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Periodic and purposely disordered superlattices:
The efFect of continuous and discrete disorder distribution
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Selective-excitation photoluminescence measurements were performed on purposely disordered
superlattices to study the energy dependence of the motion of resonantly photocreated excitons in

disordered superlattices. The disorder was introduced as a random succession of different well

widths distributed according to a Gaussian function. We compare the continuous and the discrete
Gaussian distributions of the disorder. In the latter case, we report the existence of different energy
regions in the superlattice bands, corresponding to extended and spatially confined (localized) states.
A calculation of the superlattice miniband spectrum and of the localization lengths for the different

energy states suggests that the coupling between similar wells, although on different spatial regions,
allows excitonic diffusion for some energies in the discrete Gaussian-disordered superlattice. Ac-
cording to calculations, a continuous Gaussian distribution yields only localized states.

In short-period superlattices (SL's) the coupling be-
tween adjacent wells leads to vertical (i.e., in the growth
direction) transport through SL miniband states. ' To
study this transport by optical means, Chomette et al.
have proposed the use of an enlarged well (EW) (several
monolayers wider than the SL well thickness) to detect
the arrival of carriers at a certain distance from the sur-
face. In addition, using selective-excitation photo-
luminescence (PL), the energy range in which carriers are
created is controlled by selecting the energy of the excit-
ing light, Ace,„. Thus by scanning Rco,„ through the
electron —heavy-hole (e-hh) exciton emission band of the
SL's and by looking at the emission from the EW, the
spatial character of the states (extended or localized) of
the e-hh pairs generated can be probed.

During the molecular-beam-epitaxy (MBE) growth of
SL's, controlled disorder can be introduced by variations
of the growth parameters. By randomizing the SL well
widths, it was shown that disorder inhibits the vertical
transport at low temperatures. Moreover, this type of
disorder modifies the energy miniband spectrum of the
SL and different energy regions of extended and localized
states appear. In a short-period SL, the coherence
length of photoexcited electron-hole (e-h) pairs is at least
five SL periods. Coupled to the effects of the purposely
introduced disorder, the effects of noncontrolled statisti-
cal fluctuations in the composition of Al Ga, As bar-
rier materials are present.

The aim of this Brief Report is to compare two
different kinds of disorder distributions. Samples with a
discrete ( A) (Ref. 10) or a continuous (B) (Ref. 11) ran-
dom Gaussian distribution have been studied. Discrete
Gaussian distribution is obtained by varying the well
thickness of multiples of one monolayer (2.8 A). For the
continuous Gaussian distribution, the well thicknesses
are changed by fractions of a monolayer. This is possible
due to the average over the well interface fluctuations.

Figures l(a) and 1(b) show the low-temperature PL
spectra for the ordered samples A

&
and B„respectively.

The low-energy emissions are due to the excitonic (ex)
recombination in the EW and the high-energy emissions
are due to the ex recombination in the SL. We use as a
measure of the number of excitons that move towards the
EW the ratio R =IEw/I„„where IEw and IsL are the
integrated emission intensities of the EW and the SL, re-
spectively, and I„,=(IsL+IEw). For fin, „at the high-

energy side of the SL emission, R is equal to 0.7 and to
0.93 for samples A

&
and 8, , respectively. As both sam-

ples are periodic and contain no purposely introduced
disorder, the ratio R is high. The difference in R could be
ascribed to the uncontrolled interface fluctuations and/or
to the alloy disorder present in the barriers. Moreover,
the different growth parameters influence the efficiency of
the vertical transport due to the different miniband
widths of the heavy holes and electrons' (electron mini-
band width 53 or 73 meV and heavy-hole first miniband
width 1.4 or 3 meV for sample A &, x =35%, and sample
B„x=25 %, respectively).

The energy dependence of the ratio R is superimposed
on the PL spectrum (solid points in Fig. 1). When %co,„ is

resonant with the SL peak the transport toward the EW
lowers. These experimental results suggest that the low-
temperature PL of superlattices is mainly due to the
emission of shallow localized excitons by interface fluc-
tuations or alloy disorder in the barriers. This effect is
also clearly observable on the excitation spectra per-
formed on these samples (see, e.g. , Ref. 12). When Ace,„ is

below the SL emission peak, R increases. It does not
reach the value of 1 due to a resonantly enhanced emis-
sion of deeper localized states in the SL miniband. The
two relative maxima shown in Fig. 1(a) at 1.694 and 1.707
eV reflect the heavy-hole and light-hole peaks in the ab-
sorption coefficient of sample A &.

Figures 2(a) and 2(b) report the PL spectra of the pur-
posely disordered samples A z and Bz obtained with fico,„
higher than the first e-hh miniband edge. The high-
energy peaks are the excitonic SL emissions and the low-
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energy peak is due to carrier recombination within the
EW. For sample A2, the high-energy peaks are centered
around 1.68 eV, where the ordered sample has its SL
emission. On the contrary, the SL emissions for sample
Bz are centered at a lo~er energy than in the ordered
case (sample 8, ). Let us note that by increasing the de-
gree of disorder in samples of type 8, i.e., increasing the
standard deviation (o ) of the Gaussian distribution, the
SL emission spectral region shifts from the ordert'. d SL
energies toward lower energies, eventually merging with
the EW peak for a sample with a 0. =8.9 A. As for the
EW luminescence, the small difference in the EW spectral
position for samples A, and A2, could be ascribed to
unwanted different growth parameters (10 meV of
difference corresponds to about 5 A of variation in the
well thickness for a 60-A well).

By comparing Fig. 1 with Fig. 2, we find that the ratio
R is lower in the case of the disordered samples due to a
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FIG. 1. Photoluminescence spectra at a bath temperature of
5 K of the ordered samples A, [part (a)] and 8, [part {b)]. The
excitation energy was 1.718 eV and the excitation intensity was
130 mWcm '. The solid points give the energy dependence of
the ratio R =IF~/I„„where IE~ and IsL are the integrated
emission intensities of the enlarged well and the superlattice, re-

spectively, and I,„,=(Is„+IE~). The lines between the experi-
mental points are only a guide for the eye.

reduction of the exciton vertical transport through the
SL. Figure 2(a) shows that the number of excitons
recombining in the EW depends on A'co, „ for the disor-
dered sample A2. We associate the fluctuations in R to
the optical excitation of free or localized excitons (see
Ref. 4 for a complete discussion of this experimental
point). These features are not present in the disordered
sample 82. R(fico,„) is almost independent on the excita-
tion energy. Varying Ace,„ there is a redistribution of in-
tensity between the different SL emission lines, but no
definitive evidence of energy regions with more mobile
carriers is found. As the SL becomes transparent the ra-
tio R increases for the two samples.

The density of states obtained by solving the
Schrodinger equation for electrons and heavy holes' is
shown in Fig. 3 for samples A2 and B2, respectively.
[We have used the following material parameters (mo is
the free-electron mass and x the aluminum concentra-
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FIG. 2. Photoluminescence spectra at a bath temperature of
5 K of the disordered samples A, [part (a)] and 8, [part (b)].
The excitation energy was 1.718 eV for the spectrum (a) and
1.667 eV for the spectrum (b). The excitation intensity was 130
mWcm . The solid points give the energy dependence of the
ratio R =IF~/I„„where IF~ and IsL are the integrated emis-

sion intensities of the enlarged well and the superlattice, respec-
tively, and I„,=(I~„+IE~). The lines between the experimen-
tal points are only a guide for the eye.
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tion): band gap (1.5192+1.247x) eV; electron effective
mass (0.067+0.083x )m o, heavy-hole effective mass
(0.45+0.31m)mo; band offset AE, =0.626E (where hE
and AE, are the band-gap and conduction discontinuities
between GaAs and Al„Ga, „As).] The minibands of
electrons and heavy holes are broadened by the disorder
for sample 82 (dotted lines in Fig. 3). The spectral posi-
tion of the SL emission in the disordered sample Bz
changes with respect to the ordered sample 8, , because
the photoexcited e-h pairs relax into the SL broadened
minibands. Several peaks appear due to a spatial varia-
tion in the SL miniband edge which follows the random
variation of well thicknesses. From our calculations, we

expect a low-energy shift of about 43 meV for the lowest
luminescent emission of the SL (about 33 meV reduction
in the SL miniband edge plus about 10 meV increase in
the excitonic binding energy for quantum-well excitons
with respect to SL excitons ). Indeed, the SL emission at
the lowest energy in Fig. 2(b) is shifted by 42 meV with
respect to the SL emission of Fig. 1(b). In the case of the
disordered sample A 2, the electron miniband is
broadened too but the heavy-hole density of states shows
different subbands separated by minigaps [indicated by
arrows in Fig. 3(b)] inside the first broadened heavy-hole
miniband. The discrete Gaussian disorder allows cou-
pling between wells of the same thicknesses. The
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FIG. 3. Density of states (DOS) of the disordered samples A 2

(solid lines) and B2 (dashed lines). (a) The electronic DOS; (b)
the heavy-hole DOS. The energy scale is chosen to be zero at
the bottom of the conduction band [part (a)] aud at the top of
the valence band [part (b)]. In part (a) the vertical solid lines
show the electron miniband edges for the ordered superlattice
A, and the vertical dotted lines show those for the ordered su-
perlattice of type B,. In part (b) the arrows indicate the mini-

gaps which are formed in the heavy-hole dispersion of the disor-
dered sample A, . Let us note that the first heavy-hole miniband
occurs at —39 rneV for the ordered superlattice A

1 and at —34
meV for the ordered superlattice B, . The DOS for motion in
the parallel direction has been taken as a step function.

ENERGY (meV)

FIG. 4. Lyapunov coefficients as a function of the energy: (a)
the electronic Lyapunov coefficient; {b) the heavy-hole
coefficient. The label on the curves indicates (0) the ordered su-
perlattice, (DA) the disordered superlattice A„and (DB) the
disordered superlattice B2. For this figure the superlattices A2
and B2 have been assumed with the same mean parameters
changing only the Gaussian distribution: discrete for the A, re-
sults and continuous for the B, results. The energy scale is
chosen to be zero at the bottom of the conduction band [part
(a)] and at the top of the valence band [part (b)]. The curves DA
are displaced by +0.01 A ' vertically and the curves DB by0+0.02 A ' vertically to allow a better comparison.
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luminescence is due to the recombination of excitons be-
longing to different subbands. Excitons formed by cou-
pled quantum-well states could move somehow, and the
diffusion depends on the energy of the photoexcited state.

Using the transfer-matrix method in one dimension, '

we calcu1ate the Lyapunov exponents y and the propaga-
tion probability r(E) =e r'+' through the SL (where d is
the SL thickness). y(E) represents the rate of exponen-
tial decay of the wave function of the state E and 1/y(E)
can be identified as its localization length. ' In the or-
dered case, Fig. 4, curve (0), y(E) goes to zero when E
belongs to a miniband [1/y(E)= ~, extended state].
Consequently, r(E) has a resonance whenever the state is
extended. On the other hand, y(E) is always different
from zero for the disordered SL. All the states are local-
ized. The localization length is smaller for heavy holes
[1/y(E)=20 A for sample A2 and 1/y(E)=17 A for
sample B2 when E belongs to the ordered SL hh subband]
than for electrons [1/y(E) =20 A for sample A2 and 215
A for sample B2]. The effects of disorder on y(E) and,
hence, on r(E) are different for the heavy holes of the two
disordered SL's. For sample B2, the result is a lessening
and disappearance of the heavy-hole resonance [Fig. 4(b)

curve (DB)], whereas the subband structure is reflected in
the appearance of several resonances in r(E) for sample
A2 [Fig. 4(b) curve (DA)].

In conclusion, the effect of the disorder distribution on
the excitonic vertical transport through purposely disor-
dered SL's has been studied. For a continuous Gaussian
distribution all the states are localized and the transport
is inhibited. For a discrete Gaussian distribution cou-
pling between wells of the same thickness is possible, even
though they are placed in different sample regions. Exci-
tons formed between single quantum-well-coupled states
can tunnel. Hence transport throughout the SL is al-
lowed for certain energies, although it is much less
efficient than in the ordered case.
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