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Monte Carlo simulation of sinusoidally modulated superlattice growth
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The fabrication of ZnSe/ZnTe superlattices grown by the process of rotating the substrate in the presence of
an inhomogeneous flux distribution instead of the successively closing and opening of source shutters is
studied via Monte Carlo simulations. It is found that the concentration of each compound is sinusoidally
modulated along the growth direction, caused by the uneven arrival of Se and Te atoms at a given point of the
sample, and by the variation of the Te/Se ratio at that point due to the rotation of the substrate. In this way we
obtain a ZnSe ,Te, alloy in which the compositiorx varies sinusoidally along the growth direction. The
period of the modulation is directly controlled by the rate of the substrate rotation. The amplitude of the
compositional modulation is monotonic for small angular velocities of the substrate rotation, but is itself
modulated for large angular velocities. The average amplitude of the modulation pattern decreases as the
angular velocity of substrate rotation increases and the measurement position approaches the center of rotation.
The simulation results are in good agreement with previously published experimental measurements on super-
lattices fabricated in this manner.
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I. INTRODUCTION inhomogeneity can arise, e.g., from different distances of the
Zn, Se, and Te sources from a given position on the substrate
Superlattices based on II-VI semiconductors are receivingt any one instant. The fact that the period of the sinusoidal
continued attention as a result of the wide range of newnodulation is proportional to the period of the rotational
physical phenomena observed in these systems. In particuldnotion of the substrate is unambiguously indicated by x-ray
several superlattices, such as ZnSe/ZfTg], ZnSe/MgS measurements, the separation of the superlattice satellites
[3], and ZnSSe/ZnS@4], have been found interesting be- from the main peak indicating that the period grows with the
cause of their potential for applications in optical devices afotation rate. It should be noted that the satellite peak is as
short wavelengths. Such superlattices are typically fabricatelarrow as the main alloy peak, indicating that the SMSL
using molecular beam epitaxyvBE), achieving a periodic ~Structures are of very good quality]. The band structure of
structure by repeated openings and closings of the sourdbe SMSL is interesting as well, different from that sttn-
shutters. This method automatically results in the formatiorflard superlattices with abrupt interfac¢6]. Accordingly,
of abrupt interfaces, so that the wells and barriers formingSMSLs are promising for the observation of new optical ef-
the superlattice are shaped firmly in a square pattern. fects, especially those involving transitions that are forbid-
Growing superlattices with profiles deviating from a den by standard selection rules, and possibly for new optical
square composition profile is desirable for both fundamentaglevices. Even though the physical properties of the SMSL
research and potential applications. Motivated by this interstructures are of considerable interest, little has been done so
est, recently, a new model of fabricating ZnSe/zZnTe superfar to firmly establish the process of their formation in any
lattices has been introduced, using the rotation of the subfuantitative sense. In this paper, we perform Monte Carlo
strate as the modulating mechanism instead of shuttefMC) simulations, reproducing the fabrication process of the
opening and closinfl], resulting in sinusoidally modulated SMSLs and aiming to understand the basic mechanism con-
superlattice§SMSLS [1]. The compositional profile of this tributing to the formation of those structures, in order to help
new structure has been investigated using x-ray diffractiois to define their structural properties.
studies, which systematically exhibit a main alloy peak aris-
ing from the average Zn$e,Te, lattice constant of the al-
loy, with only one satellite on each side of the main peak, the
latter implying that the chemical composition of the altoy A ZnSegTe; , SMSL was fabricated using a Riber 32 R
varies sinusoidally along the growth directif. & D MBE machine, using elemental solid sources, Zn, Se,
The formation of such SMSLs results from the rotation ofand Te. Each source cell is located at an approximate dis-
the substrate in the presence of a flux inhomogeneity. Suctance of 12 cm from the center of the mounting bldgtthe
stage”). The Se and Te sources are located on each side of
the Zn source, and the flux rates from the Se and Te are
* Author to whom correspondence should be addressed; electronadjusted to make their respective amounts arriving at the
address: Kahng@phya.snu.ac.kr center of the stage the same. The relative positions of the
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W source is located &by=(—rysin11°,0rgcos 11°), withr

J =600a. In the actual experiment the positions of the sources
are fixed in the X,z) plane, while the substrate rotates with
angular velocityw. In our simulations we fix the substrate
and equivalently rotate the sources in the reverse direction

12em with the same frequency. The epilayer heighh(x,y) at
any time is defined as the height of the top of the epilayer at
the position &,y) on the substrate. The flux from souricat
position P=(x,y,h) on the surface is given by

5.6cm _ fi cost  f; |z—h|

. | “im 2 dm 7
FIG. 1. Schematic view of the MBE chamber, showing the rela- T’ T’

tive positions of the sources and the size of the substrate.

@

wheref; is the emission rate of the sourice; is the distance
between the source and positiBnand ¢; is the polar angle
sources are shown schematically in Fig. 1. The superlatticegetween the vertical line of the sourcand the line connect-
were grown on(100) GaAs substrates mounted with indium ing the source and the poinP. The emission ratef of the
on the molybdenum mounting block, having a diameter ofse and Te sources are adjusted so as to make the Se and Te
5.6 cm. The growth of the SMSL was monitored via reflec-flyxes at the center of the substrate identical. In simulations,
tion high-energy electron diffractio(RHEED), whose e choosef,=1.0. Accordingly, f,=cos(33)/cos(11°),
streaky appearance indicated good layer-by-layer grOW“Ibading to the total emission rafg+ f,~ 1.854.
throughout the SMSL growth process. The MC simulations are performed using discretized time,
The configuration of the sources shown in Fig. 1 producegynere a unit time step is taken to Be=1/(f,+f,)L,L,].
a nonuniform distribution of flux arriving across the sub- Then the time for one monolayeiML) to grow is T,
strate(Se rich on one side, Te rich on the othéfhe conse- _ 1/(f,+f,). At each time stepAt, the following calcula-
quences of this inhomogeneity manifest themselves clearlyons are carried out. First, we choose a single cell among the
when the GaAs substrate has the shape of a long &€®  >80x 20 cells at random, and a single molecular species of
Fig. 1), mounted so that one end of the substrate is MUCRjiher znSe or znTe is deposited on that cell. Second, the
closer to the Se source, and the other to the Te source. A striyjeciion of either ZnSe or ZnTe for the deposition is deter-
sample grown in this way without rotation indeed shows amined according to the probability proportional to the ratio
continuous gradient of the concentration along the stripof the two fluxes arriving at the selected cell from the Se and

measured via the x-ray diffraction at various positions alongre sources. Third, the selected molecular species is allowed
the strip. The maximum difference in the Te and Se conceng, iffuse into the lowest-lying cell within the nearest-

trations at the two edges of the strip was measured t0 bgeighhoring cells. If there are more than one lowest cells,
approximately 30%, while the concentrations of the two anthen one of those cells is randomly selected with equal prob-
ions at the center of the strip substrate were equal, resultingjjiry The substrate is then allowed to rotate with an angle
in @ homogeneous Zngele, 5 alloy. A 6= wAt, after which the above three MC simulation steps
are repeated.
IIl. SIMULATIONS The first three MC simulatiqn steps _incorporatgd in our
model are based on the following physical reasoning: First,
In performing the MC simulations we account for the ge-since each cell has a linear size of 0.2 mm, which is enor-
ometry of the sources and the substrate in the chamber asous on the atomic scale, in the experiment a large number
follows: We choose an anisotropic cell array bfxL,  of compound molecules can be deposited within a single
=280%x 20, corresponding to 5x60.4 cm substrate size, cell. However, it is not feasible to deal with such large num-
where either ZnSe or ZnTe is deposited on each cell. Théers of molecules in the simulations. Thus, in the MC simu-
size of a unit cell is 0.80.2 mm, anda=0.2 mm is taken lations we deal with a single representative of the large num-
as the “lattice constant” of the cell. Following this scale, we ber of compound molecules in a unit cell. Consequently,
assume that the sources of Zn, Se, and Te are positioned omlecular species in the simulations represent a coarse-grain
circle with the radius of 60 (corresponding to 12 chfrom  particle, comprised of a large number of molecules on the
the center of the substrate, so that the ratio between the ditomic scalg7]. However, in order to see the modulation
ameter of the substrate and the distance to the sources pattern along the direction, we use a disproportionate short
invariant to the experimental values. We use a threeunit length scale for the direction. Specifically, the height of
dimensional reference frame whose origin is taken at théhe unit cell is taken as small as<B.0" ¢ times the lateral
center of the substrate, with the growth direction taken as thsize of the cell, so that the upward growth of the superlattice
zdirection. Thex axis (y axis) is taken along the longitudinal is simulated in terms of 1024 layers. This corresponds to a
(transversgdirection of the strip substratsee Fig. 1L The  height of~1 um, the thickness of superlattices fabricated in
substrate is then on the=0 plane, and the sources are lo- a typical experiment.
cated al5;= (¥ ,Y; ,z), where the index=0, 1, and 2 stands The second step is based on the assumption that the Zn
for Zn, Se, and Te, respectively. Thus, for example, the Zrelement is supplied in sufficient amount to react with both Se
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8 revolutions
(b) :

FIG. 2. “Snapshot” of the SMSL structure fow=0.5 rev/s %’
with (a) raw MC data, andb) processed data using the averaged £0.5
density along the direction, as discussed in the text. -8

and Te, and the reaction rates of Zn-Se and Zn-Te are iden- (b)_
tical, even though in reality the reaction rate of Zn-Se is 20 20 80 50 T
known to be slightly higher than that of the Zn-Te. When the z
reaction rates are assumed to be identical, a coarse-grainedF|G. 3. Profile of the density of the ZnSe compound as a func-
species can be selected as the “majority alloys” within ation of heightz (ML) for w=0.5(a) and 3.0(b). In (), the data with
given cell, proportional to the ratio of the incoming fluxes. the largest amplitude of modulatiofsolid line), median (dotted

For the third step, we consider the following situation: line), and smallest amplitudeglashed ling are selected from the
when Zn, Se, and Te atoms arrive at the epilayer surfacgduares of 1@x10a (a=0.2 mm), whose centers are located at
they have sufficient energy to diffuse into the lowest-lying (X:¥)=(~13%,0), (~=75a,0), and (-4%a,0), respectively. The
sites within the diffusion length, followed by nucleation, and SYMPo! (¢) denotes the densities obtained at one-monolayer steps
they then remain at these most stable sites. In the simulatiof[m' The data are averaged over 100 configurations.
since we deal with the coarse-grain particles instead of indi-
vidual adatoms, their collective behavior is very compli- IV. SIMULATION RESULTS
cated. In reality, the collective motion is not contained within
the cell, but mass flow occurs across the boundary betweﬁ[]

neighboring cells. Accordingly, to mimic this mass flow, we not by itself show a clear separation between the predomi-

allow incoming coarse-grain particles to diffuse to thenantly ZnSe- and ZnTe-rich regions. In order to increase the

nearest-neighboring cells. This does not necessarily impl . . -
that particles diffuse the distance of a coarse-grain cell. It ié%ontrast in the modulation pattern, in Fighpwe replot the

just the most efficient way to simulate mass transfer WithouP‘?me_datfa’ but with the ‘jilloy density averaged alongythe
considering all the details of the diffusion process. This dif-diréction in each X,z) point. The modulation pattern can
fusion process moderates the height fluctuation that wouldOW Pe seen distinctly. To bring out the modulation more
arise from a completely random deposition process, and erf€arly, we next consider the density profile of one com-
ables the surface to grow in a layer-by-layer growth modePound(ZnSe, as a function oz, measuring the concentra-
Such a local diffusion process was first introduced in a modelion of ZnSe within a square of, X /,=10ax 10a, located
proposed by Family{8], which results in the reduction atthe edge of the substrate.

(smoothing of the surface height fluctuations, i.e., the sur- As shown in Figs. &) and 3b), the concentration exhib-
face of the material simulated in this way exhibits the layer-its two different types of sinusoidally oscillating behavior.
by-layer growth up to some characteristic thickness, afte¥When angular velocity» of the rotation of the substrate is
which the height fluctuation begins to increase with ti@e  small, the amplitude of the modulation pattern is invariant
Our simulations are thus limited to a characteristic thicknessfor different heightz [Fig. 3(a)]. On the other hand, for large
restricted by the above layer-by-layer growth requirementw, the envelope of the modulation pattern is itself modulated
Although the above model of the eventual emergence of sufFig. 3(b)]. The latter behavior occurs when the period of the
face roughness is universal, being independent of the diffurotation of the substrat®,=2x/w is short, and is not inte-
sion length, in our simulation we restrict the diffusion length ger multiple of the time needed to deposit one monolayer
to the lattice constant of the unit cell. It is worth noting that T,,=1/(f,+f,). While the epilayer grows by one mono-
the MC simulations using coarse-grain particles lead to thdayer, the substrate rotates with the anglg=wT,,. When
same result as that obtained with a single-particle model if,,# 27/n for integern, the second type of the density pro-
the problem of the island density distribution in monolayerfile occurs; whenw is not large enough, the top layer is only
epitaxial growth[7]. partially covered during the period of one revolution. The

0

A typical superlattice generated by the MC simulations
st described is shown in Fig(&. This representation does
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FIG. 4. Power spectrum of the density profile of the ZnSe COM-Ejg. 3(a) using three-monolayer steps().
pound foro=1.0 and 3.Q(inse). We perform a Fourier transform
of the density profile witiN=1024 data points. The label of thke

axis means frequency timeé when the modulated envelope is present, implies that there

exists only one generic frequency in the system. This generic

fraction of covered cells changes as the revolution proceed&€dUency is equivalent to the angular frequency of the rota-
further. Whend,,# 2 /n, the fraction of covered cells on the 10N Of the substrate. To understand why only a single peak

top layer aftem revolutions of the substrate is not the same@Ccurs even for the case with the modulated amplitude, in
as the one before. Let be the number of monolayers be- F19- 6 we replot the data of Fig(& using a three-monolayer
tween two successive peaks in the density profile, as seen {{1it rather than the one-monolayer unit used in Fig).3The

Fig. 3(b). Then, since the fractions of covered cells before@MPplitude of the modulation is itself modulated, even though
and aftern revolutions are not equal, the densities of onef19S- 3@ and 6 are drawn from identical data. Since the two

compound at the positions of the two peaks are different, todl€nsity profiles are actually identical, their power spectra
In particular, when the ratio between the two time scaledvould be the same, exhibiting one single peak, located at the

T, /T, = (27 )(f,+f,) can be written as a rational frac- position corresponding to angular frequensy which is o

tion k/./, wherek and/ are integers, the substrate returns to— +-0- Next, when thecaxis is rescaled by 1/3in Fig. 6, the

the same orientation with the same fraction of covered cell§ienSity profile becomes e_quivalent to that in Figp)3for
after / revolutions of the substrate, during whikhmono- o=3.0, but the amplitude is reduced. Therefore, it is natural

layers are deposited. Thus, the amplitude of the envelope {9 €XPect that the power spectrum of the density profile in
recovered to its value aftef revolutions of the substrate. "19- 3b) exhibits a single peak instead of the two peaks that
For example, whem = 3.0 andf,+f,~1.854, the ratio be- might intuitively be expected to result from the beats of the

comesT, /T, ~31/8. Therefore, the period of envelop modu- periods of rotation of the substrate and of the amplitude

lation is eight revolutions, during which 31 ML of material mod.ulation. . . .
are deposited, as shown in FighR Finally, we studied the intensity of the power spectrum,

Next, we investigated the power spectrum of the densit)fmd found that it depen_ds on the angular velocity of the
substratew and the location of the square where the mea-

profile, corresponding to the x-ray scattering intensity ob- : : . .
served experimentally. We found that the power spectrun’?“rement was taken. Here, we first examined the intensity as

shows a single peak located @, as shown in Fig. 4, re- 2 function of angular velocity>. As shown in Fig. 7, it is
gardless of the two types of the density profile. The Iocationfound that the modulation intensity decreases as the angular

of the single peak is proportional to the angular velocity ofVGIOCi'[y increases, reflecting that thg ﬂl.Jx inhomogeneity be_-
the substrate rotation, as shown in Fig. 5. The occurrence mes weaker as th'e angular vglocny Increases. Thgs, while
the single peak in the power spectrum, even for the casie can obtain effective superlattices with shorter periods, we

Intensity

FIG. 7. Modulation amplitude of SMSlin terms of ZnSe den-
FIG. 5. Plot of the estimated location of the Fourier peak in thesity) as a function of the rate of substrate rotatien(rev/s. For
power spectrum vs rate of substrate rotatiofrev/s, showing that  highest values ofv the short-period SMSL gradually transforms
only the w parameter determines the power-spectrum distribution.into a homogeneous alloy.
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increase the angular velocity of the rotation of the substrateyy both the inhomogeneity of the fluxes from the Zn, Se, and
and the flux inhomogeneity incident on a given cell becomede sources incident at a given point of the substrate and by
weaker, lowering the quality of the superlattice fabricatedthe rotation of that substrate. The modulation of the structure
with higher angular velocity. Second, we examined the amis displayed in Figs. 2 and 3, showing the alternative occur-
plitude of the modulation pattern as a function of the locationrence of gradually changing ZnSe- and ZnTe-rich domains
where the measurement was taken. As shown in K&, ®r  along the growth direction, instead of sharp interfaces be-
a given angular velocity, the amplitude gradually decreasetwveen these domains. When the rate of substrate rotation is
to zero as the measurement position approaches the centeraddw (fast), the amplitude of the modulation pattern is mono-
the substrate. The amplitude has extrema at the edges of thenic (modulatedl. It is found that the estimated period of the
substrate, which for our parameters have vals@s62 and  modulation pattern is proportional to the rate of rotation. The
~0.39 for the ZnSe content, in reasonable agreement witmean modulation amplitude decreases as the rate of rotation
the experimental results. of the substrate increases, and also as the measurement po-
sition approaches the center of the substrate.
V. CONCLUSIONS
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