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Theoretical study of carrier confinement in a-Si —SiC quantum wells
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We present a systematic theoretical analysis of carrier confinement in amorphous semiconductor
quantum wells. Our study is based on a fourfold-coordinated continuous random-network model for the
amorphous state. A semiempirical tight-binding approach and the recursion method are used to calcu-
late the average electronic density of states of clusters consisting of typically 57 600 atoms. For narrow
wells we find that the average local density of states near the well center exhibits these features both at
the valence- and conduction-band edge. Comparison with calculations for the bulk and corresponding
crystalline quantum wells allows the interpretation that quantum confinement e6'ects due to the presence
of barrier materials are responsible for these features in the density of states. For quantum well width

0
below about 20 A the onset of a gap formation which separates strongly localized states from extended
conduction-band states is observed.

I. INTRODUCTION

During the past three decades a new class of semicon-
ductors has been bred by heteroepitaxial growth of semi-
conductor heterostructures. ' The most investigated and
probably most interesting new properties of these materi-
als are known as electronic quantum confinement efFects
(EQCE s). They are achieved by intentionally built-in
mesoscopic band-gap variations and the wave nature of
the electron. The formation of sub- and minibands in
crystalline semiconductor heterostructures is well docu-
mented in the literature and represents a direct conse-
quence of the spatially extended eigenfunctions (Bloch
functions) of crystalline materials. The situation is rather
difFerent for amorphous semiconductor heterostructures.
Although amorphous semiconductors and insulators
display a variety of rather interesting physical properties
and have been demonstrated to be of high technological
importance, particularly when used in conjunction with
crystalline materials, they have not yet reached the popu-
larity of their crystalline counterparts. This may partial-
ly be due to the inherent complexity of amorphous sys-
tems which makes them considerably more difficult to
characterize and study systematically than crystalline
materials, both experimentally and theoretically. In par-
ticular, it has remained unclear whether EQCE's exist at
all in amorphous semiconductor heterostructures. Only a
limited number of isolated experimental investigations in-
dicates that a quasi-two-dimensional density of states
(DOS) is formed in amorphous quantum-well systems.
Due to the spatially localized nature of the eigenstates of
(bulk) amorphous materials, it may indeed be expected
that EQCE's are not as pronounced as in heterostruc-
tures built from crystalline materials. Moreover, EQCE's
may be suppressed or difficult to verify experimentally
due to a lack of the k-vector conservation rule, as well as
the presence of undesired defects which are not directly
part of the amorphous state. In addition, growth-specific
variations in the samples make reproducibility and com-
parison of results for samples grown in different labora-
tories dificult.

Amorphous semiconductor heterostructures represent
interesting physical systems for several reasons. First,
they are systems in which a mesoscopic long-range order
is superimposed onto the disorder of the amorphous
state. Systematic variation of the well width imposes a
perturbation on the well layers in similar fashion as, for
example, a homogeneous external magnetic field of ad-
justable strength. Therefore a study of quantum wells
can provide information about bulk properties of amor-
phous materials. Depending on the spatial extent of the
bulk electron eigenstates, associated energy levels will
shift as a consequence of the vicinity of barriers. Thus, if
one accepts the existence of a mobility edge in amor-
phous semiconductors which has been envisioned to rath-
er sharply separate localized from extended states,
enhanced separation of these two types of states may be
expected due to quantum confinement effects.

As mentioned above, there is indeed some experimental
evidence for EQCE's in amorphous semiconductor het-
erostructures. Photoluminescence has been used to
investigate electronic states of a-Si:H —a-SiN:H sys-
tems. ' ' ' Miyazaki, Ihara, and Hirose have mea-
sured the electric current through a-Si:H —a-SiN:H
double-barrier structures and concluded that slight peaks
observed in the I-V curve were due to confinement-
induced resonant tunneling. Unfortunately these peaks
seem to be extremely weak, and complementary experi-
mental data on the same structures in support of their
claims were not included in the paper. This may leave
some doubt as to the correct interpretation of the experi-
mental data. Nebel et al. reported on a combination of
optical and transport measurements performed on a-
Si:H—a-Si& C:H superlattices and found an increase in
the optical band gap as well as evidence for the existence
of quantized levels. Sensitive photothermal modulation
(PTM) spectroscopy has been used to investigate mul-
tilayered structures of a-Si:H and a-SiC:H. An analysis
of the PTM spectra in terms of a particle-in-a-box model
was given in support of the conclusion that the steplike
features in the spectra for well thicknesses below 5 nm
were indeed a signature of quantum confinement effects.
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The same authors previously reported on in-plane trans-
port measurements which displayed an anomalous in-
crease in the carrier diffusion length. ' This may also be
taken as an indication of EQCE s and, possibly, of an in-
creased separation of localized and extended electronic
states near the band edges. It should be noted that, by
far, not all attempts to see EQCE's in amorphous systems
have been successful.

A theoretical investigation of EQCE's in amorphous
heterostructures is an equally delicate rnatter. Theoreti-
cal studies of dimensional quantization and tunneling
in amorphous semiconductor heterostructures have
remained limited in number and have generally been
based on dramatic approximations. ' ' Nonperiodicity,
as well as the multitude of defects and impurities which
may be present in real amorphous materials, makes an
analysis of their electronic properties, based on micro-
scopically realistic models, practically impossible. There
are, however, a variety of tractable models for the atomic
structure of amorphous semiconductors, in particular a-
Si, which can correctly produce general structural
features of the amorphous state, as well as general elec-
tronic properties in agreement with experiment when
linked to a suitable formalism for the electronic struc-
ture. ' ' One of the first truly successful computer-
generated models for a-Si was developed by Wooten,
Winer, and Weaire. It is based on a continuous random
network cluster of 216 atoms which is constructed from
crystalline Si by elementary bond-switching operations
and subsequent annealing procedures based on Keating-
type potentials. With the advent of more powerful com-
puters, molecular-dynamics simulations have also been
used to generate structure models for the amorphous
state, usually using Stillinger-Weber-type potentials. ' In
some instances, modified versions of the Stillinger-Weber
potential have been used. ' Simulations of amorphous
semiconductor compounds have remained limited in
number due to obvious additional complications.

Here we report on a theoretical study of EQCE's in a-
Si—SiC quantum wells. Due to the complexity of the
problem posed here we adopt the simplest and perhaps
most efficient approach which can be expected to provide
the main physical features of confinement-induced
changes which occur in the electronic density of states.
We consider a hydrogen-free continuous random network
model for a-Si of the kind proposed by Wooten, Winer,
and Weaire. Such a layer of "a-Si" is embedded be-
tween two cladding layers of crystalline SiC. EQCE's are
identified by comparison of the density of states of this
system with that of the a-Si layer enclosed between c-Si
cladding layers. The local density of states (LDOS) is cal-
culated using an efficient tight-binding-recursion-method
scheme which we have previously applied to ternary
semiconductor alloys.

The present model for the atomic structure of the
amorphous quantum well and a brief review of our elec-
tronic structure calculations are given in Sec. II. A sys-
tematic study of the electronic density of states as a func-
tion of well width, together with a discussion of our re-
sults and numerical details, is presented in Sec. III. Sum-
mary and conclusions are given in Sec. IV.

II. MODEL

For our theoretical study of EQCE's in amorphous
semiconductors, we selected a-Si —SiC single quantum
wells. Next to Si02 a-Si is certainly the most-studied ex-
ample of an amorphous semiconductor. Except for
strong lattice mismatch due to the short C-Si bond length
of 1.88 A versus 2.35 A for the Si-Si bond in c-Si,
Si, C provides an ideal barrier material for both top
valence band states and the lowest conduction-band
states of a-Si due to a favorable band offset.

We have constructed a series of clusters, each consist-
ing of 57 600 atoms, to represent a-Si —SiC quantum wells
with layer thickness ranging from about 10 to 18 A.
Crystalline SiC layers have been used to keep the cornpu-
tational efforts as low as possible. Using such barriers,
rather than a-SiC barriers, is certainly crude and, in par-
ticular, leads to somewhat artificial interfaces. However,
we are interested merely in modifications in the LDOS
within the a-Si layer. For this purpose, c-SiC fulfills at
least the primary task of providing confining barriers for
Si band-edge states and it is unlikely that the detailed na-
ture of the electronic structure of the barriers is of impor-
tance for the local electronic density of states near the
center of the a-Si well.

Our computational procedure is as follows. Originally
a cubic cluster of crystalline Si is constructed by joining
layers of Si in the [0,0, 1] direction. Each layer contains
800 atoms. We use 72 layers. The dimensions of the
cluster are approximately 100 AX80 AX80 A, roughly
corresponding to 72 X 800=57 600 atoms. Periodic
boundary conditions are used at the cluster surfaces
throughout this work. Large clusters seem to be una-
voidable for the present study. For one, we need to
represent a well of certain thickness and the two neigh-
boring barriers simultaneously. Second, rather than
overall features we want to investigate details at the
valence- and conduction-band edge and, thus, need a
representative number of data points in the numerical
DOS. Large cluster sizes have been made possible by the
efficiency and relative simplicity of the present model, the
numerical efficiency of our code, and the use of super-
computing facilities. In this original cluster of c-Si, a well
region with [0,0, 1] interfaces is identified at the center of
the cluster. This slab of Si is converted into a continuous
random network model of a-Si, largely following a pro-
cedure suggested by Wooten et al. ' For this purpose,
a large number of elementary bond switches is performed
in the well region to destroy structural features associated
with c-Si. These switching processes are followed by a
lattice relaxation guided by a Keating potential which, in
turn, is followed by several stages of annealing cycles to
bring bond-length and bond-angle Auctuations into close
agreement with experimental data for a-Si. Using the no-
tation of Ref. 30, the Keating parameters for a-Si
a=48. 5 (N/m) and P=13.8 (N/m) were chosen.

The position of Si atoms in the barrier regions which,
up to now, has been held fixed, is now relaxed to reduce
strain at the interfaces. We find that the propagation of
lattice distortion into the c-Si layers is limited to about
two layers of c-Si per cladding layer. Finally, every other
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Si atom within the designated barrier regions is replaced
by C.

This procedure leads to a somewhat artificial descrip-
tion of the heterointerfaces due to the neglect of the lat-
tice mismatch between a-Si and SiC. However, using a
continuous random network for the interface region
which accounts for lattice mismatch seems to be even
more artificial. In reality, it must be expected that the
lattice mismatch is primarily accommodated by interfa-
cial defects, such as dangling bonds and impurities, rath-
er than elastic strain. In crystalline materials lattice
mismatch may be accommodated by both (uniform) elas-
tic strain and interfacial defects. The latter frequently
lead to dislocations which should not be of importance in
amorphous systems. In hydrogenated material, however,
one may expect a high concentration of H at the inter-
face, partially eliminating dangling bonds. This has
indeed been observed experimentally. ' Thus there will
be little additional lattice distortion in neither a-Si nor
SiC owing to lattice mismatch and, except for H incor-
poration, our model should be reasonably close to reality.
Effects on the LDOS due to H incorporation have been
investigated both experimentally and theoretically.
Primarily, H incorporation is believed to inAuence the
optical band gap by reducing the strength of the ppm
bond, leading to a downward shift of the upper valence-
band edge. For H-free a-Si, an optical band gap of 1.5 eV
has been measured. Increase of the H concentration
monotonically raises the optical band gap. Typical band
gaps of a-Si:H samples lie around 1.8 eV. Several forms
of H incorporation may be envisioned.

The electronic structure of our cluster was obtained by
following a procedure used previously to investigate ter-
nary alloys. Using a nearest-neighbor sp s tight-
binding (TB) model, a Hamiltonian matrix is associated
with the cluster. For the a-Si layer we use c-Si matrix ele-
ments which are rescaled according to the local environ-
ment of a specific Si atom. ' Within the barrier, we use
SiC TB parameters based on the SiC lattice constant.
The diagonal TB elements of SiC were shifted so that ex-
perimental values for the band offsets are achieved. Here,
we used 0.53 eV for the conduction band and 0.7 eV for
the valence band. TB parameters used here are listed in
Table I. The resulting TB Hamiltonian matrix was used
to evaluate the LDOS for sites within the well by means
of the recursion method.

Calculation of the LDOS requires evaluation of diago-
nal elements of the Green's function for given state p and

lattice site 1, ~
lp ), which may be written in the form

&~plG(Z)lip& =
Z Q 0

$2

$2
Z Q 1

b3
Z —a 2'.

Ia„l and Ib„I, respectively, are the diagonal and off-
diagonal matrix elements of the linear-chain Hamiltonian
which is obtained from the original matrix by a suitable
sequence of unitary transformations. The LDOS is given
by

n(E, Ip)= ——lim Im(lp~G(Z)~1p) .
1

7T 5~0+
(2)

Here Z =E+i5 and 5 is a small imaginary part which
must be chosen suitably. Our value 5=0.024 is based on
a detailed investigation of crystalline quantum wells of
the same cluster size. A suitable choice of 6 is essential.
If 5 is chosen too small spurious oscillations may occur in
the LDOS. On the other hand, if 5 is too large essential
features in the LDOS may be overlooked. Here, the
LDOS per atomic site is calculated as an average over s,
s*, and p orbitals.

III. RESULTS

Prior to application to amorphous quantum wells, we
tested our computer model by constructing clusters of
512 atoms to model bulk a-Si. Elementary bond
switches, in which pairs of nearly parallel bonds are cut
and reconnected, were used to produce an unrelaxed
fourfold coordinated continuous random network. For
the present cluster size, we found that an initial switching
rate of about 1.6 is required per atom to sufficiently des-
troy crystalline features of the network. This leads to a
20' average angle fluctuation b, 8 and 7.5% relative bond-
length fiuctuation in the network. Subsequent gradual
annealing, using typically 30000 trial switches and gra-
dual lowering of the temperature from kT=0.45 to 0.2
eV, leads to both bond-angle and bond-length fIuctua-
tions close to experimental findings. Plots of the overall
DOS for two different cases can be found in Figs. 1 and 2.
It can be seen, by comparison with c-Si (dotted line), that
the sample with 60=10.6' exhibits somewhat more crys-
talline features than the sample with At9=12.4. The en-

TABLE I. Matrix elements of the tight-binding Hamiltonian in eV and bond length d in A. a
denotes anion and c cation.

E„ E„ E Eg Eg

Si
SiC

—4.200
—8.404

—4.200
—4.796

1.715
2.123

1.715
4.347

6.685
9.653

6.685
9.317

2.35
1.88

Si
SiC

—2.075
—3.118

Vsp o

2.481
4.130

~ps a

2.481
4.000

~pp m

—0.715
—0.706

2.716
3.689

s per

2.327
3.755

ps a

2.327
1.874
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FIG. 1. The DOS of a-Si within a 512-atom network cluster
with bond-angle fluctuation 50=10.6' and relative-bond-length
variation hR /R =2.97%.

ergy bands are significantly smeared out and are, general-
ly, in good agreement with experiment, as well as with
earlier studies using smaller clusters and predictions from
general considerations based on TB models. ' We in-
tentionally kept 60 slightly above experiment to be
sure not to underestimate disorder. A convolution of
valence and conduction-band DOS of the structure
with 60=10.6' was used to estimate the absorption
coeScient. It was found that the Tauc plot closely
resembles that of a realistic sample, however, the optical
bandgap of 1.3 eV lies clearly below experimental data on
a-Si:H with a value of typically 1.7 eV. The latter is
largely due to lack of hydrogen in our model system.

We used this network model of a-Si to calculate the
average LDOS near the upper-most valence-band edge
and the lowest conduction-band edge for several quantum
well structures, as well as bulk systems. In the present
paper, we discuss quantum wells with seven, nine, and
thirteen atomic layers of a-Si. This corresponds to layer
thicknesses between about 10 and 18 A. Table II lists the
number of layers, the final standard deviation in the Si-Si

bond-angle, average relative bond-length Auctuation, and
the final bond switch rate per atom which characterize
the different a-Si well layers. The TB parameters for c-Si
on which our calculations are based were taken from a fit
to experimental data. For c-SiC, the TB parameters
were obtained by fit to experiment and nonlocal empirical
pseudopotential calculations. The TB parameters
may be found in Table I. The energy dispersion which
was achieved for c-Si and c-SiC is given in Figs. 3 and 4,
respectively. Although there are some deficiencies in this
nearest-neighbor model regarding the (upper) conduction
bands, it rather accurately reproduces experimental data
in the vicinity of the main energy gap, which is of pri-
mary interest here.

The average LDOS at well center was obtained by
averaging over at last 40 randomly picked sites which are
located within a 2-A-thick layer at the center of the well.
To aid interpretation of our data for a-Si/SiC quantum
wells, we also looked at model structures in which clad-
ding layers of pure c-Si were used. Due to the absence of
any significant band offsets at the interfaces of such struc-
tures, they were used as reference systems to which the
amorphous quantum wells were compared. Furthermore,
we performed calculations for corresponding crystalline
quantum wells, again neglecting lattice mismatch at the
heterointerfaces. This model system was investigated to
obtain an understanding of how clearly the formation of
a quasi-two-dimensional density of states is rejected in
the LDOS of crystalline materials, where the formation of
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FIG. 2. The DOS of a-Si within a 512-atom network cluster
with bond-angle Auctuation 60= 12.4' and relative-bond-length
variation AR /R =3.37%.
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FIG. 3. The band structure of c-Si as obtained from the sp s*
model.
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FIG. 4. The band structure of c-SiC as obtained from the
sp s model.

electronic subbands has been well established and is
quantitatively well understood. Furthermore, this allows
selection of a suitable value for 6, as well a direct compar-
ison with effects observed in the LDOS of the amorphous
counterpart. Results for the site-averaged LDOS for all
structures are summarized in Figs. 5 —10, whereby solid,
dashed, dot-dashed, and dotted lines refer to a-Si —SiC
quantum wells, a-Si —Si structures, c-Si—SiC quantum
wells, and bulk c-Si, respectively. The energy scale is
such that zero coincides with the band edge of c-Si.

Our narrowest well consists of seven layers of Si, which
corresponds to a well width of about 10 A. Results for
the conduction-band edge are given in Fig. 5. The LDOS
of the amorphous quantum well (solid line) clearly
displays several features: in the band tail up to about 1.1
eV virtually no change occurs in the LDOS. Then the
LDOS suffers a clearly visible drop which is followed by a
rather sharp increase, when compared to the a-Si —Si

4 M ~ a&a~ M ~ ~ ~ ~ I a ~ ~ a l a a ~ a

0.8 1 1.8 1.4 1.6
Energy (eV)

FIG. 6. Average LDOS at the center of the nine-layer Si-SiC
well near the bottom of the conduction band. Solid line, a-
Si—SiC; dashed line, c-Si—a-Si; dot-dashed line, c-Si—SiC; dotted
line, c-Si.

structure (dashed line). This drop occurs roughly at the
energy where bulk c-Si (dotted line) has its conduction-
band edge. Several steplike features can be clearly
resolved above about 1.3 eV. This energy corresponds to
the region where the LDOS of bulk c-Si and the crystal-
line quantum well (dot-dashed line) cross. Although lo-
cated at roughly the same energy, the formation of the
lowest confinement level is, for this well thickness, much
more pronounced for the crystalline quantum well, while
higher levels produce signatures of similar strength. It
should be kept in mind that the LDOS takes into account
the magnitude of the wave function at the particular
atomic site, as well as that the conduction-band edge of
c-Si is characterized by two different effective electron
masses.
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FIG. 5. Average LDOS at the center of the seven-layer Si-
SiC well near the bottom of the conduction band. Solid line, a-
Si—SiC; dashed line, c-Si—a-Si; dot-dashed line, c-Si—SiC; dotted
line, c-Si.
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FIG. 7. Average LDOS at the center of the thirteen-layer Si-
SiC well near the bottom of the conduction band. Solid line, a-
Si—SiC; dashed line, c-Si—a-Si; dot-dashed line, c-Si—SiC; dotted
line, c-Si.
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FIG. 8. Average LDOS at the center of the seven-layer Si-
SiC well near the top of the valence band. Solid line, a-Si —SiC;
dashed line, c-Si—a-Si; dot-dashed line, c-Si—SiC; dotted line, c-
Si.

FIG. 10. Average LDOS at the center of the thirteen-layer
Si-SiC well near the top of the valence band. Solid line, a-
Si—SiC; dashed line, c-Si—a-Si; dot-dashed line, c-Si—SiC; dotted
line, c-Si.
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FIG. 9. Average LDOS at the center of the nine-layer Si-SiC
well near the top of the valence band. Solid line, a-Si —SiC;
dashed line, c-Si—a-Si; dot-dashed line, c-Si—SiC; dotted line, c-
Si.

Considering a well which consists of nine layers of Si, a
similar picture emerges in Fig. 6. Below the band edge of
c-Si, i.e., in the "band-tail" regime of a-Si, the average
LDOS suffers merely small changes, indicating a localiza-
tion length of states in this energy regime comparable to
or below well width. The regime of a depressed LDOS
which was observed for the seven-layer well now is less
pronounced. However, as before, the LDOS clearly
displays the signature of confinement effects above the en-
ergy where the bulk c-Si DOS (dotted line) crosses the c-
Si—SiC LDOS (dot-dashed line). Electronic confinement
is also evident for the c-Si—SiC well. This scenario re-
peats itself for our widest well consisting of thirteen Si
layers, corresponding to about 18 A. Changes in the den-

sity of tail states are further reduced due to the increased
well width. Near the energy corresponding to the band
edge of c-Si, a small dip in the LDOS of the a-Si —SiC well
is evident and followed by a rapid, steplike increase in the
density of states. The latter is again the signature of
quantum confinement effects on extended a-Si states. It
should be mentioned that, even when 40 sites are con-
sidered, details in the shape of the average LDOS depend
somewhat on the sites over which the average is per-
formed. However, the qualitative features mentioned
above and, most importantly, the position of the steps
above the c-Si band edge is maintained.

We interpret these findings as a confirmation of the
picture envisioned in the Introduction. The band-tail
states have a high degree of localization and remain vir-
tually unaffected by the presence of barriers, unless locat-
ed at the interface. However, with decreasing well width,
states centered relatively close to an interface and/or
with relatively large spatial extent, the latter correspond-
ing to an energy eigenvalue close to, or above, the c-Si
band edge, get pushed up in energy, thus opening a "gap"
between localized and extended states. For narrow wells,
such as considered here, clear quasi-two-dimensional sig-
nature is evident in the LDOS. As one would expect, this
structure is generally weaker than for the crystalline
counterpart.

We also performed an analysis of confinement effects at
the upper valence-band edge. Figures 8 —10 give a com-
parison of the average LDOS (at well center) for a-Si —SiC
(solid line), a-Si —Si (dashed line), c-Si—SiC (dot-dashed
line), and c-Si (dotted line). In spite of the relatively large
valence-band offset of 0.7 eV, large hole masses cause
that quantum confinement effects are somewhat more
difFicult to resolve in the LDOS at the valence-band edge.
This also holds for the present crystalline materials.
Nevertheless, barrier-induced modifications are clearly
resolved. In the crystalline case, a lowering of the band
edge and the formation of a subband structure is ob-
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served, with the lowest subband position moving from
about 0.10 to 0.03 eV as the well width is increased from
seven to thirteen atomic monolayers. For a-Si —SiC,
where disorder leads to a considerable increase in the
LDOS close to the band edge (dashed versus dotted line),
the situation is less obvious. Even below the bulk
valence-band edge, barriers seem to provide variations in
the average LDOS. As the barrier height is increased,
band-tail states near 0 eV are shifted to lower energies
when the well width becomes extremely small. These
features in the structure may be due to states located at
the interface where our model provides somewhat larger
bond-angle fluctuations than in a-Si. This is indicated by
the fact that these peaks are also present in the a-Si —c-Si
structures, that bond-angle fiuctuations primarily affect
the valence band edge, and that these states are remark-
ably sensitive to the presence of barriers. At somewhat
lower energies, additional structure arises which, by com-
parison with the crystalline case, may be interpreted as
being due to the formation of a confinement-induced
sub-band-like energy structure. In order to verify that
6=0.024 was not too small a choice and did not lead to
spurious fluctuations, we also evaluated the LDOS for
6=0.04. For this value, part of the subband structure of
the crystalline quantum wells is smeared out. In particu-
lar, the lowest confinement levels which occur in the crys-
talline quantum wells are lost, indicating that 5=0.04 is
too large a choice. The main features, both for crystal-
line and amorphous structures, are the same as in Figs.
8—10.

Several other investigations have been performed.
First we compared the LDOS for neighboring sites (bond-
ed and nonbonded) at well center. Strictly equivalent
atomic sites cannot be identified in amorphous structures.
Thus strongly site-dependent variations in the LDOS
may be expected. As a representative example we com-
pare the LDOS of the nine-layer well for two neighboring
nonbonded sites at well center in Figs. 11 and 12. Solid
lines pertain to the quantum-well case, whereas dashed
lines pertain to the corresponding a-Si —c-Si structure.
Strong effects due to the presence of confining barriers
can clearly be resolved. Moreover, a strong site depen-
dence in the LDOS is found, both with and without
confining barriers. This site dependence must be attribut-
ed to variations in the local environment around a
specific site. Remarkably, however, common changes in
the LDOS survive site averages within a given well layer
which is parallel to the hetero-interfaces, as documented
in Figs. 5 —10.

We also tested our interpretation of the steplike density
of states as being due to electronic quantum confinement
effects by inspection of the average LDOS as a function
of distance from the interface. In Fig. 13, the average
LDOS is plotted for the nine-layer a-Si —SiC quantum
well at well center (solid line), two layers (2.71 A) to the
"right" of the center (dashed line) and two layers to the
"left" of the center (dotted line). It can be seen that the
steps above the c-Si band edge which we identified as due
to the lowest confinement-induced levels are still observ-
able two layers away from well center. The lowest peak
which is clearly resolved in all three curves lies at about

~ ~ ~ I
1

I v ~ ~ ~ \ ~ ~
1

~

0.8 1 1.2 1.4 1.6
Energy (eV)

FIG. 11. LDOS for a site at the nine-layer a-Si —SiC well
center near the edge of the conduction band. Solid line, a-
Si—SiC; dashed line, a-Si —c-Si.

1.24 eV. Peaks below 1.2 eV are not common to all three
curves and thus may be traced back to localized states
which happen to lie close to one of the interfaces.

IV. SUMMARY AND CONCLUSIONS

We have performed a model study of electronic quan-
tum confinement effects (EQCE's) in amorphous Si-SiC
quantum-well structures. Present calculations are based
on a continuous random network for a-Si, which is ob-
tained by elementary bond switches and subsequent simu-
lated annealing, closely following a previously developed
procedure. Large clusters with up to 57600 atoms and
periodic boundary conditions were constructed to model
amorphous and crystalline Si and Si-SiC quantum wells.
The LDOS of these structures was evaluated within a TB
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FIG. 12. LDOS for a site at the well center neighboring but
nonbonded to the site chosen in the Fig. 11. Solid line, a-
Si—SiC; dashed line, a-Si —c-Si.
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model for covalent semiconductors by means of the re-
cursion method.

Comparison of the average density of states at well
center between a-Si —SiC and a-Si —c-Si model structures
clearly exhibits electronic quantum confinement effects
due to the presence of high barrier layers in a-Si —SiC
structures. In our calculations, well thicknesses were

0
varied from about 10 to about 18 A. This interpretation
of the LDOS was aided by comparative studies of
equivalent c-Si quantum wells, as well as a study of the
profile of the LDOS perpendicular to the heterointer-
faces. For these extremely narrow wells, we also observe
the onset of the formation of an energy gap near the con-
duction band edge at energies below the two-dimensional
peaks. We interpret this effect as a consequence of a gen-
eral energy dependence of the spatial extent of the elec-
tronic eigenfunctions of the amorphous system. In the
band tails, the eigenfunctions are predominantly confined
to within a few angstroms, whereas deeper into the band,
the eigenfunctions adopt a more crystalline Bloch func-
tionlike character. Thus confinement effects tend to
separate localized and extended electronic states. This
picture is in agreement with the temperature dependence
of the carrier mobility in amorphous semiconductors,
such as a-Si, and the notion of a mobility edge which
separates localized from extended states. In our model,
the mobility edge in the conduction band occurs in an en-

k ~ h ~ I ~ ~ ~ l ~ ~ ~ ~ I ~ ~

0.8 i 1.2' 1.4 1.6
Energy (eV)

FIG. 13. Average LDOS for a nine-layer a-Si —SiC well.
Solid line, at the well center; dashed line, two layers (2.71 A) to
the "right" of the center; dotted line, two layers to the "left" of
the center.

ergy region which lies slightly above the conduction band
edge of the crystalline bulk material. As the c-Si band
gap lies below the experimental optical band gap for a-Si
it is unlikely that the onset to a formation of a gap can be
verified by optical measurement. However, enhanced in-
plane mobility has been reported in thin a-Si —SiC multi-
ple quantum wells. ' Such an effect might be attributed
to an enhanced separation of localized and extended
states due to confinement.

Similar to crystalline quantum wells, the signature of
quantum confinement effects is somewhat less pro-
nounced at the valence-band edge, however, it is still
clearly resolvable for narrow quantum wells.

Although quantitatively successful for isovalent ter-
nary alloys, the present model, when applied to a-Si —SiC
quantum wells, must be considered a compromise be-
tween a realistic representation of amorphous quantum-
well structures and simplicity which makes such an
analysis feasible. Due to the adoption of a strictly
fourfold-coordinated continuous random network, it does
not account for structural defects such as vacancies,
voids, and dangling bonds. Any of these defects may be
expected to reduce EQCE's. Moreover, hydrogen, which
is generally present in real systems, has not been incor-
porated into our model up to now. This is possible, in
principle, following a bond-cut-and-switch procedure
which is similar to the one used here to produce the con-
tinuous random network. This and other incorporation
mechanisms were left out simply to restrict the computa-
tional effort. However, the encouraging first results from
this study make more realistic models for a-Si:H —a-
SiC:H heterostructures desirable. The presence of H is
well known to increase the (optical) band gap. Thus a
more direct comparison with experiment would be possi-
ble. Moreover, hybrid models with molecular dynamics
approaches' ' may be useful for a more detailed under-
standing of the formation of amorphous heterointerfaces.
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