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We report the observation of periodic compositional modulation in ZnSe], Te alloys grown by
molecular beam epitaxy on vicinal (100) GaAs substrates. The period is highly regular, with typical
values between 18 and 32 A, and is long range in character. X-ray diffraction indicates that the
composition varies approximately sinusoidally, resulting in superlattices that are expected to have unique
physical properties.

PACS numbers: 68.65.+g, 68.55.Bd, 78.66.Hf

During the process of growing ZnSeo&OTeo&0 alloys by
molecular beam epitaxy (MBE) on vicinal (001) GaAs sub-
strates, we have observed spontaneous formation of com-
positionally modulated ZnSe& Te superlattices, with a
highly regular periodic variation of x along the growth di-
rection. The period of the observed composition modu-
lation depends on the growth conditions, but is typically
very well defined for any one growth. The spatial extent
of such superlattices has a remarkably long range, gener-
ally extending throughout the entire epitaxial specimen.

Spontaneous departures from a purely random compo-
sition are well known in MBE and metal-organic chemical
vapor deposition (MOCVD) of III-V alloys. The forma-
tion of atomic superlattices along various crystallographic
directions, phase separation, and other forms of nonrandom
segregation have been observed and studied in practically
all III-V ternary and quaternary alloys [1]. In contrast to
this, little is known in this area in II-VI alloys. Some indi-
cations of atomic ordering have been reported for ZnSeTe
[2,3], and clear evidence of phase separation has been ob-
served in three other II-VI systems (ZnSeS [4], ZnMgSeS
[4], and ZnCdTe [5]). In addition, atomic ordering has
been observed in the nonisovalent II-VI alloy ZnFeSe [6].

Because of the similarities and differences between the
III-V and II-VI alloys [7], the observation of spontaneous
segregation phenomena in the II-VI family —apart from
signaling the formation of systems that are new and
interesting in their own right is likely to increase our
understanding of these phenomena in general (i.e. , in II-
VI, III-V, and mixed group-IV alloys). We have therefore
launched a systematic investigation of the growth and the
resulting microscopic morphology in (AC)i (BC) and
(AC)i, (AD), alloys with x = 0.5, where A, B stand for
different group-II elements (cations), and C, D represent
different group-VI elements (anions).

During this investigation the system ZnSe& Te, when
grown on miscut (vicinal) GaAs(001) substrates, revealed
a remarkably interesting property the spontaneous for-
mation of superlatticelike modulation of composition x
along the growth direction and we will be focusing on

this phenomenon here. The observed effect is illustrated
in the dark-field transmission electron microscopy (TEM)
micrograph shown in Fig. 1. As seen in the figure, the su-
perlattice shows a remarkably well defined period, which,
in the case illustrated, is 27.4 ~ 1 A. The period is re-
markably constant over a macroscopically large region,
usually spanning the entire epilayer.

The ZnSei, Te, (x = 0.5) specimens were prepared in
a Riber 32 RAD dual-chamber MBE machine in the form
of epilayers (1 to 2 p, m thick) grown on vicinal GaAs(001)
substrates with various miscut angles between 2 and 10,
at various substrate temperatures, and with various flux
ratios. We have only observed the spontaneous modula-
tion phenomenon in cases where the miscut was greater
than 2, and only when the miscut surface was tilted ei-
ther toward the [111]aor [111]b direction, with the op-
timum miscut angle being about 4 . It is significant that
we have seen this in every growth involving a 4 miscut

FIG. 1. Dark-field TEM image of a ZnSeTe epilayer grown
on a vicinal GaAs(001) substrate, miscut by 4 toward the
[111]b direction. The view is taken along the [110] direction,
the growth direction being vertical in the figure. Note the
clear and regular formation of a superlattice. The period of the
superlattice is 27.4 ~ 1 A. The sample was grown at 285 C.
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angle toward one of the [111]directions (a total of over
15 such specimens), either directly on GaAs "epiready"
substrates, or on epitaxial GaAs buffers, which were de-
posited on the commercial substrates, or on epitaxial GaAs
buffers, which were deposited on the commercial substrate
before the ZnSe„5Teo, growth [8]. The occurrence of the
spontaneous composition modulation only on substrates
with a certain minimum tilt with respect to the (001) plane
suggests that the formation of the superlattice is some-
how linked to the atomic steps, which characterize vicinal
surfaces.

We have observed differences in the superlattice period
with various samples, ranging from 18 to 32 A, but the
period was remarkably constant in any one specimen. Our
growths were carried out at temperatures between 275 and
350 C and at growth rates between 2.5 and 3.5 A/sec, but
at this point we do not have sufficient data to systematically
correlate any given property of the superlattices with the
growth rate or temperature.

The periodic structure of these spontaneous superlattices
is confirmed by transmission electron diffraction (TED)
measurements, shown in Fig. 2. Note that satellites in the
TED patterns are points rather than streaks, confirming the
conclusion already drawn visually from the TEM pictures
that the superlattice period is quite well defined. TED data
also provide additional information: A careful analysis of
the orientation of the TED satellites indicates that they are
slightly tilted relative to the ZnSeo &OTeo 50 crystallographic
planes, i.e., that the wave vector of the superlattice is not
exactly parallel to the [001] crystallographic direction of
the ZnSeTe epilayer, but is normal to the macroscopic
sample surface. In certain cases the superlattice layers
were not completely fiat, but slightly "wavy" within the
layer plane, but even in those instances the period itself

remained the same at every point. In general, in our
still very limited experience the fiatness of the superlattice
layers has been considerably better in specimens grown
on GaAs epilayer buffers than in those grown directly on
commercial GaAs substrates.

The surprisingly long range of the phenomenon makes
it amenable to characterization by x-ray diffraction. Fig-
ure 3 shows a typical radial (0-20) x-ray scan through the
(004) Bragg reflection. The x-ray measurements presented
in this Letter were made on a double-axis diffractometer
equipped with a single-crystal Si[111]monochromator, us-

ing Cu Kni radiation (1.54 A.) from a fixed tube source.
The scan in Fig. 3 shows two clearly defined superlattice
satellites, corresponding (for that specific sample) to a su-
perlattice period A = 25.9 ~ 1 A, as discussed below.

In addition to signaling the existence of compositional
modulation, x-ray diffraction can provide other informa-
tion on the structural details of these new multilayer
systems. It is particularly interesting to know how the
composition x varies along the growth direction in the
modulated ZnSei Te structure. We will discuss this
aspect in some detail, since the compositional profile
of these spontaneous superlattices turns out to be quite
unique, distinguishing them from man-made short-period
superlattices.

The diffracted x-ray scattering intensity is proportional
to the square of the Fourier transform + of the electron
density p(r) in the scattering system, i.e.,

The observed x-ray scattering can therefore be used for
the purpose of mapping the Fourier components necessary
to describe the distribution of electrons (and, by extension,
the compositional distribution) in the sample. Thus, if a
given superlattice consists of abrupt, discontinuous steps
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FIG. 2. [110] transmission electron diffraction (TED) pattern
for the same sample as in Fig. 1, with superlattice diffraction
spots. Close inspection reveals that the spots are very slightly
tilted relative to the crystallographic orientation [001], indicat-
ing that the planes of the superlattice are not exactly coincident
with the (001) crystallographic planes of ZnSei Te .

FIG. 3. X-ray 0-20 scan through the (004) Bragg reflec-
tion for a ZnSei Te spontaneous superlattice grown on a
GaAs(001) substrate miscut by 4 toward [111]b, showing a
single pair of clearly defined satellite reflections. The solid line
is the best fit to the data assuming sinusoidal composition mod-
ulation (single Fourier component), in which the modulation
period and the amplitude are free parameters. The fit yields
a superlattice period of 25.9 ~ 1 A. The layer was grown at
335 C, indicating little effect of the growth temperature on the
period (compare with data of Fig. 1). The sharp peak near 66
is the GaAs substrate (004) reflection.
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in its composition, with sharply defined interfaces, one
will require a large number of Fourier components to
describe p(r), and a large number of x-ray satellites will
be observed in the 0-20 scan. (See, for example, recent
x-ray diffraction observed on GaInp/GaAs superlattices
[9], which show many satellite pairs corresponding to a
harmonic series of modulations with fundamental period
A.) A sinusoidal modulation of the composition, with a
single, well defined period A, will, on the other hand,
give rise to only one pair of satellite peaks about each
Bragg peak, the latter corresponding to the average (or
unmodulated) lattice.

We now return to Fig. 3. The most intense, narrow
peak in the figure (near 65.5 ) is due to the GaAs sub-
strate, and the next most intense, broader peak (near 64')
is the (004) reflection form the average ZnSe„~Teo5 zinc
blende lattice [10]. Indeed, the lattice spacing deduced
from this (004) reIIection corresponds closely to the av-
erage of the lattice spacings of ZnSe and ZnTe. In ad-
dition, we see only two satellites equally spaced above
and below the average ZnSe0 &Teo & peak. Careful scans at
much higher sensitivity revealed the presence of no other
peaks, strongly suggesting that the electron distribution is
sinusoidal (or very close to sinusoidal) along the growth
direction, as discussed above. In contrast, intentionally
grown ZnSe/ZnTe superlattices with periods comparable
to the spontaneously modulated structures (30 A/30 A,
30 A/20 A, and 30 A/10 A), prepared for the purpose of
comparison, invariably showed a large number of satellites
(four or more on either side) in both the x-ray scans and
TED images.

For sinusoidal modulation of composition along the
[001] direction, it is readily shown that the angular
positions of the (004) peak for the average composition
(20O), the high-angle satellite (20+), and the low-angle
satellite (20 ) are related as follows [11]:

sin0~ = sin00 ~ A/2A,
where A is the wavelength of the xrays, and A the mod-
ulation period. The solid line in Fig. 3 is the best fit to
the data assuming a lattice with a simple sinusoidal mod-
ulation of electron density (a single Fourier component),
in which the period and the amplitude are free parame-
ters. As already mentioned, this gives a period of 25.9 A
for the data in Fig. 3. In all, we have carried out x-ray
(and TEM) observations on thirteen ZnSe05Teo5 samples
grown on vicinal GaAs substrates, with periods ranging
from 18 to 32 A. X-ray 0-20 scans for all the specimens
examined indicated only two satellites, in close similarity
to the behavior seen in Fig. 3.

The modulation of electron density that manifests itself
via x-ray scattering satellites can arise from two causes: a
strain modulation, and a chemical modulation. Pure strain
modulation would arise in a sample with identical atoms
at every site, in which the lattice spacing is modulated (in
our case, along the growth direction) about some average
value. Pure chemical modulation consists of modulating
the relative concentrations of atoms with different x-ray
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scattering powers (in our case, the Se and Te atoms) in
a lattice with a perfectly uniform lattice spacing. Each
of these effects taken separately would result in a pair of
equal intensity satellites, such as those in the solid-line fit
in Fig. 3. When both are present simultaneously (as is
the case in most real systems, since the two effects are
causally related), the strain wave and the composition wave
wiH interfere, and the high-angle and low-angle satellites
will no longer have exactly the same intensity [11]. Close
inspection of the data in Fig. 3 does reveal that the low-
angle satellite peak is indeed slightly stronger than the
higher-angle satellite. Quantitative analysis of the satellite
intensity ratios relative to the central ZnSeo &OTeo&0 peak
[12] and to one another should in principle allow one to
disentangle the strain and chemical contributions, and to
establish the modulation amplitude of x along the growth
direction [10]. Such analysis must, however, also take into
account the small tilt of the superlattice planes with respect
to the crystallographic planes (pointed out in connection
with Fig. 2), and we do not yet have sufficient data to do
this reliably.

While we have established the formation of the superlat-
tice structures phenomenologically, we have not at present
pinpointed the mechanisms that lead to this rather remark-
able form of spontaneous ordering. We have eliminated
some "mundane" causes, such as the possibility that the
superlattice forms due to the rotation of the substrate stage
during growth, since the phenomenon is observed whether
or not the stage is rotated. The phenomenon also differs
from commonly observed phase separation whose wave
vector is parallel to the growth surface (referred to as "lat-
eral" phase separation in Ref. [1]), where the effect may
be linked to the process of reconstruction at the original
surface, at which it nucleates. There exist reports of com-
positional segregation along the growth direction in some
III-V antimonides [13,14], and the present phenomenon
may possibly be related to that. It should be remembered,
however, that the phenomena observed in the antimonides
(referred to as "vertical" phase separation in Ref. [1])have
so far been observed with a much longer period (typi-
cally 300 A or more) than what we see, and the alterna-
tion of composition appears to be abrupt, with sharp (on
nearly monolayer scale) interfaces between distinct phases
[13,14], in contrast to the sinusoidal behavior that we
observe.

It is important to emphasize that the ZnSei Te su-
perlattices described here persist for many hundreds of
periods. The absence of direct contact with the original
substrate after the formation of the nth period (for large
n) implies some form of self-organized behavior in the
growth dynamics. The interplay between spinodal decom-
position characteristic of alloys involving different bond
lengths [1], together with the building up of (successively
compressive and tensile) strain as the composition peri-
odically deviates from stoichiometry, the nonequilibrium
nature of MBE growth and, of course, the role of atomic
steps on the vicinal surfaces, must all be considered in
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future studies in identifying the physical mechanism of
the observed spontaneous superlattice formation.

Although the mechanism of forming the superlattices
described in this paper is at this point far from clear, their
high quality and empirical reproducibility suggest that it
is not premature to speculate on their band structure and
the corresponding optical properties. We note especially
that, unlike the atomic ordering [1] observed in some III-
V structures (whose period is on the scale of monolayers)
or phase separation [1] (whose period is typically in
several hundreds of angstroms, and is generally quite
irregular), the structures described here have dimensions
corresponding to quantum wells, and thus appear ideally
suited for electron confinement.

So far, we have only carried out elementary photolu-
minescence (PL) characterization of these structures. The
PL peaks observed in various specimens occur between
2.08 and 2.15 eV at 10 K, with linewidths (FWHM) of 60—
75 meV, and are unusually intense, especially for a type-
II structure [15]. Recalling that the energy gap for ran
dom ZnSe& Te alloys exhibits a remarkably pronounced
bowing [16,17] with x, with a minimum of 2.22 eV at
x = 0.66 at low temperatures, it is significant that the po-
sitions of the observed PL peaks are much below this min-
imum value for the random alloy of any composition.

While it would be premature to discuss these limited
optical data in detail, one should note that intentionally
grown short-period (ca. 20 A) ZnSe/ZnTe superlattices
[16—18] (fabricated because of their promise for applica-
tion as bright light emitters) show very similar photolumi-
nescence behavior (i.e. , very bright photoluminescence at
about 2.1 eV, with a linewidth of ca. 60—70 meV). Al-
though the optical behavior of these structures is often dis-
cussed in terms of isoelectronic Te centers [18—20], the
mechanism of the observed strong photoluminescence in
ZnTe/ZnSe short period superlattices (and, of course, in
our systems) still remains an open question. Here the sim-
ilarities between the spontaneous and "artificial" superlat-
tices discussed above (short period, and the strength and
position of photoluminescence) and differences (the com-
position in our system varies sinusoidally) may prove valu-
able in pinpointing the physical mechanisms responsible
for the observed optical properties.

In summary, we have observed a remarkably regular
long-range modulation of composition, with the modula-
tion period in the range of tens of angstroms, which occurs
spontaneously in the MBE growth of ZnSe& Te alloys
(with x = 0.50) on vicinal GaAs(001) substrates miscut
toward the [111]direction. The optimal miscut for the
formation of such spontaneous superlattices, identified in
our as yet limited experience, is about 4 . The orienta-
tion of the superlattice layers is parallel to the vicinal sur-
face, rather than to the [001] direction of the ZnSe~, Te,
crystal. The highest superlattice quality (very liat inter-
faces, with a minimum of waviness) is observed in struc-
tures grown on GaAs epilayer buffers. While the mech-
anism of formation of these structures grown on GaAs

epilayer buffers. While the mechanism of formation of
these structures is at present not understood, their repro-
ducibility holds promise for optical and electrical phenom-
ena that are quite unique because of the sinusoidal (or at
least near-sinusoidal) modulation of the superlattice com-
position along the growth direction.
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