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Purposely disordered GaAs/Al Ga& As superlattices, followed by an enlarged well, were grown
by molecular-beam epitaxy. Selective-excitation photoluminescence measurements were performed
to study the energy dependence of the motion of resonantly photocreated excitons in disordered su-
perlattices. We report the existence of different energy regions in the superlattice bands, corre-
sponding to extended and spatially confined (localized) states induced by disorder. The temperature
dependence of the photoluminescence spectra suggests the existence of activation energies for the
localized states. This re'sects itself by an increase in the propagation rate of excitons by increasing
the temperature. We compare qualitatively the experimental findings with a calculation of the su-
perlattice miniband spectrum.

I. INTRODUCTION

The effect of disorder or quasiperiodicity on carrier
prop agations in quasi-one-dimensional structures is a
field of growing interest and has been studied both
theoretically' and experimentally. Molecular-beam
epitaxy (MBE) grown GaAs/Al„Ga, ,As superlattices
(SL) are well suited for the observation of such efFects.
The monolayer control of the growth sequence permits
the fabrication of purposely disordered SL. In these
structures the electronic properties in the growth direc-
tion (we will call it vertical direction) are governed by the
layer sequences. In SL Al Ga& „Asbarriers are thin
compared to the penetration length of the well wave
functions. Thus, there is coupling between adjacent
GaAs wells. Due to the coupling there is formation of
energy minibands whose width and position are charac-
teristic of the layer sequence. In the vertical direction of
a periodic SL, the electron and hole eigenstates are
Bloch-type functions that have the periodicity of the su-
perlattice. Vertical motion of electrons and holes can
occur via miniband states. The photoexcited electrons
and holes can either move with a difFerent mobility or
form excitons.

In the following we study the weak-disorder limit. The
disorder is introduced as random, small variations of the
well thicknesses around a mean value. In this limit we
can still discuss our results in the framework of the en-
velope function approximation. Randomizing the layer
sequence widens the SL minibands and sometimes intro-
duces splittings within a given miniband (subband and
minigap formation). At the miniband extrema appear lo-
calized states.

Excitons whose eigenstates belong to extended states
can propagate, whereas those from localized states under-
go three regimes of propagation as a function of tempera-
ture. At very low temperatures, they are spatially

trapped and cannot move. At intermediate temperatures,
excitons may move between different wells via phonon-
assisted transitions and the consequent propagation is
called variable range hopping. At higher temperatures,
excitons are excited into extended states, and excitonic
diffusion takes place.

In this article it is our purpose to report some experi-
mental evidence on the existence of regions of localized
and extended states in the miniband structure of a pur-
posely disordered SL. We have studied these systems by
using variable temperature selective excitation photo-
luminescence (SEPL). With this technique we control the
energy range in which carriers are created by selecting
the energy of the exciting light, Ace . By scanning Am„
through the electron-heavy-hole (e-hh) exciton emission
band of the superlattice, we can choose the spatial char-
acter of the states (extended or localized) of the electron
and heavy-hole pairs generated. An enlarged well (EW)
grown below the superlattice acts as a sink for the excited
carriers. The observed Auctuations in the emission in-
tensity of the EW reAect photogeneration of alternatively
mobile and localized carriers. This perpendicular motion
of electrons and holes has already been evidenced by pho-
toluminescence, ' time-resolved photoluminescence, '
and electrical measurements. "

In this article we continue our analysis of disordered
SL by qualitatively comparing SEPL spectra and SL
miniband calculations. The energy spectrum of the SL is
calculated by solving the Schrodinger equation for elec-
trons and heavy holes with the usual boundary condi-
tions' by the method of finite elements. We neglected
the light holes because we normally worked at low tem-
peratures where these states are mainly empty. We have
considered parabolic dispersion in the layer planes,
neglected excitonic efFects, and used the independent par-
ticle approximation. Thus we can only qualitatively de-
scribe the experimental results.
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We study the PL spectra evolution as a function of the
sample temperature. For the excitonic motion in the
vertical direction we observe a continuous crossover from
variable range hopping transport at low temperatures to
diffusive transport via extended states at high tempera-
tures.

II. EXPERIMENTAL SETUP

TABLE I. %'ell sequence used to grow the disordered super-
lattice. The column labeled No. numerates the well sequence
starting from the enlarged we11 side. The discrete Gaussian dis-
tribution was constructed by taking values from —3o to +30.
around the mean value. The choice of well widths were taken to
insure sufhcient aperture times for oven shutters during growth
(Ref. 13'.

No. A No. A No. A No. A No.

1

6
11
16
21
26
31
36
41
46

35
23
23
27
23
15
27
31
31
39

2
7
12
17
22
27
32
37
42
47

35
31
27
31
31
27
31
23'
31
27

3
8
13
18
23
28
33
38
43
48

31
35
31
31
23
31
35
31
39
19

9
14
19
24
29
34
39
44

31
23
31
11
35
31
39
23
27
31

5
10
15
20
25
30
35
40
45

27
35
31
31
35
31
39
27
23

The measurements were made using a continuous flow
cryostat and a double monochromator. The energy reso-
lution was of 0.5 meV. Detection was with a cooled
GaAs photomultiplier tube, followed by a photon count-
ing system and a multichannel analyzer. An argon
pumped styryl 8 dye laser was used to excite the SEPL.
The wavelength of the laser light was chosen to excite
resonantly the SL excitons. The laser beam was focused
to a diameter of about 50 pm and to a power density of
about 130 mW/cm . The layers were excited homogene-
ously because the pumping light penetrates to depths of
the order of 3-4 pm whereas the total thickness of the
SL was about 0.3 pm. Lateral homogeneity of the layers
was checked by repeating measurements on different
spots of each sample.

The samples used were grown in a 360 Varian MBE
machine, on n-type GaAs substrates. ' The growth se-
quence was the following: (i) buffer layer —GaAs 500 A,
AlAs 100 A, GaAs 4000 A, and a superlattice
Al Ga, ,As 30 A, GaAs 30 A (49 periods); (ii) EW-
GaAs 60 A, acts as the trapping site', (iii) superlattice SL
(49 periods) —differs from one sample to another. The
aluminum content was always taken to be 35%. In sam-
ple 2, SL is ordered and consists of 49 periods of
Al Ga) „As 30 A, GaAs 30 A. In sample B, well
thicknesses in SL are random variables with a discrete
Gaussian distribution (mean well width of 30 A, standard
deviation of 6 A). The actual sequence used is given in
Table I.

III. DISORDER EFFECTS IN SL MINIBANDS

d 1 dy(z) + V(z)y(z)=Ey(z), (1)
2 dz ~ ~(z) dz

where z is the growth direction. In Eq. (1), m'(z) is the
effective mass of an electron or heavy hole, respectively,
and V(z) is the conduction-band edge or the valence-
band edge, respectively. We have used bulk values for
the effective masses in the two materials because we are
in the weak-disorder limit where the miniband picture is
still valid.

We discretize Eq. (1) with a finite element method.
The discretization leads us to a matrix eigenvalue prob-
lern of the form

Ay=EBy, (2)

where A and 8 are real, symmetric matrices. We then
calculate the eigenvalues E and the eigenfunctions g by
inverse iteration. '

The energy spectra and wave functions obtained with
this method' are shown in Fig. 1. The ordered case
(which simulates sample A ) is presented in Fig. 1(a): We
can see a single electronic miniband centered at 144 meV
above the GaAs conduction-band edge and 54 rneV large.
There are two heavy-hole minibands: one centered at 37
rneV below the GaAs valence-band edge and 2 meV
large, the other centered at 133 meV and 20 rneV large.
The wave functions are extended over the whole SL re-
gion both for the electrons and for the heavy holes. They
have maxima (minima) in the regions of wells (barriers).
The contrast between maxima and minima is stronger for
the heavy holes (less penetration in the barrier) due to
their higher mass.

In Fig. 1(b) we show the same quantities for a disor-
dered SL. The layer sequence is the same as that used for
the growth of sample B. The details of the miniband
structure are presented in Fig. 2 and Table II. We see a
quite homogeneous broadening of the electronic mini-
band which has a width of 92 meV (disregarding the iso-
lated higher energy levels) and a mean value of 148 meV
The successive eigenenergies within the electron mini-
band are separated by about 1 —2 meV. We observe a 4-
meV-wide minigap at about 150 meV. On the other
hand, for the heavy holes, the low-energy miniband splits
into subbands, and the high-energy miniband broadens.
In particular, the 37-meV rniniband splits into five sub-
bands of width less than 2 meV each. They are separated
by rninigaps large of about 4—6 rneV.

In Fig. 2 we show the density of states (DOS) obtained

In this section we compute the energy spectrum of two
superlattices similar to the ones we have experimentally
studied. We have considered only the SL and not the
complete system of SL+EW+buffer. We are only in-
terested in disorder efFects on the excitonic propagation,
disregarding the particulars of excitonic trapping into the
EW. '" %'e calculate the electron and heavy-hole eigenen-
ergies E and the associated envelope wave functions y by
solving the one-dimensional effective-mass Schrodinger
equatioa over the whole SL
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for this layer sequence (solid line) coinpared with the
DOS of the ordered SL (dashed line). We can see the
broadened distribution of states far the first electron
miniband, 2(a), and the five steps associated with the split
first heavy-hole miniband and the broadened second
heavy hole miniband 2(b). We note that the total number
of heavy-hole bound states is not equal for the ordered
and the disordered SL due to the fact that the disordered
SL contains wells which admit only one heavy-hole
bound state due to their small thickness.

In Fig. 3 we show some electronic (left part) and
heavy-hole (right part) wave functions for the disordered
SL. Both the electronic and heavy-hole wave functions
are localized in definite spatial regions which can be
difFerent for the electron and heavy hole of the same level
number n The. electronic wa.ve functions are confined to
a region of about six wells for energies at the miniband
extrema and on 15—20 wells for energies at the center of
the miniband. We call the latter states "extended" as
they cover a larger sample region. .The heavy-hole wave
functions, on the coritrary, remain confined to two or

«)
{meV)

26.4
30.6
36.1

41.9
51.0

(meV)

1.7
1.4
1.1
0.1

0.1

7
19

8
8

I.
(A)

39
35
31
27
23

(eV)

1.638
1.648
1.669
1.705
1.745

Expt. peak
(eV)

1.652
1.670
1.685
1.692

ENERGY (meV)
0

so — (a)
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I I I I

I
I I

200
I ~ I I I I I I

300

TABLE II. Parameters of the first heavy-hole split miniband.
(E) is the mean energy of a subband and b is its width. N is
the number of eigenenergies belonging to each subband. I is
the well thickness associated with the subband. E, is the transi-
tion energy computed as specified in the text. Expt. peak is the
energy position of the photoluminescence peaks.
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FIG. 1. Valence- ( V) and conduction- (C) band variations as
a function of the growth coordinate z for an ordered (a) and a
disordered (b) superlattice. For the growth sequence, see the
text and Table I. Also shown are the superlattice minibands
calculated for electrons and heavy holes. The solid and dashed
lines are the n =1 and n =2 envelope wave functions for the
electron [g,(z), upper lines] and heavy holes [gl, (z), lower lines]
shown in arbitrary units. %'e have normalized the wave func-
tions to unity over the sample length. The zero of the energy
scale is taken to be at the top of the GaAs valence band. For
the details of the miniband structure see Fig. 2 and Table II.

FIG. 2. Density of states (DOS) of the ordered (dashed line)
and disordered (solid line) superlattice. (a) The electronic DOS,
(b) the heavy-hole DOS. The energy scale is chosen to be zero
at the bottom of the conduction band [indicated by a long arrow
(a)] and at the top of the valence band [indicated by a long ar-
row (b)]. The long arrows at high energies mark the energy bar-
riers for electrons and heavy holes {i.e., the bottom of the con-
duction band and the top of the valence band for the barriers,
respectively). The short arrows indicate the eigenenergies for
single quantum wells of the following thicknesses: 39, 35, 31,

0
27, 23, 19, 15, 11 A. The arrow sequence starts at low energy
with the eigenenergy of the widest well and continuous progres-
sively. For the heavy holes, there are two bound states for some
wells (namely, 39, 35, 31, 27 A). The DOS for motion in the
parallel direction has been taken as a step function.
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three wells whatever the energy in the subbands. The
higher effective mass of the heavy holes results in a lower
penetration of the wave function into the barriers. Ac-
cordingly, the heavy-hole states are more infiuenced by
the local distribution of well thicknesses than the elec-
tronic states, which average the local distribution of
thicknesses. As a result, the heavy-hole states of the first
miniband resemble more the isolated quantum-well states
and their associated subbands have a quasiNat dispersion.

The number of eigenenergies contained in each subband
is equal to the number of wells of each thickness in the
layer sequence (see Table II). Their energy values corre-
spond to the isolated quantum-well eigenenergy [given by
arrows in Fig. 2(b)j. Therefore the subbands are due to
resonant coupling of states localized in wells having the
same thicknesses as indicated in Table II. Moreover, the
heavy-hole envelope wave functions are more confined
than the electronic ones so the excitonic propagation
properties will reQect the heavy-hole localization. '
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In Fig. 4 we show the photoluminescence spectrum of
the ordered sample A. The excitation energy was 1.718
eV. The emission at 1.59 eV is due to the excitonic
recombination in the 60-A well and the emission at 1.67
eV is due to the excitonic recombination in the SL. We
show in the inset the calculated energy miniband struc-
ture for our sample and a superimposed sketch of the first
EW and SL wave functions (both for the electrons and
heavy holes). We can see that introducing an enlarged
well induces the formation of a localized state below the
SL miniband. So the optically excited carriers, homo-
geneously created throughout the sample, move within
the SL miniband as explained above acid eventually reach
the lower energy level of the enlarged well where they
recombine. Therefore the EW luminescence is mainly
due to the recombination of excitons photogenerated in
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FICx. 3. Probability density [!y(z)! ] to find an electron (left
part) or a heavy hole (right part) in the disordered superlattice
8. The numbers shown correspond to an index n that we have
used to numerate the different eigenenergies of the Schrodinger
equation. The eigenenergies of the states shown are the follow-
ing: (electrons) n =1, E =96.5, meV; n =5, E =108.7 meV;
n =7, E =113.4 meV; n =17, E =127.8 meV; n =19,
E =129.3 meV; n =41, E =181.8 meV; n =49, E =256.4rneV;
(heavy holes) n =1,E =25.8 meV; n =7, E =30.4meV; n =13,
E =35.6 meV; n =15, E =35.7 rneV; n =25, E =36.1 meV;
n =63, E =124.0 meV; n =73, E =129.1 meV. The layer se-
quence is the same as in Fig. 1(b). The different probability den-
sities are normalized to their maxima. We note that, for the
heavy holes, the n =1 and n =7 states belong to different sub-
bands, whereas the n = 13, n = 15, n =25 states are of the same
subband. The n =63 and the n =73 states belong to the second
heavy-hole rniniband. The electronic states are all of the same
miniband with the n =1 and n =49 states at the miniband ex-
trema.

tie
O
Z
LLI

V
lO
4l
X

1.6
ENERGY (eV)

I

1.?

FIG. 4. Photoluminescence spectra at a bath temperature T
of 4 K, of the 30 A/30 A ordered superlattice A. The excitation
energy was of 1.718 eV and the excitation intensity was 130
mWcm . The high-energy peak corresponds to luminescence
from the superlattice (SL) and the low-energy peak is the emis-
sion associated with a single enlarged well (EW) of 60 A grown
in the superlattice. ' The inset shows a schematic diagram of the
structure with the SL wells and barriers sequence (only 10
periods) and the enlarged well on the right. The SL rninibands
and the EW levels are plotted. Also sketched are the n =1 EW
electronic and heavy-hole wave functions (solid lines) and the
n =1 SL electronic and heavy-hole wave function (dashed lines)
normalized to unity over the sample length. The zero of the en-
ergy scale is taken to be at the top of the CxaAs valence band.
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the superlattice. The contribution from excitons being
directly photocreated in the EW is small because of the
small optical density of the layer.

Let us define the ratio RI =I.Ew/(LsL+LEw), where
LE~, LsL are the widths of the EW, and the superlattice,
respectively. RI is independent of the sample type
(RL =0.01). We also define the ratio
R =IEw l(Isps+IEw ), where IEw, Isps are the integrat-
ed emission intensities of the EW and the superlattice, re-
spectively. According to the above model, R is bigger
than Rl (for the spectrum shown in Fig. 4, R is equal to
0.7). Thus R is a measure of the number of excitons
which move towards the enlarged well.

We show in Fig. 5 the photoluminescence spectra at 4
K of the purposely disordered sample 8 for different
values of fico The s. pectrum shown in Fig. 5(a) was ob-
tained with fi~ higher than the first electron and heavy-
hole miniband edge. The four high-energy peaks [labeled
SPS in Fig. 5(a)] at 1.692, 1.6g5, 1.670, and 1.652 eV are
the excitonic superlattice emission associated with the
difFerent SL subbands. The low-energy peak (1.604 eV) is
due to carrier recom'bination within the EW. '

In the ordered case, the ground-state SL (e-hh) exci-

tons are formed between the electronic miniband and the
first heavy-hole miniband. The energy separation is
about 100 meV from the second excitonic miniband, thus
we see a single-emission peak in the PL spectrum (Fig. 4).
Heavy-hole excitons in a regular SL have been treated us-
ing a variational approach by Chomette et al. ' For a
60-A period superlattice, similar to the ordered sample
A, they found a binding energy of about 5 meV, an exci-
tonic Bohr radius in the layer plane of =165 A, and an
excitonic Bohr radius perpendicular to the layer of = 126
A (i.e., they found values very close to the GaAs bulk
value of 146 A). We can thus consider the excitons in
our superlattices as quasi-three-dimensional.

In the disordered case, the excitons are formed be-
tween the wide electronic rniniband and the heavy-hole
subbands. The PL peaks observed are due to the recom-
bination of excitons confined in different spatial regions
and having different energies. The detailed structure of
the SPS peaks cannot be reproduced with our calcula-
tions as we lack a model for the thermalization and
recombination processes in a disordered SL. Despite
this, we have tentatively assigned to each photolumines-
cence peak an excitonic transition involving a heavy-hole
subband (see Table II). In the disordered case the transi-

EW

SPS
T=4K

tion rates are proportional to the spatial overlap between
the involved wave functions (r selection rule). To
determine the transition energies E, we have computed
the overlap integrals between the wave functions of the
heavy-hole states, with energy Eh belonging to a given
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FIG. 5. Photoluminescence spectra of the disordered super-
lattice B at a bath temperature T of 4 K. The distribution of the
well widths is 31 A (19 times), 27 and 23 A {8 times each), 35 A
(7 times), 39 A (4 times), and 11, 15, and 19 A once each, follow-
ing a discrete Gaussian distribution. The corresponding emis-
sions are labeled SPS. The emission line EW is due to a single

O

60 A enlarged well grown in the superlattice. The excitation in-
tensity was about 130 mW/cm . The excitation energies, indi-
cated by arrows, are (a) 1.715, {b) 1.685, (c) 1.680, (d) 1.673, (e)
1.666, and (f) 1.648 eV. No luminescence was detected for ener-
gies above Ace„. The relative sensitivity factors for the lumines-
cence intensity are indicated on the right of the spectra.

subband, and all the electronic states, with energy E, [Eh
(E, ) is evaluated from the top (bottom) of the GaAs
valence (conduction) band]. We have taken as E, the en-

ergy E, +El, +EG —E of the first nonzero overlap in-
tegral, where EG is the GaAs band-gap energy and E =5
meV is the excitonic binding energy. ' The computed
values are shown in Table II. Our calculations yield five
subbands, but we measure only four peaks in our photo-
luminescence spectra. The missing peak would occur at
1.638 eV. At that energy we observe a small feature in
our spectra [see Fig. 5(a)]. But it remains an open prob-
lem why we do not observe a stronger recombination. It
might be due to the low density of states connected with
that transition. ' As can be seen in Table II, we found a
good agreement between the computed and measured
transition energies at the 1.652 and 1.670 eV lumines-
cence peaks whereas no agreement could be found for the
higher-energy peaks. This can be due to the neglect of
nonparabolicity and valence-band mixing in the calcula-
tion, an effect. which is more relevant for thin wells.

In Figs. 5(b) —5(f), the excitation energy decreases
through the superlattice excitonic band. Comparing Fig.
4 with Fig. 5(a) we find, in the high-energy limit for A'co,
that the ratio R is lower in the case of the disordered
sample with respect to the ordered one. The RL ratio is
taken equal for both samples. This implies a reduction of
exciton mobility due to disorder effects. Figures 5(a)
and 5(b) show that the number of excitons recombining in
the EW depends also on %co„.We associate these varia-
tions with the optical excitation of extended or lo'calized
excitonic states. Let us now consider the motion in the
vertical direction of a disordered SL. The eigenstates of
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the stationary Schrodinger equation are localized (see
Fig. 3). Therefore, propagation can occur by hopping be-
tween eigenstates localized in different spatial regions. If
the exciting energy corresponds to an excitonic subband
state formed by the superposition of extended electronic
and confined heavy-hole wave functions, the exciton can
propagate through a percolation motion and there is
enhancement of recombination in the EW. Figure 5(d) il-
lustrates this situation: The EW intensity increases and
becomes comparable to that of the lowest-energy SFS
peak. If the exciting energy corresponds to excitonic
states at the subband extrema, where the wave functions
are formed by electronic and heavy-hole localized states,
the excitons are confined in definite wells within the SL.
This reduces the luminescent emission from the EW [see
Figs. 5(c) and 5(e)]. The number of excitons recombining
in the EW decreases as the SL becomes transparent to the
exciting light, and the only contribution left is that of the
excitons created in the EW itself [Fig. 5(f)].

In Fig. 6 we plot the PL spectra of the disordered sam-
ple taken at different temperatures for a fixed A'co„(1.756
eV). When the temperature is increased, the high-energy

I I I
I

I ~ I
I

I I I
I

I I I

part of the spectrum progressively disappears, and at
about 70 K only the EW emission remains. This is in
contrast with the expected behavior for uniform thermal-
ization of excitons in a band. The population of the
higher-energy states would be favored due to the increase
of the mean kinetic excitonic energy. Consequently, an
enhancement of the high-energy part of the photo-
luminescence spectrum would result. We interpret the
quenching of the high-energy transitions as due to the de-
trapping of excitons from the localized states of the SL.
Thus excitons can move to the EW where they recom-
bine.

Moreover the spectral position of the luminescence
peaks changes in energy as the temperature increases.
There is a blue shift of the order of 2.5 meV when passing
from 4 to 25 K. For higher T, the PL peaks decrease in
energy due to the thermal reduction of the band gap.
The initial blue shift of PL lines is due to the detrapping
of localized excitons. The luminescence for T ~25 K is
due to delocalized excitons whereas that for T ~ 25 K is
due to localized excitons. Finally at 70 K, we have a
complete thermalization and all the excitons recombine
in the EW region.

A better demonstration of these facts is given in Fig. 7,
where we report the ratio R as a function of Ace for
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FIG. 6. Photoluminescence spectra of the disordered super-
lattice B at different sample temperatures T, respectively, (a) 70,
(b) 50, (c) 40, (d) 20, (e) 10, and (f) 4 K. The excitation intensity
was about 130 mW/cm and the excitation energy fico was
1.756 eV. The relative sensitivity factors for the luminescence
intensity are indicated at the right of the spectra. The decrease
of the quantum efficiency as T increases is a well known fact and
is due to the thermal activation of nonradiative recombination
channels.
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FIG. 7. The excitation energy dependence of R at the
different sample temperatures indicated on the figure, for the
disordered superlattice B. Where R is the ratio of the integrat-
ed emission from the enlarged well IE~ to the total integrated
spectral emission IE~+Isps (where Isps is the integrated emis-
sion from the superlattices). The lines between the points are
only a guide for the eyes.
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