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Abstraet-We study d.c. conductance of disordered GaAs-Gal_xAl,As superlattices where the disorder 
is intentional and short-range correlated. We consider Gal _, Al,As layers of the same thickness, where 
GaAs layers present two different thicknesses randomly distributed along the growth direction, with the 
constraint that one of them always appears in pairs. A set of almost unscattered electron states is observed 
in spite of the disorder, revealing itself through a distinct conductance maximum. Interestingly, this 
maximum is also detected in imperfect superlattices, where interface roughness is taken into account by 
allowing Quantum-well thicknesses to fluctuate around their nominal values. Our predictions can be used 
to demonstrate experimentally that structural correlations inhibit the localization effects of disorder, even 
in the presence of imperfections. 

Electron localization is inhibited and bands of ex­
tended states appear in one-dimensional random 
systems whenever disorder exhibits spatial corre­
lations[I-8]. Unfortunately, there is no experimental 
evidence concerning their relevance on transport 
properties and their physical implications on the 
design of new electronic devices. Recent advances of 
molecular beam epitaxy (MBE), which allows for an 
excellent control of structural parameters of semicon­
ductor superlattices (SLs), led us to suggest that these 
systems are ideal candidates to carry out experiments 
on delocalization[6,7). Theoretical analyses of actual 
SLs should include fluctuations due to interface 
imperfections during growth processing. Since delo­
calization by spatial correlations is due to resonant 
tunneling effects(9), it is most important to elucidate 
whether inelastic scattering from unintentional 
interface roughness will strongly affect the quantum 
coherence required to observe delocalization. The 
aim of this work is to demonstrate on firm grounds 
that intentionally correlated disordered GaAs­
Gal_xAlxAs SLs show a significative enhancement of 
the d.c. conductance in comparison with the uncorre­
lated ones, even if unintentionally the deviations of 
several mono layers from the wanted layer thickness 
occurs during growth. 

We will focus on electron states close to the bottom 
of the conduction-band with kl. = 0 and neglect the 
nonparabolicity effects hereafter. Then, a one-band 
effective-mass Hamiltonian suffices to obtain accu­
rate results. For simplicity we assume the same 
effective-mass m· at the r valley in both semiconduc­
tors. We take the same barrier thickness b, whereas 

the thickness of each quantum-well (QW) is 
~z. - b ;: Z. - Zn _ I - b, Zn being the position of the 
centre of the nth barrier in the growth direction. In 
the following we will consider that Mn - b takes on 
only two values-a and a '-in perfect SLs. A random 
dimer QW SL (DQWSL) is constructed by imposing 
the additional constraint that QWs of thickness a' 
appear only in pairs, called hereafter a dimer QW 
(DQW). Physical magnitudes of interest can be com­
puted using a transfer-matrix formalism [7]. In par­
ticular, we can obtain the transmission coefficient 
r:(E,N) for an electron with energy E in a SL with N 
barriers, i.e. the dimension less d.c. conductance at 
zero temperature[lO). 

K(E N) = r:(E,N) 
, 1-r:(E,N)' 

(la) 

and at finite temperature[ll) 

s( -~)r:(E'N)dE 
K(Jl.,T) = ( Of) dE, (I b) 

J - OE [I - r:(E,N)) 

where integrations are extended over the allowed 
bands, f is the Fermi-Dirac distribution and Jl. de­
notes the chemical potential of the sample. 

As already mentioned, we are interested in the 
effects of interface roughness appearing during 
growth: protrusions of one semiconductor into the 
other cause in-plane disorder. It is well known that 
the average size of these defects depends on the 
growth conditions and, therefore, one is forced to 
develop a simple approach that holds valid for a large 
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variety of samples. We describe the local excess or 
defect of monolayers by allowing Ilz" to fluctuate 
uniformly around the nominal values a + b or a' + b. 
This approach enables us to restore in-plane transla­
tional symmetry. Our approximation should be valid 
whenever the mean-free-path of electrons is much 
smaller than the lateral average size of protrusions, as 
the electrons move in micro-QWs with a small area 
and uniform thickness. To get an accurate description 
of electron dynamics, an average over all possible 
configurations of disorder is needed because the 
number of interface defects, as well as their mean 
thickness, vary from layer to layer. For definiteness 
we take /!lzn = a(l + Wen) + b or Ilzn = a'(I + W 
en) + b, where W is a positive parameter measuring 
the maximum fluctuation and en is distributed accord­
ing to a uniform probability distribution P(en ) = I if 
lenl < 1/2 and zero otherwise. Note that Ilzn is a 
random uncorrelated variable, even when its mean 
value follows the dimer constraint. 

Let us consider electron transmission through a 
single DQW in an otherwise perfect and periodic SL. 
It is a matter of simple algebra to demonstrate that 
complete transparency (r = I) takes place whenever 
the energy of the incident electron equals the resonant 
value Er given by[7] 

(

p2 _ tf2) 
cos(pa')cosh(tfb) - 2p;;-

sin(pa ')sinh(tfb) = 0, (2) 

where p2=2m·Er/h
2 and tf 2 =2m·(/!lEe -Er)/h 2, 

/!lEe being the conduction-band offset, provided that 
the electron moves in an allowed mini band of the 
periodic SL. Notice that the position of the resonant 
energy is fixed from the values of the layer thicknesses 
and can be tailored by choosing appropriate par­
ameters. Whenever the electron matches such an 
energy value, it remains unscattered by the DQW. 
Two important facts should be mentioned at this 
point. On the one hand, there exists a finite range of 
values of a' placing Er within one allowed miniband 
in a given SL. Hence it is possible to locate Er as close 
as we wish to the Fermi level. On the other hand, 
perfect transparency is not met whenever only one 
isolated QW of thickness a' is considered. Therefore, 
it is clear that a perfect transmission takes place due 
to resonant coupling between quasi-levels in the two 
QWs forming the DQW. 

The above result does not imply anything about the 
existence of extended states in a SL with a finite 
number DQW. It is necessary to study that problem 
separately. Therefore we have evaluated the d.c. 
conductance at zero temperature, K(E,N), and at 
finite temperature, K(Jl,T) for both perfect and 
imperfect SLs close to the resonant energy Er. For 
comparison we have also considered perfect SLs with 
intentional disorder, but without the constraint of 
pairing. As typical values, we have taken 
/!lEe = 250 meV, m· = 0.067 m, m being the electron 

mass, a = b = 32 A and a' = 26 A. With these par­
ameters there is only one mini band below the barrier 
in the periodic SL, ranging from 102 up to 175 meV, 
where energy is measured from the bottom of the 
conduction-band in GaAs. The resonant energy is 
found to be Er = 156 meV from eqn (2) and thus it lies 
within this allowed mini band. The maximum number 
of barriers we have considered is N = 500 and the 
number of QWs with thickness a' is N/5. The d.c. 
conductance was averaged over 300 realizations, for 
W ranging from 0 up to a maximum of 0.25. This 
value amounts to having maximum fluctuations of 
10 A, well above the actual limits of MBE. 

An example of the behaviour of the average d.c. 
conductance at T = 0 K around the resonant energy 
is shown in Fig. I. The curves for single realizations 
behave in the same way, and the only effect of 
averaging is to smooth out particular features of 
realizations, keeping the main common character­
istic, i.e. the distinct maximum close to the resonant 
energy Er = 156meV. Curve (a) corresponds to per­
fect (W = 0) DWQSLs, whereas curves (b) and (c) 
show the effects of imperfections. Note that the 
dramatic increase of conductance around Er remains 
even if W > 0, although, as it should be expected, its 
value at Er decreases on increasing W. However, this 
reduction of the conductance is not very significant if 
one considers that fluctuations can amount up to 
3 A in Fig. I (W = 0.10). This is the reason why we 
claim that delocalization by correlated disorder is a 
robust phenomenon. Interestingly, this maximum is 
not observed when DQW are absent, even if unin­
tentional fluctuations are neglected, as is plotted in 
curve (d). 

The dependence of the conductance with the sys­
tem size characterizes the spatial extent of the elec­
tronic states. In Fig. 2 we present results for electron 
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Fig. 1. Average d.c. conductance at zero temperature as a 
function of the electron energy for SLs with N = SOO 
barriers, a = b = 32 A and a' = 26 A. where resonant energy 
is Er = 156 meV. Curves correspond to SLs with DQWs and 
(a) W = O. (b) 0.05. (c) 0.10 and (d) without DWQs and 

w=o. 
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Fig. 2. Average d.c. conductance at zero temperature as a 
function of the number of barriers at the resonant energy 
E = 156 meV for random SLs with DWQs and (a) W = 0, 
(b) 0.05 and (c) 0.10. Parameters are the same as in Fig. I. 

energy Er in DQWSLs for the three different values 
of the parameter W, as in Fig. I, at T = 0 K. In 
perfect SLs (W = 0) the conductance presents a flat 
dependence on the system size, hence indicating a 
perfectly ohmic behaviour, and only small fluctu­
ations around the mean value are detected. On the 
contrary, when imperfections are introduced (W > 0) 
we observe a nonohmic behaviour of the conductance 
decreasing exponentially with the system size. 
The dependence of the conductance with the number 
of barriers is of the form In K x - Y (W)N, 
where y( W) is the exponential decay rate. Figure 3 
displays the dependence of this parameter on W 
for random SLs with and without DQWs. In the 
absence of pairing, the least square fit gives 
,'(W) - 0.076 + W(W - 0.015). Therefore, the be­
haviour is intrinsically nonohmic. even in the limit 
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Fig. 3. Exponential decay rate )' at the resonant energy 
Er =e 156 meV as a function of the fluctuation parameter W, 
for random SLs (a) with DWQs and (b) without DQWs. 
Solid lines represent least square fits. Parameters are the 

same as in Fig. I. 
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Fig. 4. Average d.c. conductance at 77 K as a function o~the 
chemical potential for SLs with N = 5()() barners, 
a = b = 32 A and a' = 26 A. Curves correspond to SLs with 
DQWs and (a) W = 0, (b) 0.10 and (cl without DWQs and 

W=O. 

W ..... o. On the contrary, in random DQWSLs this 
dependence is of the form 'Y (W) - 1.28 W 2. Such 
dependence indicates that for small values of W, 
which is currently available by means of MBE, the 
behaviour is almost ohmic. 

It is also most important for experimental pur­
poses to investigate whether finite-temperature 
effects will affect or not the predicted unscattered 
states and, particularly, their transport properties. 
To this end, we have computed the d.c. conductance 
by means of eqn (I b) for the three kinds of SL that 
we are studying, namely DQWSL, DQWSL with 
fluctuations. and random SL without DQWs. In 
Fig. 4. the d.c. conductance at 77 K as a function 
of the chemical potential of the sample is seen for 
the three different SLs. A marked enhancement in 
the d.c. conductance pattern is clearly observed 
whenever the chemical potential lies close to 
Er = 156 meV in perfect DQWSL [Fig. 4(a)]. This 
peak persists when we add imperfections during 
growth. even when the fluctuations are as large as 
10% [Fig. 4(b)]. and their only appreciable effect 
is a reduction of its height. On the contrary. this 
peak is not observed when DQWs are absent and 
the SL is purely random [Fig. 4(c)]. It is not difficult 
to understand why this is so. The derivative of the 
Fermi-Dirac function in eqn (lb) is very peaked 
around the chemical potential. Therefore, when the 
chemical potential lies close to the set of extended 
states. that is to say, close to the resonance, there 
will be positive contributions to the conductance 
due to conducting states, as shown in Fig. 4(a,b). 
Clearly. if there are no extended states as in ordi­
nary random QWSLs, there will never exist positive 
contributions and the sample will always present 
small and featureless d.c. conductance. as it is seen 
in Fig. 4(c). 
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To summarize, we have studied d.c. conductance in 
intentionally disordered GaAs-Ga,_,AI,As SLs with 
and without DQWs. In periodic SLs with a single 
DQW, there exists a resonant energy for which the 
electronic states remain unscattered due to the 
resonant coupling between the neighbouring QW 
forming the dimer. One of the main points we have 
found is that these resonance effects also arise when 
a finite number of DQW are randomly placed in the 
SL, in spite of the inherent disorder. These effects 
manifest themselves through an enhancement of the 
d.c. conductance whenever the electron energy (at 
T = 0) or the chemical potential (at T > 0) matches 
the resonant energy. Our present results strongly 
support the idea that a dramatic enhancement of the 
d.c. conductance should be experimentally observable 
in actual SLs with correlated disorder, provided that 
we set SL parameters in such a way that Er lies close 
to the chemical potential. On the contrary, all these 
effects are completely absent in random SLs without 
the constraint of pairing. We feel that, however, the 
most significant point we have demonstrated is that 
imperfections inadvertently introduced during 
growth, which we have simulated by random vari­
ations of the nominal thicknesses of the QWs, do not 
have very significant effects on the delocalization of 
electronic states by correlated disorder, at least within 
the available MBE capabilities. This is indeed an 
interesting result from a practical point of view, since 
it means that deviations of several monolayers from 
the ideal values of the well thicknesses do not destroy 

the quantum coherence required to observe delocal­
ization. It is important to stress that the study of 
deJocalization goes beyond the mere conceptual inter­
est and, actually, new devices may be developed 
based on this effect. For instance, it is possible to 
disregard all electron states other than unscattered 
ones and this may be of interest to design electronical 
filters. 
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