
changed to an indirect one.

(ii) The lateral periodical structures can significantly affect the critical valuéyof
lp takes its minimum and maximum values when two adjacent faces are out-of-phase
(AIT = A" =10 A) and in-phase AT = —Al~ =10 A) modulations, respectively.

(i) The critical value ofly is strongly dependent on the conduction band offset of the
" valley at the hetero-interfaces. For larger conduction band offsets, since the X valley in
AlAs rises relative to thd” valley in GaAs, the lowesI-like level descends relative to the
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lowest X-like level, and the value df decreases.

(iv) The firstI'-like level of the electron has a lower confinement energy for two faces
being out-of-phase modulation or one-face modulatitii"(= 10 A and A~ = 0 A). This
is due to the facts that electronic wave functions are more concentrated in the trough zone
of the lateral periodical structure, and that the effective well width forItHée electron
in these two structures can be considered to be relatively widened. On the other hand,
the first subband energy of thelike electron slightly increases under in-phase modulation,
reflecting the facts that the motion of the electron alongxtitrection is somewhat affected
by the lateral periodical structures, and that the effective well width is in fact a little narrowed
compared to those for the superlattices without modulatioht (= Al~ = 0).

(v) Since the effective masses of the X valley are much larger than those Bfvihilley,
the lateral periodical modulation affects the electronic energy little, and the four curves for
the X-level energy versusin the above structures are too close to separate from each other

(figure 1).

Table 2. The lowestl" and X levels of GaAs/AlAs LSLsAI* = Al~ = 102 A, L, = 32 A).

I=dA Er (meV) Ex (meV)

29 304.25 238.61
43 182.06 207.05

180

E(meV)

0.0 I 0.1 I 0.2 I 0.3 I 0.4 I 0.5
k(2L

Figure 2. The lowest three subband energy dispersiond"oélectrons as functions of the
wavenumber in the-directionk, with / = 100A, d = 200A, L, = 2004, AVI =106 eV,
Mmgaps = 0.0665n0 ang maps = 0.15mg, and WithDAl+ = Al = 10 A (solid lines),
Al™ = —Al~ = 10 A (dotted lines), Al = 10 A and A~ = 0 (dashed lines), and
AlT = Al~ =0 (chain lines).

Notzel et al reported on the direct synthesis of a superlattice with lateral corrugation of
the interfaces on (311) GaAs substrates by molecular beam epitaxy [22]. The structure was
shown in the figure 1 of reference [22]. The lateral corrugation can be simplified to a cosine
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function with L, = 32 A and Al* = Al- = 102 A. Recently, Jianget al investigated

two GaAs/AlAs samples withh = d = 29 A and 43A and found that the 20\ sample

was an indirect-band-gap corrugated superlattice, while thé dBe was a direct-band- -gap
corrugated superlattice [23]. Our theoretical results, as shown in table 2, agree well with
the experimental results.

In figure 2, we show the subband energy dispersion relations of"tfedectron as
functions of the electronic wavenumbkrin the x-direction for samples witl = 100A
d = 200A, L, = 200A, and with Al* = Al™ = 10 A (solid lines), Al* = —Al~ = 10A
(dotted lines)Al* = 10 A and Al~ = 0 (dashed lines), and/* = Al~ = 0 (chain lines).

From figure 2, we can see that the minigap between the first two subbands depends on the
lateral structures in the LSL, which is larger for the out-of-phase and one-side modulation
(solid and dashed lines), and small for the in-phase modulation (dotted lines). Thanks to the
larger number of plane waves used in these numerical calculations, high-subband-energy
dispersions can be accurately obtained, and our data on the minigap between the first and
the second subbands are more reliable.

Figure 3(a) shows the minigap £ between the first and the second subbands$’ of
electrons as a function of the modulat|0n perind of the LSLs, wherel = 100 A
d = 200A, and Al* = Al- = 10 A for the solid lines, and\/* = 10 A and Al~ = O for
the dotted linesAE tends to be constant wher, is long enough, which is similar to the
result from reference [15], but quite different from that from the two-wave approximation
which is thatAE is a monotonically decaying function df,; our calculation shows that,
when L, decreasesAE first increases, then reaches a maximum, and finally vanishes just
as rapidly. This can be explained as follows. When the modulation pdriots large
compared with/, the reciprocal-lattice vector in thedirection, K, is much smaller than
/1, and thus the state at the bottom of the second subband is just the folded plane wave
with K, perturbed by the modulation. But, whén is comparable witli, the folded plane
wave may possibly anticross with the plane wave associated with the second confined level
in the GaAs/AlAs superlattice without modulation, thus forming the second subband in
the LSL. Then, the second subband has two energy minima, one at thekpein® and
another att, = 0.5K,. When the bottom of the second subband is at the paint 0
instead of (BK,, the minigap decreases upon decreadipgand finally vanishes when the
bottom of the second subband is below the top of the first subband. In the simple two-wave
approximation, only one subband in the superlattice without modulation evolves, so that an
incorrect trend was obtained whén was comparable to or less than

Figure 3(b) showsAE versus the average GaAs thickndssf the LSLs withL, =
d = 200 A, and with Al* = Al~ = 10 A (solid lines), andAl* = 10 A and A~ = 0
(dotted lines). Wheri decreases, the modulation effect is enhanced, ahdincreases.
When! = 20 A (solid lines) and = 10A (dotted lines), the LSLs become quantum wires.

Figure 3(c) shows\ £ versus the modulation amplitudel of the LSLs with/ = 1OOA
d = 200 A, and with AI™ = Al- = Al (solid lines), andAlt = Al and Al- = 0
(dotted lines). WhenAl increases,AE first increases, then reaches_a maximum, and
finally decreases slightly. As for figure 3(b), whexi™ = A/~ = 50 A (solid lines),
and Al* = 100A and Al = 0 (dotted lines), this figure gives the results for quantum
wires.

Replacing AlAs by Ga Al As, we can easily change the band offsets by changing the
value ofx. The minigapAE as a function of the band offsetV, is shown in figure 3(d),
wherel = 100A, d = 200A, and whereAl™ = A/~ = 10A (solid lines), andA/* = 10A
and A/~ = 0 (dotted lines). Whem\V, increases, the modulation effect is enhanced and
AE increases.
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20 150
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Figure 3. The minigapAE between the first and second subband energieE efectrons
as a function of the modulation periad, (a), the average well width (b), the modulation
amplitudeAl* (c), and the band offse& V" (d), with an average barrier thicknegs= 200A,

andm,, = 0.0665n0 andm},c = 0.15mg. The solid lines are for/t = A~ # 0, while
the dotted lines are foal* # 0 andAl~ =0

As shown in figure 3, the out-of-phase modulation always leads to larger minigaps than
that due to one-side modulation for the same structure parameters. As for the in-phase
modulation, close to the case for superlattices without modulation, the minigap almost
vanishes, and so this case is not plotted in figures 3(a)—3(d).

To examine the effect of the difference between the effective masses of the electrons in
the well and in the barrier materials on the energy subband dispersions, we have calculated
the electron subband dispersions as functions of the electronic wavenumber iditketion
k. with [ = 100A, d = 200A, L, = 200 A, and AlT = Al- = 10 A. These are shown
in figure 4. The solid and dotted lines are the results of takirig,, = 0.0665n, and
mips = 0.15mg, and takingm§, o = mias = 0.0665n0, respectively. This figure shows
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160 -

E(meV)
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k(2L

Figure 4. Subband energy dispersions of theelectron as functions of the wavenumber in

the x-direction k,, with / = 100 A, d = 200 A, L, = 200 A, AV = 1.06 eV, and

Al* = Al~ = 10A. The solid and dotted lines represent the results obtained when the difference
between the effective masses in the well and the barrier are not taken into account, respectively,
i.e., m&ps = 0.0665n0 and mj g = 0.15mg (solid lines), andng, s = maas = 0.0665n0

(dotted lines).

that the different effective masses of electrons in different materials significantly affect the
subband dispersion, which can be as large as 3.6 meV for the first subblane: & with

the above structure parameters. The difference is even larger than 3.6 meV at other points
of the reduced Brillouin minizone in the LSLs.

4. Summary

Within the effective-mass envelope function and plane-wave expansion formalism, the
electronic structure for GaAs/AlAs LSLs has been calculated. The effects of the lateral
modulation on the energy minigaps between the first and the second subbands and on the
critical GaAs layer thickness at which tHe-X transition occurs in the LSLs have been
investigated. Our theoretical results agree well with the available experimental data. Among
the three types of modulation studied in this paper, the out-of-phase modulation causes the
largest increase of the minigap and decrease of the critical VgJughile the in-phase
modulation has the weakest effect. The minigaps depend strongly on the lateral period
when the lateral period is comparable with the well width. Our calculation also indicates
the importance of using realistic effective masses of GaAs and AlAs in calculating the
subband dispersion.
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