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Short repulsive binary-alloy chains as a model for disordered quantum wells
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Quantum confinement in one-dimensional disordered quantum wells is verified by means of resonant tun-
neling signatures in the transmission probability of an electron through barrier-well-barrier structures. The
wells are simulated by short repulsive binary-alloy chains. These chains are interesting disordered systems,
showing both localized and delocalized states. Bona fide confined states in the energy range where the bulk
chain presents states with a localization length that exceeds at least three times the quantum-well width are
found. These bona fide quantum-well states show clear symmetry properties for the envelope probability
density in spite of disorder. In addition, the inadequacy of mean-field approximations to understand the
quantization rules of disordered heterostructures is discugSed63-18208)01123-7

[. INTRODUCTION ized or delocalized states, one can directly monitor the spa-
tial quantization as a function of the localization of the bulk
Quantum confinement effects in quantum wells of crystal-states of the quantum-well material.
line semiconductors are well documented in the literature On the other hand, the use of the mean-field approxima-
and are a direct consequence of the interference of spatialjon for describing quantum confinement effects in disor-
extended wave functions in these systémtdowever, the dered materials is questionable when correlations are present,
situation is rather different for heterostructures based on disas in our model, since a correlated disordered material pre-
ordered materials, where the electronic and optical propertie§ents resonances that cannot be handled within mean-field or
remain unclear. Indeed, these properties give no direct argffective-mass approximation frameworks.
swer to the question of whether quantum confinement effects Here, we report on the electron resonant tunneling
exist or not in these systems. A paradigmatic example of thi§hrough a double-barrier disordered quantum wd@iB-
situation is given by the properties of amorphousDQVV), the existence of quantized levels in the disordered
semiconductor-based heterostructures. Miyazaki, lhara, aritiell layer as a function of delocalization of states in the
Hiros€ analyzed tunneling properties of an ultrathin amor-corresponding bulk chain, and the importance of microscopic
phous silicon layer sandwiched by silicon nitride barriers:models in opposition to effective potentials for disordered
currents bumps in the-V characteristic curve are associated quantum wells. As a consequence, the present quantized lev-
to resonant tunneling effects through the double barriers. Alels cannot be satisfactorily described by simple textbook
varez and collaborators had measured negative conductanggantization rules.
in a-SiC:H/a-Si/a-SiC:H structures that they related to
quantum size effectsHowever, these results are not conclu- Il. MODEL
sive. Also, optical and photothermal measurementa-i o )
superlattices have shown results that can be attributed to the The present model Hamiltonian consists of a one-
spatial confinemerft® These works have in common the use dimensional chain ofs-like orbitals, treated in the tight-
of the effective-mass approximation as an interpretatiorp'”d'ng approximation, with nearest-neighbor interactions
framework?~® while from a theoretical point of view this ©NY,
problem has begn addressed both by using microscopic mod-
T o some mean el aVeraing POCedie 1= o)+ Vo) 1+ Vool (.
In this work we show the necessity to go beyond a mean- (1)
field approximation, such as effective-mass or virtual-crystal
(VCA) approximations when correlations are imposed on A finite chain segment emulates a double-barrier
disorder. Correlations lead to a description of these systenguantum-well structure either sandwiched by two semi-
including inherently a key feature of many disordered bulkinfinite contact chaingopen systemor embedded by infinite
materials: the presence of well defined energy ranges shovbarriers(isolated structune Figure 1(top panel shows the
ing either localized or delocalized states. A useful framework'bulk” repulsive binary alloy attached to contacts in order
for a model quantum well with these characteristics is giverto study transmission properties. Figurét@p panel repre-
by a number of disordered one-dimensioiaD) systems sents the double-barrier quantum-well structure, where the
exhibiting nontrivial extended states, according to recent thewell is constituted by a short repulsive binary-alloy segment.
oretical investigation&>~2* Having this scenario in mind, The well material is a so-called repulsive binary alfdy?
one could build a quantum well with a finite segment of awhere the bond between one of the atomic species is inhib-
linear disordered chain of this class: a repulsive binanjted, introducing short-range order: in a chain Afand B
alloy.}* Since there are energy ranges showing either localsites, onlyA-A andA-B nearest-neighbor bonds are allowed.
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The introduction of this short-range order leads to delocal-
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ization of states in the disordered chairt’ The well layer is eYcXeloXeX YoX eI
then characterized by the degree of disor@edered or with & Ea Es _ .
uncorrelated or correlated disoril@nd the concentration of conaet 1 Pmaryalloy - Ba sies = | = Conaat
B-like sites, which is related to the probabiliBg of a B-like 10

site to be the next one in generating a particular chain con-
figuration. All results shown here are fétg=0.5, corre-
sponding to an effective concentration Bflike sites ofNg
~0.3. Disorder is straightforwardly introduced by randomly  10° |
assigningA and B sites, according to the constraints on
bonding and concentration mentioned above.

The problem of the transmission probability through the
chains and the DBDQW can be exactly solved numerically,
within the given model. We apply the Hamiltonian above to
the total wave function, which yields, in principle, an infinite
set of equations relating the local projectiofd the wave
function on siten to the first-neighbor sites. From these, a ~ ,
new set of equations may be generated relating directly the
projection on sitd on the left of the DBDQW, to the pro-
jection on a site to the right,

Localization Length (at.sites)
2

10°

(E=eD)[)=V'[N+V,_y[I-1), 2 20 o

010 110 2.0
Energy (eV)
(E=e))[r)=V'[I)+V, 4|r+1), 3 FIG. 1. Top panel: Disordered chains represents the “bulk” of a

dbinary alloy. Bottom panel: Localization length as a function of

whereE is the energy and primed quantities are obtaine energy for finite binary repulsive chaiti$00 site$ with correlated

from the solution for the DBDQW S_ubse_t, by the_ r_ecurSion(continuous ling and uncorrelateddashed ling disorder.
method. The complete set of equations is kept finite by de-
fining transfer matrices for the contadis-1)=T,|l) and . . _ .
[r+1)=T,|r). In this case]l) is an incoming plus a re- delocalized. For the correlated disorder case, continuous line
flected wave andr) is the transmitted wavé. The wave in the bottom panel of Fig. 1, this energy range can be iden-
function, and hence the probability density, is easily calcudified by the smoothness and oscillatory behavior of the lo-
lated within the same formalism. Since we are simu|atingcalization length due to interference effects of these extended
disordered systems, averages over hundreds of configuratates. For the uncorrelated cdsashed ling this band of
tions are undertaken. delocalized states is not observed.

The atomic site energies used throughtout this work are Having in mind these properties of the “bulk material,”

ea=0.3 eV, eg=—0.3 eV, and the hopping parameters arewe turn now to the central question of the work: how quan-
Vaa= —0.8 eV betweerh-like sites andV,g=—0.5 eV be- tum confinement effects can be characterized in quantum

tween A-like and B-like sites for the well layef® For the  Wells with this model of disorder. There are basically two
barriers, these parameters aeg,=—0.025 eV andV,,  Kinds of structures in order to make the spectroscopy of
=—0.15 eV. We consider wells with up th,,=50 sites Qquantized states due to spatial confinement: double barrier
and fixed barrier widths oNp=5 sites. The contacts are guantum wells embedded by contacts and quantum wells de-
chosen to be pura-like chains. Changing the contact chains fined by thick barriers, for tunneling and optical spec-
does not modify qualitatively the results shown befdwAt  troscopies, respectively. The present work is concerned with
interfaces we consider geometric averages of the hoppin?eOth situations. Since we are looking for quantum size ef-
parameters. The results for transmission probabilities antects, the barriers will sandwich short well-like chanepul-
probability densities for DBDQW structures are compared tcSive binary-alloy segments. o
energy Spectra for Sim“ar Systems embedded by |nf|n|te bar_ F|gure 2 ShOWS transmission pr0bab||ltles fOI’ a Correlated
riers. The VCA calculations have been made forAheyBy (@ and an uncorrelateth) DBDQW where the wells are
alloy, with X=0.3254, which corresponds to an effective Nw=33 sites wide. Figure(&) shows clear resonances in the
concentration oB-like sites forPg=0.5. transmission probability, in spite of disorder, in the energy
range where the bulk chain presents delocalized states, as can
be seen in Fig. 1. However, for the same energy range in the
uncorrelated case, no signatures of such resonances are
The properties of the “bulk material” are summarized in present. Transmission probability peaks are usually associ-
Fig. 1 (bottom panel showing the localization lengths, ated to quantum confinement effects in ordered quantum
M(E)=—2L/In[T(E)], of L=100 atomic sites long chains well system> In the present context they only occur when
with correlated(continuous ling and uncorrelateddashed the well material shows a “delocalization energy window.”
line) disorder. As real systems are finite, states with localizaA detailed inspection of these results, having in mind Fig. 1,
tion length longer than the system are delocalizedlike, reactshows that resonances appear at energy ranges where the
ing transmission probabilities up t6(E)~1. In this case bulk material presents states with a localization length that
there will be an energy range where the states are effectivelgxceeds the quantum well width by at least a factor of three.

Ill. RESULTS AND DISCUSSION
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FIG. 3. Energy spectra of barrier-disordered well-barrier struc-
ture embedded by infinite barriers with correlated disorder as a
function of the well width N,,). There are ten realizations per
width.

05 o3 0.1 caseE, ~-—0.7 eV, independent of the well width. Actu-

ally this value agrees with the results shown in Fig. 1 for a
repulsive binary-alloy chain segmeht=100 atomic sites
long in the absence of barriers. The position of the maximum
localization length does not depend on the chain length. By
increasing(decreasingthe well width, bona fide quantum-
well levels with increasingdecreasing quantum numbers

However, these resonances have their peak values drasfi'® tuned Into th_e deloca_lllzatlon window.” The expect_ed
level blueshift with well width can now be followed as in

cally suppressed, as can be seen in Fig),2vhere the best . . .
y Supp in Mg) ordered quantum wells, but only in this particular energy

resolved resonance reaché§(E)~107%. Transmission range. Indeed. for certain well widths. th tat e almost
probability resonance values close to unity occur only for ange. indeed, for certain we S, (nese stales are almos

symmetrical double-barrier quantum-well structures. AsymperfECtIy aligned for the energy scale of the figure. It should

metries in the structure may reduce this value by many or.pe noticed that these states, which appear at the same energy

ders of magnitud& The origin of these asymmetries in or- independent of the chain configurations,_ aIway; have .the
dered quantum wells is normally related to applied externaf2me guantum number,. as can be easily verified by just
fields or unequal barriers. In the present case, the asymmet unting the' states. Th.'s is a signature for quantum-well
is intrinsically present in the well due to the disorder. For aStat€S: in spite of the disorder. In the present case, the re-
given value ofPg, very few alloy configurations are sym- solved level neak, ., for Nw=50 corresponds to the state
metric relative to the well center and the weight of theirn=15 and forNy,=20 ton=6.

resonances is low due to the averaging procedure. On the The states at the bottom of the spectra shown in Fig. 3 are
other hand, any potential profile, independent of asymmeln the range of localized states, and their average energy also
tries, may show transmission probabi“ty maxima close toincreases when the well width is reduced. This shift, how-

unity for energies above the barrier. For the present case, tHVver, is due to the states localized near the interface that are
barrier top is given by, — 2V, = —0.325 eV. Indeed, rela- taken into account in the averaging procedure. The contribu-

tively high transmission probabilitied;(E)~0.1, are seen tion of these states is clearly enhanced with further reduction
for both correlated and uncorrelated disorder‘7 F@) 2nd of the We” W|dth We Stre.SS here that the nature of this
Fig. 2(b), for energies above 0.3 eV. energy shift is completely different from the effects of quan-
In order to elucidate the nature of the resonances in th&m confinement. Therefore, the shift of the fundamental
transmission probability, and their relation to quantum con-State in disordered quantum wells cannot be taken solely as
finement effects, a careful mapping of the energy spectra dtvidence of quantum confinemét. _ _
double-barrier quantum wells embedded by infinite barriers Further, we expect that the envelope functions associated
is necessary. In Fig. 3, the energy spectra as a function d¢ these quantum-well energy levels present clear symmetry
quantum-well width are shown. For each well width, ten properties. This is confirmed by the correct correlation be-
disordered configurations are displayed in order to visualizéween the quantum number and the number of nodes that
the energy fluctuations due to disorder. The well width is@Ppear in the averaged probability density. Figure 4 shows
varied fromNy,= 20 up toNy,= 50 sites. Two clearly distinct averaged probability densities for resonances in the transmis-
regions are identified: large fluctuations in the energy rangegion probability through a DBDQW structure nela _ for
where the states are localized and a strong suppression of théferent well widths:Ny,= 20 (a), N\w=23 (b), N\w=27 (c),
fluctuations in the “delocalization window,” which can be and N\y,=30 sites(d), corresponding ta1=6, n=7, n=8,
defined around the energy for maximum In the present andn=9 states, respectively. The related probability densi-

-1.3 A oo -0.7 -
Energy (eV)

FIG. 2. Top panel: The double-barrier quantum-well structure.
Bottom panel: Transmission probability as a function of energy for
DBDQW'’s with N\y=33 andNp=5 sites, consideringa) corre-
lated and(b) uncorrelated disorder.
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ties show, indeedn—1 nodes, identifying bona fide enve- ' . | | | T
lope functions of quantum-well bound states. Superimposec 4 6 11 16 21 26 31 36
to these general features, there are still minor fluctuations Atomic Sites

related to the underlying disorder. - - )
FIG. 5. Probability densities along a disordered wishy=30

Up to this point quantum-well states in the “delocaliza- _ S _ ) _
tion energy window” have been undoubtedly characterized.s'tes wide, embedded by infinite barriers, with correlated disorder.

Nevertheless, it is still important to inspect how the eigen-@ One configuration andb) average over 50 configurations. See
states of a given quantum well evolve when the energy rangté1e text for details.
of delocalized states is approached from the bottom of the
spectrum, where the states are clearly localized. Fig(ae 5 can be seen as a sequence of clusters with memory of the
shows the probability density for the eigenstates of a singléand structures of ordered chains where these clusters are the
configuration of a double-barrier quantum wily,= 30 sites  unit cells?® In the present case, our model with correlated
wide embedded by infinite barriers. The states labeled,by disorder has two clear limits: a quantum well made only of
2, 3, and4, corresponding tm=1 ton=4, are clearly local- A-like sites and a quantum well made of &3B ordered
ized. On the other hand, the states labeled7p®, and9  alloy. These cases correspondRg=0.0 andPg=1.0, re-
(n=7 to n=9) show well-defined quantum-well envelope spectively. Both limits are possible configurations for short
probability densities. However, if an average is made oveghains, since they can be seen as clusters of a longer corre-
many configurations, the localized states are apparently exated disordered chain, and may shed some light on the quan-
tended over the entire well as can be seen in Rig). ®r the  tization rules for our model disordered quantum well. In Fig.
average probability densities of the same states of F@. 5 6(2) we show the energy of the=10 state as a function of
We recall that the averaged probability densities of localizediuantum-well width in units of atomic sitesl,,. Open tri-
states in the quantum well!, 2’, 3’, and4’ in Fig. 5b), angles(squarep are for the pureA-like sites and ordered
have no clear symmetry, and no resonances in the transmié-B alloy cases, respectively. Dotted lines are only guides
sion probability are associated to these localized statedor the eyes. Dark circles represents the average value of the
Therefore, the distinction between quantum-well stqs n=10 eigenstates over many disordered quantum-well con-
energies with localization length exceeding many times thdigurations as a function dfly,, while the error bars repre-
guantum-well width and the localized states is always very sent the heterogeneous broadening of these states. We see
clear, independent of the averaging procedure. that then=10 state shows the smallest broadening at the
A final point, to be investigated, is the possibility of es- crossing of the curves representing the ordered cases. Here
tablishing a quantization rule, as well as a mapping of theve have the delocalization effect of long repulsive binary
problem on a simple effective model, such as the effectivealloy chains translated to a short chain embedded by barriers
mass approximation in the context of crystalline situation: crossing of all energy curves, as a functioNgf,
semiconductors-based heterostructdrésdisordered chain for a given quantum-well eigenstate, at exactly the same
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nances for thé\,y= 33 case in Fig. @&), and from the spectra

in Fig. 3. This broadness of the “quantization window” is an
involved and subtle question deserving further work. Con-
cerning the mapping of the problem on a simple effective
model, Fig. €b) shows the ordered limit cases of Figap
compared to the prediction given by a VCA chain for the
=10 state(filled diamond$. The filled circles are the mean
value for the bounded states for a correlated disordered well
Nw=33 sites wide. Clear discrepancies are observed: the
energy positions of quantum levels, given by the VCA ap-
proximations, are not in agreement with the numerical re-
sults. This can be explained as due to the fact that the VCA
does average the lattice potential, not taking into consider-
ation the correlations between nearest neighbors, which
plays a paramount role in the delocalization of states and
consequently in the quantum confinement effects.

IV. CONCLUSIONS

The general trend observed in this work is that disordered
guantum wells do show bona fide levels due to quantum
confinement in energy ranges where the localization lengths
of the well material are at least three times longer than the

i T well width. This results are in agreement with the view of a
quantum-well bond state resulting from multiple constructive
Ty - Cl e PR interference of the wave functidn.Nevertheless, the estab-
20 30 40 50

lishment of simple quantization rules is an involved task and

Nw (atomic sites) the full understanding of the electronic properties of such

. systems needs a treatment beyond analytical estimations.
FIG. 6. Dependence of the=10 state on the well widthNw) ~ Moreover, since the “delocalization window” defines a
for a double-barrier quantum-well structure embedded by 'nf'n'te“quantization window.” where the levels are well resolved
barriers.(a) Mean value(dark circles and heterogeneous broaden- in energy, there will also be a gap between the localized

ing of these stategerror bars over many configurations. OPen giqie5 and the bouri@xtended states near the edges of the
circles are for a quantum well made only Aflike sites and open “quantization window.”®

squares are for one made of ARB ordered alloy.(b) Diamonds It is rather surprising that the “delocalization window”

are for a VCA calculations for the=10 state. Open circles and .
squares the same #8). Dark circles(error bar$ are the mean selects a few sj[ates to be quantized, regardless Qf the S.trong
values(heterogeneous broadenjrgf bounded levels of a DBDQW energy ﬂuctuaftlons th_at oceur for all others. An interesting
Ny =33 sites wide. related_ result is that identifying the quantum_number of a
bona fide level due to quantum confinement in a DBDQW
structure, the number of localized states lower in energy is
point, irrespective to the quantum-well configuration, wouldaytomatically given. Embodied in this results is the predic-
represent an infjnite localization Iength. quever, since thgjon that disordered systems with mobility edges should
quantum-well width cannot be varied continuously, even asnow quantum states due to spatial confinement in the range
bona fide quantum-well state will generally show a finite of delocalized states. The present results also give a hint of
heterogeneous broade.ning. From these resuIFs it is straightow these effects could be measured. The observed quan-
forward that the crossings of the corresponding curves fofized states could be better resolved in optical experiments
higher(lower) quantum-well eigenstates occur around highefhan in resonant tunneling spectroscopy. This can be seen by
(lower) values ofNy,, but close to the same energy value, comparing Figs. 2 and 3. Although resonances are well de-
namelyE, ~-0.7eV. fined in the transmission probability, they are very weak, due
Considering this model quantum well, now with infinite to the unavoidable asymmetriésntroduced by disorder. On
barriers, the best defined confined state can be estimated arite other hand, the clear resolution of the quantized states
lytically. One can easily find which state of the pukdike ~ shown in Fig. 3, and the well behaved corresponding enve-
sites chain[given by E(K)=Es+2Vaac0sKa), where K lope functions, Fig. 4, suggest that optical modulation spec-
=an/(Ny+ 1)a anda is the lattice parametghas the clos- troscopy should be an appropriate tool to investigate this
est energy to the energy of maximun localization length for gphenomenon.
repulsive binary alloy that can also be obtained The aim of the present work is not concerned with quan-
analytically?® On the other hand, the broadening of the statditative comparisons with related experimental results. Nev-
cannot be estimated analytically. More important is thatertheless, the energy and length scales are the same as those
other states are also well defined quantum-well bond statesf real quantum well systentsf the lattice parameter of the
for each quantum-well width, as can be seen in the resopresent chain is taken to be a typical interatomic distance of
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real systemsN,,~50, for example, would represent well equacy of effective models, have been recently discussed by
widths of the order of 10 nm. Dargam, Capaz, and Kioll&rin the context of alloy disorder
Implicit in the results shown here is the fact that effectiveeffects on AlGaAs/GaAs quantum wells.
models, such as VCA, do not work for systems where the
effective delocalization plays an important role in the quan-
tum confinement. Since mean-field models do not take into
account the correlations responsible for a “delocalization
window,” they cannot show which eigenstate is quantum The authors would like to acknowledge financial support
confined in the well or simply localized due to the disorder.from CNPq and FAPESP, Brazil, as well as partial support
Note added in ProofSimilar results, concerning the inad- from Colciencias, Colombia.
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