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If, on the other hand, lateral imperfections consist of large
islands, or well-separated steps, the system resembles, in
terms of the electronic structure, a SL with vertical thickness
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the interfaces labeled **S/I”” in Fig. 1(a)].

tical disorder along the superlattice orientation. The interface structures

sketched in cross section in (a) are atomically abrupt (A), “microrough” or .
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be distinguished in cross section.) In (b) the layer thicknesses fluctuate,
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binding models.'"*>?® Within 1D models, lateral imperfec-
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in the form of mathematically {D models, if one is willing to
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exists on localization in 1D disordered systems,”"" and
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order is “quasi one dimensional” (which does not mean,

however, that the Schrodinger equation can be separated into
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Unintentional disorder is likely to consist of both types
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which have been realized experimentally in 3D SLs, e.g.,
AlAs/GaAs Fibonacci SLg. 133336

Studies on nonideal SLs using three-dimensional band-

unit cells are required to simulate the absence of periodicity

T ‘ -

-

L £ dinnnd e 16,17 nm' aall ) L1 . T
g!—g(:l gcpena Crmcalry oIl UIE CONETTIICT IEngil O Uic CApPCIL-

mental probe (x-ray diffraction, electron microscopy, Raman
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intermixing in {AlAs};/(GaAs), (001) SLs has been studied
using the local-density approximation (LDA) by considering
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form of atomic intermixing, the effect on the SL band struc-
ture is noticeable predominantly in short-period SLs, but less
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the energy bands is particularly important for short-period
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originating from different points in the Brillouin zone. Dis-

erties relative to their ordered counterparts with the same
composition:
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an indirect band gap and thus emits both weakly and  SLs are presented. Conclusions and a summary are presented
slowly; in Sec. V.
(b) A large red shift (~60 meV) of the PL peak*** with
respect to the equivalent 0-SL;

(C) An Order"of"magnitude slower rate of reduction of the . MODELING THE STRUCTURE OF SUPERLAT-TICES

 PLintensity with temperature, and WITH RANDOM LAYER-THICKNESS FLUCTUATIONS
(d) Nonexponential PL intensity decay at long times*
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These unusual properties of d SLs appear very attracnve-fo_r onolavers of material A and m monaiavers of material

on these two types og 1ntent10na11y disordered SLs has been

however instead of the perlodtc sequence n,m,n,m,... we

| nblished in Ref. 47 x i, o
J— wibl — - % - ’i'—‘s_'_‘ -
VAL LB Sy, |see Fig. 1(b)]. The SL is thus no longer described by the
(i) The lack of translational symmetry requires the use of ~ small, n+m atoms unit cell A,/G,, . Instead, we use a large
unit cells with a macroscopic length N~1000 mono-  unit cell that can be descmbed by (normalized) distribution

. e e
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While it is possible to rescale the microscopic length scale probability p;(0).] By requiring the two materials A and G
by replacing the periodic atomic potential by an external,  to. alternate, one considers in effect the joint distribution

rectangular potential, this approach fails to describe impor- functlon P(A, Gm) of one-dimensional “molecules” A,G,,,
- B TP PR VL

however, be easify relaxed by allowing P L0)>0. For ex-
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microscopic pseudopotential description of the electron
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structures, -effective masses, deformation potentials,  pe form of Eq. (1) is also expected in SLs with uninten-

band offsets, and energy levels in snperlattice_s.48 This is also  tjonal random thickness fluctuations, if these fluctuations do
called the empirical pseudopotential method (EPM) in the  pot depend on the material deposition sequence (i.e., if there
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gap), without havmg to solve for any Of the lower-lying  thickness of the AlAs segments to a constant no, hence,
eigenstates first, thus circumventing the need for orthogonal- P(A,G,,)=pg(m)8(n—ngy), (where ng=~10), and pg(m)

Sasaki et al.® chose this type of random sequence, with

ization. The effort scales linearly with the number of atoms, was chosen to be a discrete Gauss1an distribution around a
to ys¢ the pealjstie, three-dimensiong] psendope _aaon thicknace Lo\ gl Qb4 atnl ¥ nn tha othar |

entials, and to soive the Schrodinger equation in a highly  hand, fixed the length M=r+m of each “molecule” using
flexible plane-wave basis even for N=1000 ML. Following P(A,Gy—,) =p(n), where the distribution p(n) was chosen
these accurate pseudopotential calculations, we also per-  to be the same as that used by Sasaki ez al.'> In this approach
formed EMA calculations pa(n) and pg(m) are completely correlated, since knowl-
‘edge of one completely specifies the other. Therefore, in con-
trast to Sasaki et al.’s d-SL, Arent et al.’s variation corre-
sponds to partially ordered SLs (po-SL), retaining long-range

(i) to check the validity of the effective mass method,
and
(ii)  to obtain some statistical properties of the electronic
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[p(2)=2 and p(1)=p(3)=1+5], i.e., for a d-SL with average
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Because the distribution p(n') is normalized, we can write
p(n)=1/(1+2R) and p(n=1)=R/(1+2R). For the ideal,
ordered nXn superlattice R=0, and p(n')=8(n'—n),
whereas for a d-SL with R=1 all three layer thicknesses
{n—1,n,n+ 1} occur with equal probability p=3. The mini-
mum value of R that can be reached in a SL of finite length
onds to a single ‘“chain mutation,” (a single
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the “ideal” periodicitv of 4 ML is still clearly

-
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Inier-layer separation

FIG. 2. Layer~layer correlation function (I1,(;)) [Eq. (2)] of (a) an ordered
(A),/(G), superlattice (0-SL), (b) a disordered superlattice (d-SL) with a
small degree R=1/10 of thickness fluctuations [Eq. (3)), and (c) a d-SL with
maximum disorder R=1.

monolayer i is occupied by material A(G). The pair-

rarralatinn function far twna maonalavere eenarated hv die-

_ I ——
The one—almensmnai FOUrier (ranstorm or the regi—space

correlation functions of Eq. (2) equals |S(k,)|?, where k is a
wave vector along the SL direction. The form factor |S(ky)|?
is proportional to the diffuse scattering intensity of a kine-
matic scattering experiment at zero temperature. Figure 3(a)
shows |S(k)|? of the ordered SL with correlation function
(I1x(j)) depicted in Fig. 2(a), for &y lying in the first Brillouin
zone of the empty linear chain. Clearly, the *diffuse scatter-
ing” of' th‘e 0-SL consists of the new Bragg, or satellite peaks
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where sum runs over the N monolayers of a particular real-
ization of the SL, and the angular brackets denote a configu-
rational average. In an ordered A,/G,, SL we have in Eq. (2)
N=n+m and {IL,(j)) is a periodic function with periodicity
n+m. Th1s is 111ustrated in Fig. ’7(a) for an A2/ G, o-SL,

disordered SL, however, we must perform the conﬁgura-

tional average in Eq. (2), or equivalently consider the 11m1t

1% T
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to true diffuse scattering throughout the 1D Brillouin zone.
The average periodicity (n)+ (m) =4 still leaves fingerprints
at the peak positions of the o-SL. (In the case R=1, there is
also a maximum at the previously forbidden wave vector

kll_z )
amd Vgl ved TF 2 R —

tude is smaller than that of the ideal o- -SL. Figure 4 shows
(TL,(j)) for po-SLs with (n)=2, R=

10, and R=1 exhlbltmg

Mader, Wang, and Zunger
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FIG. 3. The diffuse scattering intensities |S(k,)|? of the d-SLs shown in
Figs. 2(a), 2(b), and 2(c), respectively.
coexistence of rather strong peaks at the o-SL peak positions 'é
(marked by vertical impulses) and a diffuse background of =
comparable amplitude than in a 4-SL (Fig. 3). éﬂ
The appearance of diffuse scattering intensity in a d-SL 5

is in fact a manifestation of the relaxation of the k; selection E
rule due to the breaking of translational symmetry in the ~

_ d-SL. We see in the following sections that the relaxation of = 100
tronic structure of disordered superlattices. -
ll. ELECTRONIC STRUCTURE CALCULATIONS

_

. 0.00 0.25 0.50 075 1.00
1. The pseudopotential and the basis_sel 2 fpnan A e e
A 3

wL r1gs. 4a) ana 44b), respecuvely.
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pscuuopowcial, l
[— 2V 4 V(1) — €rf*¢y(r. k) = (€;— € ¢;(r,K), )
VD=2 g vallr—7a—Ra)), © where €.cjs an arbitrary “poipter”” and {e;. ¥t are identical

. & —
!!!!!!Illlll III I Iiiiiii[ T

cells n of the screened atomic pseudopotentials v ,(r). We
have recently parameterlzed v (1) for a=Ga, Al, and As, so
P aclet hond sgnwrtaras of hualle

(7) corresponds, however, fo the eigenvalue closest f0 €.
Thus, by placing the “pointer” €. inside the band-gap re-
gion, one is guaranteed to find the valence-band maximum
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Ref. 48. An important aspect of this pseudopotential is that
the arsenic potential depends on the identity of its four near-
est neighbors; i.e., the number of Al and Ga atoms around it.

gas_irnacriopt ipkaseipl aff~355° fha porotie

Vir) cITanges from GaAs-like to a mixed GaAlAs type at the
interface and finally to AlAs-like. Thus, while V (r) is not
calculated self-consistently, it was constrained to correctly
describe LDA-calculated superlattices via introduction of
such interfacial effects. This feature distinguishes our empiri-
cal pseudopotentia! calculations from other calculations of
superlattices (see review of other calculations in Ref. 48).

rithm used to solve Eq. (7). The solutions of Eq. (7) obtained
this way are exact, equalling those of Eq. (4).

B. Une-dimensional envelope-runction model

In this subsection, we describe the effective-mass model
used in addition to the pseudopotential method to calculate
the electronic structure of the disordered SL. By using the
effective mass model, we are able to find the eigenstates
even far away from the band edge and obtain statistical prop-

~—ertics-of-the-states by-caloulating meny-different random se-

-_—

Anatinn (AN ic enlved_hv evnanding slrfelr) in nlane
.= - "ﬁ' ﬂ wli

Gmax

gk =2 Afk,G)e'tHOT, ©)

matrix elements of V(r) 1n the basis set oI £q. (0} are caicu-
lated by a Fourier transform, with no approximation except
truncation: The basis set (6) is truncated at some maximum
value of G,,,,=2.24 a.u. (resulting in about 30 plane waves
per atom in GaAs/AlAs systems) determined in the construc-

3D problem. Note also that no use is made of effective-mass,
k- p, or envelope-function approximations here.

_____? Sabhdprutho Sphrarinparesuation

Substitution of the plane-wave expansion of Eq. (6) into
the Schrodinger equation Eq. (4) results in a matrix (secular)
equation whose dimension is NgXNg, where Ng is the
number of plane waves entering Eq. (6). In practice, this

Using the Kronig—Penney effective mass model, the
three-dimensional problem of Eq. (4) is reduced to the one-

cht<z))¢,-(z)=e,-¢,-(z). (8)

Here m*(z) is the effective mass, V,(z) is the external
potential [to be distinguished from the microscopic atomic
- envelnne finc

calculation, we assume periodic boundary conditions for the
supercell. This is equivalent to connecting the left-hand end
of the SL with its right-hand end. Written in the form of Eq.

(5. we iroply. that the boundarv condition at the GaAS/AlAs

interface is  the  continuity of  @(z) and
m*(z) ' (dldz) ¢,(z). More explicitly, we have

o t50) i)
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equation require orthogonalization of each state to all other

states thus leadmg to an N3 scahng of the effort mvolved

e
g Tl 4 T e NPT e = ‘E
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layer 'mdex (I=1,...N, running from left- to right-hand side).
Then, mf®, V,, and the layer length d; spec1fy the phys1cal
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{where z, is the left-hand-side position of the /th layer), then
from Eq. (8) A,4, is given by

1.519

For E= v, and k = 2m}(E— V), we have

cos(kd;) sin(kd;)/k i
MUEY=\ _jm. | sin(kd)im*  m¥,, cos(kd;)/m*
I+1 im] I+1 im
' (LZ)
while for E<V;and k = \2m}(V,— E) we have

cosh(kd,) sinh(kd,)/k _1

M,_(E)—{

R —

l15v

GaAs AlAs

—FIG A_Rand nffsets (eVM) nead for the GaAg/ALAS interfoce el he s e Uk e—

edge energies yield their corresponding potential V(z) in the effective-mass
calculation of Eq. (8).

, BRIl it ol s neUGT W C0QUDe RS lary o oy I ot gpllevs The

N
AN+1f(l__=1_I] M,(E))A1=A1~. _ (14)

The ith solution of E vields e. whereas the ith solntion of 4.

[y \

», ULIOUpPULCH c C JU . LI 9. 3 '
m*~Ak%/2AE are shown in Table L Using the band offsets
of Fig. 6 and the masses given in Table I, we can calculate
the electronic structure of superlattices using the EMA of Eq.
(8).

ha f'lewing neroay

£

= - T

and scan d(E) within the interesting range of E. A change of
sign in d(E) when E increases indicates a solution. Then
Newton’s iteration method is used to find the exact E value
Wthh vields the zero of d(E). However, for the d-SL, when

(@) Inhec ideal ordered superlattice of period 7.
and p(n')=68(n’ —n). This will establish the elec—
tronic structure of our “‘unperturbed system” (Sec.
IV A);

gdoa this nrecedire is numerically __ TARIE I._EPM effactive, masses. (in nnits nf free plectron mass) at different
€ typical exponential prowth of VAITEYS ATONE UILEICL UIECUUNS. LIE U4AS A”valey energy MInimum 18 at

). ,M (E) as a function of N. In this case, we need another
procedure to find localized states. We start with A,=[0,1]
_- 1 i 00O ey

pd scan A, ={q(FE).b A
e

5

if Al halaneine fnuﬂue E hn;v lqrn—a smnlifin r

— 1 or

culated by shifting the starting (the ending) position from
the middle of the starting and ending points.

re]:qh]v m_lnllofp a|1 tha otat

(0.89.0,0)(27/a), where a is the lattice constant. Its effective mass is evalu-
ated at this energy minimum point. All other valley minima are at their
corresponding high-symmetry k points.

for almost arbitrarily large N.

GaAs (1uy) v.410 VLY w.u//
. . . . .. GaAs (111 0.975 0.065 0.077
{=1 (I=N) to another point, so that this localized state is in AlAs (100)) 0.439 0.157 0.158
AlAs (111) 1.020 0.111 0.158

By switching between the above two procedures we can .

. 1 ) X valley: (100)
uuuuuuuuu escfa-one-dimensional system
Parallel: [100] Perpendicular; [010] Along [111]

To solve the 1D problem we need to determine the ex- GaAs 1912 0.246 0.3466
AlAc R B4 0337

ternal potential V., (i.e., band lineups) and effective masses. : 2
ﬁ The EPM calculated band offsets at the GaAs/AlAs interface ' .

are given in Fig. 6. Since the AlAs X, state is near the
CBM for small penod superlatt1ce the X valley demved

111

TLLLT UL LALUOUIL DLRRGD Gy UUPULLGULLL. LIUD,  AUL CIVVLLULL
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FIG. 7. Energy levels of ideal (AlAs),/(GaAs), superlattices along (a) (111) and (b) (001}, as a function of period #. Solid lines: pseudopotential results;
dashed lines: effective-mass results. The bulk levels in the middle column are reached asymptotically as n—o. The SL states are denoted with an over bar,
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(b) SLs Wlth laterally mtermlxed mterfaces Here, the

all penod n. Both the hlghest valence and the 1owest con-
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folded from the zinc-blende I'-L, line. For small #, this
proade drset T O Hmiivio mitesabtroagly Wit 1R Lir0oim—
T'.(I',) state. The mlxmg, and thus the level repu1s1on shows

oCC. IV D),
(c) The single &doping layer case. Here, a monolayer of
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stitutional randomness, and inciudes the disordered SLs
considered by Sasaki er al.,'® and the partially ordered
ones by Arent e al.*’ (Sec. IV E).

A. Ideal periodic AlAs/GaAs superlattices: Abrupt
interfaces

—m

(ii) For n<4, the lateral X, , valleys (folded to M) and
the X, valley (folded to F) are nearly degenerate
(iii) For 1<n <8 the pseudodirect, AlAs-like T (X.) state
is below the direct, GaAs-like I'.(I",) state, thus the
SL is type I1;> for n>8, however, I (') is lower, so
the system is type I (experimentally, the type-IL/type-I
ossover js found®™ at p~11).

P UUUpoTorTTIar Curs ]

ergy levels on the period n, for (001)- and (111)-oriented
SLs. The results correspond to the scalar-relativistic limit
without spin-orbit interaction. Since we do not use envelope
functions, the results are not limited to near zone center

O IOSIT Oy IOIIot ) OUpT

compared in Fig. 7 (dashed lines) with the EPM resuits (solid
lines). The effective masses used in the EMA are from Table
I which is calculated from the EPM. At large superlattice

period n, the EMA results agree very well with the EPM
recilte [Bar the (N1 RIY(TN ruruve there ic a emall dieo
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(ili) the potential offsets for the GaAs/AlAs interface are

small (Fig. 6), thus, even for n=1, the k in Egs. (12) 24 i ' ' '
and (13) is small. so nonparghplicity is small. ] @ASL/_(GaAsL (Oﬂm,, )
In contrast to the good agreement between EMA and L :

EPM for the above states, the EPM l_:‘c(F) curve for both
(001) and (111) bends down at small #, while in the EMA
there is a monotonic dependence. The EPM bending is due to
the mixing of T'.(T") with I'.(X, ) in the (001) case and with
T.(L) in the (111) case.”® This cannot be described by the
one-band effective mass model (or even four-band k-p

Energy Gap (eV)
no

L

PI/)&,.\I1) \WUil guyl w4 n2a 11t |gp,s)_uuc 10 [OI10Y)

o
'y ., - W I 14 ' R— '
- e -
-

“ 2wt & ﬁ‘;rl“r—'—

) — - — - —~ — § - i = T —
f 4 _ . % S g ~omose = wt

and the broken lines are hnear mterpolat1ons between the respectlve end

Fejﬁ#r‘ﬂ i% v it
Tenl suggesied by Laks and Zunger as a

reason for the discrepancy between the experimental assign-

ment of the conduction-band minimum and theoreucal pre——given su 1o X1/ Tc
dictions. In_particular. for the monolaver (z=1) snnerlattice or n=(). (b 50 and he perfect ann
X -derived gan at AZ ig fonnd 5* We tested the idea ot 0 ~0d in rlosa anreene s (ith D ekt 5 o’ ks

=
Ia

werlpige gan Jr-viedad@r g were qgosel grvarry  ghoamption e~ s thy silioCgrran

(Alip+pnGayp— ypAsh (Alp—,nGap , nAS)L, 2. Intermixing in (111) superlattices
where 7 is the lpne-ranee-gpder {LRQ) }}éﬁmw_L de-  __ Agthegenpal nerind noof the ideal SLingrp iPe_r‘_anu.._‘.
p— — . =

roughness in the monolayer superlattice we expand the re- the band gaps can shift considerably. We have considered
peat period (XXY) in the interface plane to an (8X8) unit  the (AlAs)¢/(GaAs)s (111) SL, because of a controversy

cell. We can thus have 77‘“1 n/32, where n is the number dbOl.lt the nature of the band gap between theory52 60

however, we assume a repeat period of 4 ML along [001], SL, we have used a planar (45(4) unit cell to simulate chemi-
resulting in a 512 atom supercell. Hence, within the supercell ~ cal intermixing within =1 ML across the interfaces, resulting
there are four distinct Al-rich and four distinct Ga-rich lay-  in a 384 atom 3D unit cell. The superlattice is thus converted

pen suith Ao itices O &) a9 AN & yial FLIR . Py

d‘ il .
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expanded in terms of a usually small number of zinc-blende  the pseudodirect Isc(Lsc) and 1nd1rect gaps M 6C(X66)

wava ﬂmqsm,}q ‘FTA 110 rs N £ a2 + L a1 LT T S R T | AN ~n ey
= Jatter expansion as Welgnts iﬁ'é\?eiIuatlng spectral averages of ~ however, does not change upon intermixing, remaining '

| zinc-blende-like eigenva]ues For example, éI\ E) deggé $ I“Fq“ ¢- ) althoush the nsendadirect trancitign T (T
f—mr.—crpccarucn—vaTu = 1c LRY ISvel Ul d 18 NOW only ZuU meyv (aown Trom U mev; away.
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TABEL 4O %d:ﬂd‘gdpo ﬁu v ot RIS G \ DAL 10)6 \;li‘w\.u it ————————————————

ideal and chemically intermixed interfaces. The zinc-blende (ZB) parent : _ .
e sites are found by nroiecting the S]_wave functions 2B fales. GaAs & - layer in (Alli\s)zl(GaAs)z
004
Gap L CB1
(ZB origin) Ideal SL Intermixed
0.02 L
Tgo(Tsc) 1.81 1.89 L
T (Ls.) 1.86 1.91 0.00
M(Xs.) 1.92 1.95
Mg (Lg.) 2.02 2.04 FE 0.02 »
g 004
8 b
. . . & 006} VB1+2
Experimentally, the absorption edge was determined to be at g' L (@) 3
1.90 eV,®! close to our calculated band gap of the intermixed g o008 N
SL. The observed PL emission peak at 1.80 eV, however, 3
cannot be explained by chemical intermixing: Table II shows % 001 F
that intermixing leads to a blue shift while experimentally §

quﬁﬁd, éﬂ)ﬂﬁible amlanaﬁg F‘or a lar.gm Iléémghm cB2 qUM :ﬁﬂ] it _

C. A single & layer inside an ordered superlattice l )] VB3+4

We next model the case of a single layer of A or G N = 128 ML
inserted in an ordered A,/G, SL. It is well known® that, (001) growth axis
while in 3D an impurity potential has to exceed a certain

Gi 9., Pseudgoptential caiculated olanar average, of the wave functions

localization, consider, for example, a G4 dlayer embedded in
the otherwise perfect 0-SL +-*A,G,A,G,A,G,+ -+, thus con-
verting it into --*A,G,A,G3A,G,-+- , denoted as A,/ G, :G5.
If the G4 & layer is attractive fo electrons (holes) it will bind  lowing length scales (in ML units). The effective localization
a state below the CBM (above the VBM) of the 0-SL.%* We length for wave function ¢ at energy F is defined as®
find that a (GaAs),; & layer in the (AlAs),/(GaAs), o-SL in-

21-1
deed binds an electron and a (double degenerate) hole [Fig. Leg(E)= é_ [ f dz(f dx dy| l/'E(l')lz) ] , (16)

9(a)], while an (AlAs); layer binds an electron but does not
bind a hole (Fig. 10). Figure 11 shows as dashed lines the

dJ 100 he bound states of a sinsle S la in A

of the n=2 ordered SL along the symmetry lines % and A,
ie., from I to M=1/2(1,1) and from ' to X=1/#72(1,0), AlAs 3-layerin (AlAs),/(GaAs),
rgspectivelv. The thin horizontal lines denote the band edges :

il o WXV TPV AR oo o MWET T o Sl T g

while those of A,/G,:A; are Ag,=33 and 5 meV respec— 3
ﬂgly lhc Belp hindine E Ralsy ég[fi 7 . S
Y o TR VAN Ll T i) i, A d
\UaAS)‘g/(AIAS)Z are cxiendaea states, as iuusuatea 1 rig. 0.02 1 1L L 1. X 1 X 1 )
9(h) far the next hisber{lower) state followine the bo NoI8ML o e

The WaVe—funCtlon 10C311Z3t10n perpendicular to the  gG, 10. Like Fig. 9, but for an (AlAs); & layer. In this case, there is no

- e —— e il < - S R I 5 A S
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VBM of periodic 8-layers

VBM of 0-SL

Degree of Disorder R

O galenlated _hand-pdoe gnproies nl_jusatileted {de,

. Lines are guides to the eye. The thick horizontal
lines denote the unperturbed band edges of the parent 0-SL. The vertical
bars on the d-SL data points denote the range of binding energies obtained
from ~10 different realizations of a d-SL with length N=128.

supercell size is N=]28.

and measures the region along z where i is “sizeable.” In

Eq. (16) the planar average of |ii|? is taken before integrat-

ing along z, d is the monolayer thickness, and the wave similar to those obtained in the fully disordered SL, suggest-
function is assumed to be normalized in the volume of the ing_ that the same mechapism of localizationcould hbe atwork

T

R —————
ad a statv uiat W vutllplowcly vuliiaca LU VLG ll,lUllUldyCl

has Leg=1. The asymptotic decay length y~ ! far away from
the locahzanon region is-given by{} sz(v)})_rr e, where  D.An ordered array of Slayers-inside-an-ordered——————

uiir_laj,ﬂr':n—

v I e Ak et A g

%ﬁf PRS- : a ﬂg#

TABLE III. Effective localization length L.y [Eq. (16)] and exponential as the thin solid line in Fig. 12. We see that even foran array
decay length ™" for the &layer systems depicted in Figs. 9 and 10,and the  of closely spaced & layers (R—1) the binding energy does

disordered and partially ordered SLs depicted in Figs. 15 and 16, respec- not increase, indicating negligible interaction between the
tively. Reported are the values for the states at the conduction-band mini- ’ & neglis ! on betw

mim (CBM) and at the valence-band maximum (VBM) in ML units. neighboring, coherently arranged bound states. In fact, at

Leaff Y Ligff Y o - 'y e htmdiidetnt B annt Al Al o d

‘ it i =
b

A s g T I = Sipgmataks d o s —--1:*!‘_ vl —

those of a disordered system. Consequen!ly, short supercells
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TABLE IV. Overview of different disordered systems [superlattices (SL) and multiple quantum wells (MQW)]
in the parameter space of R {Eq. (3)] and An/n. .

. —_J
Small mean density Large mean density
¥ ﬁ

= : _ x i
Small fluctuation  nearly *‘ideal” SL/MQW strongly disordered MQW

_ {An<€n) jmpunijtvlike localized states effective-mass-like hound states
Loree fluctmationStrone nerturhation of hand edees  Z-8T. po-SL '

— = I S — - i
n<10

with N=~10-20, as have been used before to describe disor-  line is 2L using the one-dimensional version of Eq. (16).

dered ST s> are ninable to simulate the hehavior_of tralv__ Fisure 13 shows that_all states_are localized, as expected
= ;

inerc 1S no wuansuion Irom 10CailzZed sLdies o aeloldailzea

E_A dicasdarad areau af Slavare __________________________sfates érﬂimg g]gas Eﬁﬁg ﬁgﬁ Es Eﬂﬁih%ﬁﬂgg 2£ EEE %ﬁiﬁi i%

TIOTC PIOPoIT) Goooilioow U tio snaoits oo 1 T ipeso to

iyes.the distrbntion of the4-SI, states. in hath energv and

Next, we introduce disorder in the SL by arranging the &

that very large supercells are required, if one wishes to ac-
curately describe the layer—layer correlation function of a

disurdered systeur. Weh e total Termgt e .
) localization length L.g as functions of energy E. We have
1000 ML for EPM, and up to 2000 ML for EMA calcula-  yoy1ated 100 d-SL systems (each with 2000 ML as in Fig.

| Lions..in, order fo verify the convergence of the results ob- 1oy ’
& | |

e e O e —

one-dimensional DOS. If the lateral dimensions were consid-

ered, the shapes of the DOS would change.) For electron

states. we calculated both the X vallev states and T’ valley

H 1011, U.lbj nmavec vcelL Dlllall LuLLuiauuvin Alciorule WO lavwe : - 7 i
8 o : ’ only makes sense for low-energy regions where two separate

often used a single realization of a d-SL to calculate band- . .
valleys are well defined. For high-energy regions, the states
edee energies and wave functions. For the EMA-calculated B,,,,,yv I S __-Lgi- 4:_L§g_y‘..:_g‘“1.h A leen

One way to display the information in Fig. 13 more
quantitatively is to calculate the density of states (DOS) and

est needs to be evaluated; in some cases (see below) we have
used ~10 realizations of a d-SL of given total length N and
disorder parameter R, and have found that the EPM-

— ) —

In the following, we discuss separately two regimes of

—_— hd
m l

UL vadant €t Uk, AU LG PUTIOLD UL DUV B Ui (S IV IV A A%
treat the case where the thickness fluctuations are relatively

| small perturbations of the ideal SL, i.e., An<€n. An overview
of the different regimes considered is given in Table IV.

4 DNieardarad Q1 c with A n=:n- EMA dancituv nf ciatoe < 0 (2) Xvalley electron states GaAs CBM =0

edops. We calcnlated heavv-hale siates tor the _ugle and X . e —

'_mmW\—utvu u:y_‘u o‘mg;d, LIVLLOAVARLGAL LM, L LN TR
vertical position of the line indicate its energy and horizontal FIG. 13. Effective-mass calculated localized states of a 2000 ML 4-SL.
— e‘(f“;;-—: - > LI -2 | 12 7 La 1 PPN | dle oL L. L NS N T : fa o MW 13 1 1 JUK
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FIG. 14. Effective-mass calculated density of states of (a) the (001)-ordered (GaAs),/(AlAs), and (b) Sasaki-type disordered superlattices, and the localization

lengths (¢) L.g, (d) y™* of the disordered superlattice. The conduction-band energy is measured from the bulk GaAs CBM and the valence-band energy is
measured from the bulk GaAs VBM. .

a multiband calculation. A very interesting fact is the peaks  and heavy-hole states, there is only one peak in the ordered
in the DOS of X valley electronic states. To understand these  superlattice, thus their DOS of d-SL have simple structures.
peaks, we have calculated the DOS for the (GaAs),/(AlAs), The effective localization length L. [Eq. (16)] is shown
ordered superlattice. The results are shown in Fig. 14(a). It is in Fig. 14(c). Notice that L. increases a bit near the band
evident that the peaks of X valley states of the d-SL in Fig. edge. As described by the Lifshits theory, this phenomenon is
14(b) are the remnants of the peaks seen in Fig. 14(a) for the due to consecutive wide potential wells. At energy far away

E_Lﬂjiﬁj sgrue shi he gther hand for ™ §3llev o1Aer e Tiath~ hnpd o et i o boohpaakads
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heavy-hole states bend down. Part of the reason is that we
used the boundary condition of Eq. (9). As a result, for very
. large Ewihep theeffrot nf thepotential js.po Innger imnar.
tant, the mass confinement still plays an important role. This

show_a few band-edge wave functions of an N=1000 ML
d-SL, which are plotted using the planar average introduced
in Fig O For examnle. the stafes labeled CR3 and VR1 are

localized at the same positions along the chain, and conse-

- .y . s 4 et ,i- - : 5. g o ‘ﬁru‘ﬁ.:.. b al ,_‘1._:,.._.,_\i2Ei.krﬁa- l-_e_l.»gmdul*ﬁ‘gi‘ii_
length Y * as described 1n dSec. 1V C. It twrns out that this y tor strengin y OI an optical ransirion, wnicn 1s aenned as

is just the exponential growth rate of Ay, (£) [defined in
Eq. (14), which does not equal A ; for arbitrary £] as a func-
tion of N. If E is an exact eigenvalue ¢; of an localized state,
then Aw.1=A, . thus. the magnitude of Ar.; is O(1). How-

Apny1(E) directly and the result is accurate and reliable. The
v Y(E) are shown in Fig. 14(d). Note that, in the DOS tail

_{ s oroer than 2471 iodicating T ifchits Taraliza.

cahzed wave function cos(kz)e vlzl Wlth k much larger than

. vl Kan Yl ) pasbeld @;"W ra._,r'f

1 2[clplo)*

f~%a ho  3m a7

Jabmled\ dlan AfAla mmnteis

TTmen & .. Zh dlia buenennidlnmim emmeamwr

average over the three polarizations x,y,z. In Table V we
report calculated values of f for direct transitions in various

dered SLs are 1 2 orders of magmtude smaller than

hasteatathatl ther rngr gz ctdrapsitings
A~ 11 i al 2 !- .

4

the dips of L.y (E) and peaks of ¥~ (E) can be understood is of the similar strength as a pseudodirect transition,

as follows. The existence of the eigenstates around a given  (iii) Transitions between two states that are localized in

— “en - . . e - ~ s mmiimn mamtnie alaiae = min af mmnanan Liln ntwne sl

WAL WOy ) MAMAVARUS: DOV @ P i wiy s et Thus, the transition between the two localized states VB1

}giuce a peak in y !(E). On the other hand, because of ~ N Thhmm 1N ad 10D g tamales il'iﬁiﬁ

2. Disordered SLs with An~n: Band-edge states and |ate =1 s for the VB1—CB3 transition at energy 1.96 eV.
oscillator strength These radiative lifetimes are 1000X faster compared to those

We now focus on the band edges near the band—gap Te- measured in indirect-gap o-SLs (7~5.5 us at T=2 K).>*

a-DLS. LIS, WE aIdCUSS WIS TCSULLS UL VUL pgseudupuLletitial
calculations. In Fig. 11 we show the EPM-calculated disper-
sion of the band-edge states of the d-SL (solid lines) with
p(1)=p(2)=p(3)=1 along the symmetry lines = and A.

thwgwqgtﬂumeg_thgbam edges af the.under-  folded state_and nne stafe gmnme t

YYC LUAVC dDUCLHL LAl 111 UIUCTICOU LD ULC ULDLLLILLIULEL vilywooll
direct and pseudodirect transitions can be made by mapping
SL states on ‘“‘parent” states in the zinc-blende structure:
Pseudodirect transitions at a SL. wave vector K involve one

%a T .

PUISIULL UL LLIC LUIUCU L], SLALTS, WILCH 1S 1HUCLE SUUIIETL 1UL

odd values of the repeat period # than for even n [see Fig.
7(M1. In the d-SL the odd—even selection rule is broken.

the conduction-band edge below the ones at X and M by 60
meV, making the d-SL a direct-gap material, even though the

0-SL is indirect (with CBM at M).

2l V3L | 1irb wbhethnathe di wanpiti QR0
§A%2 .l Aol Bhus Vol TR No Il Denember 1995

leJC\:LlUlL ULl LHIVTUICLHIVUL DLAiVD. YYL Llave PUJ.J.UIJJL\/U ouLvll A
analysis for a few conduction-band-edge states in (001)
d-SLs. We found two tvpes of states:

DLaltvy 1o t}vcu\.vu UL LA 1 HUJIIL’ L2NPAV Y
(i)  localized states whose projection is peaked at the X,
point of the ZB Brillouin zone.
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valence-band states, they are measured from bulk GaAs CBM and VBM, respectively.

type-II band ahgnment of the ordered (001) SLs. Unlike in
‘NF‘_ PP I .

mechanism of locahzatlon in both cases is essentlally the

- — 0 _SF i

DT § vy

concentration of o layers, an increasing number Of bound

also has the 1'(1',) state

below the F(X .) state [Fig. 7(b)]. This band order is not
reproduced by the EMA, and we see below that also for the

states is introduced, which are degenerate at small concen-
tration R. Unlike in the case of the periodic array of & layers,

o oot AlD conton




% RERAL0 00 1§ §

valence-band maximum (in case Bf a éegenerate VBM the squared &ipole
matrix elements are averaged over the degenerate manifold). For the disor-
dered systems, the final states are identified in Figs. 9, 10, 15, and 16,

*MM-—W’ i ‘_ﬁﬁ,@?f poali

2l ribatsmeasition alang L e

10,
(ii)  the band-gap reduction is slightly larger for the po-SL
than for the d-SL at equal R (see Fig. 12).

Indeed, PL emission lines have been measured at energies as
low as 1.87 eV,% in agreement with our calculated band gap
of 1.87 eV. The CB1 and VB1+2 states are localized in a
region where five (GaAs); wells are separated by four

respectively.
Energy
System Final state (eV) f
Bulk GaAs 1.52 4.03
‘ "*"‘iﬁﬂ T, o
H_- e e
LALAS)/(UaAS), (&) 2.9 [PAV2.]

B el T s - T =

trons. This asymmetry is contrary to expectations based on
1D one-band models, and reflects the strong band coupling

T ——
Next, we calculate the Sasaki-type d-SL using the
effective-mass model. The EMA results are also shown in

partially ordered SL (po-SL), which was studied experimen-
tally by Arent ef al.** The corresponding wave functions are
depicted in Fig. 16. While the trends are similar to those
observed in the d-SLs two distinct features are noteworthy:

(i)  Occupied and unoccupied levels with corresponding

0.03 T ™ T T T

wave-function shape; the sigenenergies differ by only 3 meV.
The wave functions are localized at positions where consecu-
tive wide GaAs wells are separated by thin AlAs barriers.
For electron states, the situation is more complicated.
For EMA states, again, the location of the localized states is
simply determined by the geometry of the potential. For ex-
ample, the EMA T valley states in Fig. 15(a) are localized
where a few consecutive wide (n=3) GaAs wells are sepa-

be E {a

rated by thin (n=1) AlAs bamers Thus, these EMA T valley

B oo states [Fig. 15(b)], on the other hand, are localized where a
2 o0 few consecutive wide (n=3) AlAs wells are separated by
i ~ com - :
I
= e o i
g 0.02 I 1 WIS 1 vdlICy UCIIVeU SLdes, 11C ProjeClion dandlysis describpeca
2 nhnyn ol dabottbo LDAL nondintion hond adae ~totnnng

Wa

l,.‘ e L - o WS Ty

(001) growth axis

EMA results The d-SL has a Pseudodlrect band Tap m the

derived CB2 state in Fig. 15(a). Thus, the EMA can still be
useful to describe some properties of the electron state in the

FIG. 16. Pseudopotential calculated glanar average of the wave functions 1SL EE Eii iiiii il i‘i iii | " il i I i‘ r Ii
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VBM Iys (GaAs) VBM
2 4 6 8 10 12 14 16 18 20 20 18 16 14 12 10 8 6 4 2

Layer thickness (ML)

FIG. 17. Pseudopotential calculated gap levels in the presence of 1 ML thickness fluctuations in (AlAs),/(GaAs), superlattices along (a) {111) and (b) (001),
as a function of period n. Energies are measured with respect to the band extrema of the ideal nXn SL (see Fig. 7). R=1 and R—0 denote, respectively, the
concentrated and dilute limit of chain mutations [Eq. (3)].
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ergy zero, see Fig. 7). We see that:
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(“band-gap pinning”) of the number of chain muta-
tions.
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In order to explain these findings, we discuss the inter-
_ medigte qase e n=0 (111> ST, where the VBM ig al-

vefunctipn amplitud
<
2
]

ready pinned (independent of R), but where the CBM still 0.06 T Ty T . : .
shows dispersion with R (see Fig. 17). Figure 18(a) shows L (b) ]
: the CBM and VBM wave functions for the R=1 SL. The 004 m \PCB ]
- | _ A - . e 3 | ' e )
minimal amputude in e ALAS barriers and maximal ampii- > Www ’
_ tide _on the two neishharine ated JL) GaAs wells LO0L— —wu : Lu.._. .
resembles a bound state in a coupled double quantum well. e ”y’ e I_ﬁ
The hole wave functinn gt.the VBM is tikewise Jocalized on a— it} G
ber of mutated. 7. MJ, GaAs welJs [Fig. 18(a)): in cao- T Al VB |

Ly e vz 1o 1Ty 1ov F¥olv] 1ue -

Position along [111] (ML)

tern of the VBM wave function is that these states are in fact
decoupled. guantum-well confined states. which are degen-
=01

meV). A typical hole and electron wave function localized on FIG. 18. Pseudopotential calculated planar averages of wave functions
). A typical b onlocalizedon ' ¢ the CBM and VBM in the (AlAs)y/(GaAs), SL slong (L1} with

an isolated (Ga'AS)7 mutation in an otherwise ideal 6X6 *1 layer-thickness fluctuations. Hole wave functions are plotted in the

1\ gl sy h e 1O YT ila ok alan ool o —
pe & X1 4

— : . . : s i a 6X6 SL host. The rectangular lines show the growth sequence of the SL,
concentrated (R=1) mutations [Flg' 18(2) ]’ and its binding with GaAs layers represented by wells, and AlAs layers represented by

energy Ag,(R—0)=11 meV. equals the value at R=1. At barriers, respectively. The vertical arrows in (a) indicate the 7-ML-thick,
the CBM, the larger penetration of the wave function into “mutated” wells.




states should be observable as photoluminescence centers @ The n=1 SL has an indirect band gap at R; Insuffi-

whose energy is below the absorption edge of the underlying cient interfacial abruptness in the experimentally stud-
s “ideckrShcizucture. This photelumineseencs-will-lock pho -~ od sumphts eads=rstent oo It-derves-oBvE—

nnnlines becansa the ontical frapsitions-ate.ditactinthe (i) Bow wed  tho gzl rli) ?“‘., Sfﬁa 'iii
4,“ S

good quantum number), and because the k, selection rule is (i) The crossover from AJI As—Tike Flc,( X,) (type II) to

relaxed by vertieal disorder. Indeed, while we have shown 1n GaAs-like Fu( I',.) (type I) happens around n=8.
Sec. IV A that ideal (111) (AlAs), /(GaAs), SLs have a di-
rect band gap with a type-I band arrangement, Cingolani and (b) (111)=ordered superlattices:

co-workers®! noted a ~100 meV red shift of the photolumi-

nescence at 1.80 eV relative to the absorption in ® Tyl is the CBM (type D for all n;

e KR ller ) e oves—— PO SRS eyoggeddpsrillarion nf the (RML
e EX Loemd eyt TTams T u:U g ":.“ nergy due to mixin

the red-shifted photoluminescence originates from thickness- ordered SLs, Cingelani and co-workers‘”_ found for
fluctuation bound states. Our calculated band gap of the n=6 - n=6 atype-II SL with a ~100 meV red shift between
superlaitice with =1 ML thickness fluctuations is 1.78 eV for absorption and PL; we find that lateral interfacial in-
R=1, and 1.80 eV for R—0, close to their observed photo- termixing can not explain this discrepancy, but mono-
luminescence peak position (1.80 eV).5! Recall that chemical layer thickness fluctuations in the measured sample do
intermixing leads to a blue shift of the band gap (see Table resolve the disagreement.

II), whereas larger thickness fluctuation is needed to explain . L

the observed 100 meV red shift. (c) Single & layer doping in o-SL:

Fipure L shows that, the houpd states of isQlafed muta- L) A (Gade) Slosesie fcana wais lonnvor oo
tions (R—0) merge with those of concentrated layer- duces an electron and a hole bound state with binding
th}ckness fluctuations (R—1) at some pinning period n,. At energies Ae,=18 meV and Ae,=37 meV, respec-
this point the band-gap reduction is pinned at the value tively;

AE,(R)= imAE,(R)=As, + Az, (18) (ii)  An (AlAs); Jlayer in (GaAs),/(AlAs), (001) SL pro-

é i
where Ag, (Agy) 1s the electron (hole) binding energy of an
isolated (R —0) layer mutation. Qualitatively, Eq. (18) can be (d) An ordered array of & layers:
understood in terms of the 1D effective-mass picture (Sec. The bound states in neighboring & layers start to have
II B). Each of the (n+1) ML mutations gives rise to a bound large interaction when their distance is less than 20 ML.

state below the band edge of the nXn SL.2*' For very large
n, when the quantum wells are completely decoupled (the
tunneling probability and, hence miniband width, decrease (i) There is a 130 meV red shift in the band gap com-

(e) A disordered SL with An=~n (i.e., n=1,2,3):

. exponentially with #n), the SL energy spectrum is simply that pared with the o-SL;
e — gL, di > g ?{.ﬁ”s [ﬁ 1 QTSPS n with £ Ww‘ajwwm_i
b EIZENENEIZIES €01 ). ence e exira bin mg energy of an the n=2 0-SL

S AT

i Eg mptotically (i) aapnduction-band ¢

(i [N S f i
".Hl ¢ thls the asallipr Sirengih, W W [ngd af the
. ;
3 par;

where gp(n) is the ground-state energy of a carrier with mass (iv)  The band-edge state localization length of the d-SL is
m* in an n-ML-wide quantum well which scales like about the same (20 ML) as the & layer bound state;

e i — 6 i e Thrlaglizgien pnabe fogaagg e M sl ngunt

i

TULLIVL WAL @ LIAVU LATry YW UULALUL IIULL UV HIAOL Vyudality wviL

Eq. (19) Ae,=10.0, 2.4, and 0.7 meV for n=20, 50, and 100 -there is no mobility edge;

-—-—’H'ML,_._E&G\MH"W giae 142 20 G e DO St S kit 2D oo be crdge ot
i 0-SL DOS and has a tail into the band-gap region; if

(f) A disordered SL with An<én:

For An=1 and n>6, the band-edge energies are nearly
Our main conclusions can be summarized as follows. pinned at their & doping level, independent of the magnitude
(a) (001)-ordered superlattices: of the disorder.

V. CONCLUSIONS
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for our comf)utational unit cell as was used for the MBE growth ‘of the
po-SL.

%7 This discrepancy can be traced back to the EMA error in the
(GaAs),(AlAs), , 0-SL of n~1, 2 in Fig. 7. Around n~1, 2, the EMA
I".(T") (001) states have much larger energies than their EPM counterparts.
Apparently, this difference retains in the 4-SL.
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