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We present a consistent model for growth dynamics in molecular beam epitaxy of compound materials
through shadow masks. The model takes into account specific properties of II-VI and III-V material systems.
In the case of the II-VI compounds, the redistribution of molecular fluxes under the shadow masks plays a
crucial role. Based on the model, we show that reactions between the constituent species determine the flux
distribution within the mask cavity, which also affects the deposition of compound material. In contrast, for
III-V materials surface diffusion is the key factor responsible for the shape of the deposits. Our model
considers also that the diffusing species interacts with the molecular flux of the other constituent. Hence,
surface diffusion of group-III atoms is controlled by the influx of group-V species, which in turn is determined
by the growth geometry. In addition, we demonstrate that surface diffusion takes place in absence of group-III
flux. The formation of the deposits in characteristic shapes, observed in our experiments, can also be explained
based on the model.
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I. INTRODUCTION

Molecular beam epitaxy(MBE) using shadow masks is a
versatile selected area epitaxy(SAE) technique for the fab-
rication of modulated semiconductor heterostructures. Sev-
eral studies have demonstrated the potential of this method to
fabricate novel devices. Examples are(1) the lateral integra-
tion of optical elements and quantum structures,1–4 which
can be used to fabricate, e.g., integrated full-color emitters;
and (2) selective contacts to embedded structures, such as
doping superlattices5 and electron gases.6

Recently, we demonstrated that shadow mask assisted
growth is particularly interesting for the fabrication of com-
pound semiconductor nanostructures.7 Employing epitaxial
shadow masks, quantum structures such as single quantum
dots and quantum wires can be reproducibly grown with a
spatial accuracy of the order of 10 nm. The key controlling
factors in SAE growth of compound semiconductors using
shadow masks are(1) the incidence angles of the molecular
beams and(2) the shape of the shadow mask itself. The
versatility of this method is enhanced by choosing appropri-
ate variants of the technique for specific applications as was
reported recently.8

The application of this interesting method, however, re-
quires an understanding of the fundamentals of the growth
process. There are a few reports on the various aspects of the
growth mechanism in shadow mask assisted MBE of com-
pound semiconductors.

Tomitaet al. investigated the shadow mask assisted MBE
of GaAs.9 Self-formation of low-index facets takes place at
the edge of the grown GaAs structures, which is limited by
the incidence of Ga on the substrate. Diffusion of Ga ada-
toms out of the incidence region is caused by the lateral
gradient of the surface concentration of adsorbed Ga adatoms
and the self-formation of low-index facets can be explained
(and modeled) by the fact that the surface lifetime of ada-
toms depends on the surface orientation.

Nishikawa et al. investigated shadow masked MBE of
ZnSe with compound source material and observed that
ZnSe grows also on the backside of the mask.10 This was
attributed to surface diffusion and a diffusion length of
0.5 mm was extracted from the experiments. In another
study, MBE growth of ZnSe with nonparallel incidence of Zn
and Se beams has been investigated.11 The formation of a
shoulder structure in the incidence region of Se has been
observed. This was explained by the diffusion of Zn into the
region where only Se(no Zn) impinges on the substrate.

In the present contribution, it is proposed that contrary to
the previous suggestions, shadow mask assisted growth of
ZnSe can be understood to occur without invoking surface
diffusion of adatoms. The experimental observations can be
explained by the unique growth regime within the cavity of
the mask, where molecules can be desorbed and adsorbed
many times without leaving the cavity. By modeling this
repetitive redistribution process, one calculates the effective
flux distribution in the steady state. The results accurately
describe the effects observed in the experiments with ZnSe
growth.

In this work, the effects of surface diffusion in shadow
mask assisted growth of compound materials are also mod-
eled. In principle, the diffusion model used by Tomitaet al.
is not specific to compound materials, because it does not
consider the effects of the group-V flux.9 However, Hataet
al. has demonstrated that the surface diffusion length of
group-III adatoms strongly depends on the anion flux.12 This
effect is included in the model and the important conse-
quences on the SAE of III-V compounds are discussed.

Below, we first present results of MBE growth of ZnSe,
InAs, and GaAs compounds using shadow masks. Next, we
describe the model, starting from the growth of single-
component and two-component materials, where we assume
that the fluxes of the constituents are independent; i.e., the
species do not react with each other. Subsequently, we ex-
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pand the model to compound materials where the interaction
between the constituent species plays a crucial role. Because
the constituents react with each other on the surface, their
flux distributions depend on each other. In addition to the
interaction between the fluxes of the constituents, we include
the interaction between the redistribution of the fluxes via
multiple desorption on the one hand and surface diffusion on
the other hand in the model. In the final discussion, we
model the shapes of the deposits from growth experiments
with II-VI and III-V materials and explain the observations.
In addition, we discuss some important implications of the
interaction between the constituent species of a compound
material on the SAE using shadow masks.

II. EXPERIMENTS

In order to test the predictions of the model, we compare
them with the observations of our experiments, wherein
ZnSe(GaAs) was grown through a shadow mask using dif-
ferent growth parameters. In these experiments, the shadow
masks were fabricated from GaAs/AlGaAs epitaxial layers
grown on a GaAs (001) substrate, consisting of ah
=1.27mm s1.16mmd thick Al0.6Ga0.4As spacer and ag
=400 nm s140 nmd thick GaAs cap. Conventional photoli-
thography and wet chemical etching were employed to open
stripe apertures(10 mm long andw=1–10mm wide) ori-

ented along[110] andf11̄0g direction in the GaAs cap layer.
Subsequently, the AlGaAs spacer below the apertures was
removed by selective etching in hydrofluoric acid. Etching
was allowed to proceed until the cap layer was undercut over
a distance ofu=2–4 mm. Thus, a shallow mask cavity with
freestanding shadow edges was obtained(see Fig. 4). In or-
der to investigate the role of the crystal orientation on
shadow mask assisted growth, two patterned samples with
different crystal orientation[aperture stripe parallel(110) and

s11̄0d] were overgrown in the second epitaxial growth.

A. II-VI compounds

Experiments on II-VI MBE were done in a RIBER 32
growth chamber, which is equipped with solid source effu-
sion cells. High purity(6N) materials(Zn; Cd; Se) were used
for the growth. The growth conditions were slightly modified
in order to reduce the width of the partial shadow of the
beam(due to the finite size of the source): The apertures of
the effusion cells were capped with pyrolytic boron nitride
disks, leaving only 2-mm holes in the middle. We observed
that the introduction of these beam plates reduced the width
of partial shadows to,20 nm. MBE growth of the ZnSe
layers was carried out at a substrate temperature of 280 °C
and a beam equivalent pressure(BEP) of 5310−7 Torr for
Zn, while the Se flux was varied. For experiments #1 to #4
the flux ratios BEPZn/BEPSe were set to 0.28, 0.75, 2.5, and
0.19, respectively. Sample #4 was grown in a later experi-
ment without the beam plates. Therefore, partial shadow ef-
fects are observed in this case. The dimensions of the
shadow mask areh=2.77mm, g=280 nm, andu=1mm,
while the width w of the apertures was varied from
1 to 6 mm for different stripes. By this means, we can

verify the predictions of the model regarding the mask ge-
ometry.

Figure 1 shows cross-sectional scanning electron micro-
graphs(SEM) of the cleaved edge of samples #1, #2, and #3.
Due to the material contrast, the darker GaAs substrate and
the overhanging GaAs cap can be distinguished from the
bright ZnSe structures, which were grown in the experi-
ments. This contrast would also identify structures from el-
emental Zn or Se(which are not expected because of the
high vapor pressure of the elements at growth temperature).
ZnSe was grown both onto the mask and through its aper-
tures. ZnSe was also deposited on the sides of the aperture
and the backside of the mask(as in Ref. 10), albeit with
lower growth rates.

As can be seen in Fig. 1(a) [sample #1], the ZnSe struc-
ture on the substrate was selectively grown in the overlap of
the incidence regions of the component beams(overlap re-
gion). The beam directions are indicated by the gray(Zn)
and white (Se) arrows. Because of the different angles of
incidence(+26° and −2°), the width of the growth area is
smaller than the aperture of the mask. When the Se:Zn flux
ratio is decreased[see Fig. 1(b), sample #2], ZnSe grows at a
lower growth rate also in the region where only Se beam
impinges on the substrate(Se domain). The growth rate of
this shoulder structure increases when the Se:Zn flux ratio is
further decreased[see Fig. 1(c), sample #3] and its thickness
becomes similar to the main structure in the overlap region.

FIG. 1. Electron micrographs of the cleaved edge of an epitaxial
shadow mask(dark material), which was overgrown with ZnSe
(bright material). The incidence directions of Se(white) and Zn
(gray) are indicated by the arrows. The three micrographs(a), (b),
and (c) represent ZnSe growth with increasing Zn:Se flux ratio.
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On the other hand, with a high Se overpressure(sample #4)
ZnSe grows in the entire incidence region of Zn; i.e., a
shoulder is formed in theZn domain.

In addition, ZnSe growth rates depend also on the geom-
etry of the mask. For example, in the case of sample #4, the
thickness of the shoulder structureRZn decreases when the
aperture width is increased[see Fig. 7, sample #4]. Parallel
to this, the growth rateR0, outside the incidence regions of
Zn and Se beams, i.e., without a direct flux, is increased.

These results can hardly be explained by surface diffu-
sion. Another indication that diffusion effects do not shape
the profile of the ZnSe structures is the shape of the edges.
For fully open Knudsen cells, round edges are formed be-
cause of the flux gradient of the partial shadow.13 However,
in the case of samples #1, #2, #3, the width of the partial
shadow region has been reduced to,20 nm by employing
the beam plates. As can be seen in Fig. 1, the edges of the
ZnSe structures are quite smooth with steep inclination
angles, which evidently do not correspond to a low-index
crystal plane. The inclination of the facets can be explained,
geometrically, by the deposition of material on the cap layer
of the shadow mask, leading to a gradual closure of the ap-
ertures. This is illustrated by the dashed lines in Fig. 1, which
indicate the limits of the overlap region at the beginning and
the end of ZnSe growth. As can be seen, the inclination of
the edges of the ZnSe structures is determined by the closing
of the aperture. Under certain conditions, even overhangs are
created[see Fig. 1(a)]. In addition to these higher index fac-
ets, we have also observed the self-formation of low-index
(111) facets. This occurs selectively when ZnSe is grown
through a mask with the aperture stripe oriented parallel to

s11̄0d direction and when the Se:Zn flux ratio is high
(samples #1, #4). Otherwise, no low-index facets are formed
(samples #2, #3). ZnSe structures with(111) facets are still
restricted to the geometrically defined growth area. Thus, the
self-formation of low-index facets implies that the volume of
the ZnSe structure is reduced. Therefore this process is not
driven by surface diffusion, but by the reduced deposition
rate(sticking coefficient) on a(111)A facet. This is different
from shadow-masked growth of GaAs, where low-index fac-
ets are formed by intersurface diffusion.9

In summary, the investigation of shadow-masked growth
of ZnSe has not shown indications of surface diffusion of
adatoms shaping the profile of SAE grown structures on the
scale of,20 nm. The origin of experimental observations
such as the dependence of the growth rates on the fluxes and
the geometry of the mask, can be explained by the model
below, which considers an unique growth regime in the
mask-cavity.

B. III-V compounds

When III-V materials are grown using a shadow mask, the
growth kinetics are quite different from those of the II-VI
materials. Surface diffusion is the key factor that governs the
shape of III-V deposits, because the diffusion lengths of
group-III adatoms on the surface of a growing III-V layer
may exceed 1mm.12 Because of the low vapor pressure of
the group-III elements, their sticking coefficientsIII is close

to unity at normal growth conditions and is almost indepen-
dent of the group-V flux. This is in contrast with II-VI MBE,
where the sticking coefficients of the constituents depend on
the flux of the other constituent species.14

Figure 2 demonstrates that the specific properties of the
III-V materials, discussed above, result in a very different
growth process when they are deposited through a shadow
mask. The SEM image shows a shadow mask sample with
GaAs and InAs deposits. The III-V structures were grown in
a RIBER 32 growth chamber, equipped with solid source
effusion cells and high purity(6N) source materials(Ga; In;
As). The arsenic source is a valved cracking cell where the
thermal cracking zone is maintained at 560 °C. Therefore,
the arsenic flux consists of As4 molecules mainly. In the
experiment, the widths of the partial shadows of the As, Ga,
and In beams are about 100, 200, and 200 nm, respectively.
First, a 150 nm thick GaAs buffer was grown at substrate
temperature of 580 °C with Ga and As BEPs of 5.0310−7

and 3.4310−6 Torr, respectively. The configuration was
such that both beams impinged at an angle of incidence of
w= +9°. The white dashed lines in Fig. 2 indicate the inter-
face of the epitaxial shadow mask with the GaAs buffer,
before the deposition of InAs. Subsequently, a nominally
18 nm thick InAs layer was grown at a substrate temperature
of 480 °C with In and As BEPs of 6.3310−7 and 8.0
310−6 Torr, respectively. This was carried out in a such con-
figuration that In impinged atwIn= +11° (see black dashed
arrows) directly onto the area of the GaAs buffer, while As
impinged atwAs=−33° (see black solid arrows), hence the
incidence region is offset to the right by a distance of
,1.0 mm. Because InAs grows in the Stranski-Krastanov
growth mode, the deposits form three-dimensional(pyrami-
dal) structures, which can be easily identified in Fig. 2. In
addition, the InAs structures are distinguishable from the
GaAs structures by the material contrast in SEM images.

As can be seen in Fig. 2, InAs pyramids have grown in
the As domain, i.e., on the right-hand side of the GaAs
buffer, although no In atoms impinged in this region. On the
other hand, in most of the incidence region of the In beam no
three-dimensional deposits can be observed. The only sig-
nificant InAs growth rate in the incidence region of indium
adatoms coincides with the left limit of the incidence region
of the arsenic beam, where a InAs wire structure has been
formed. These observations demonstrate that the shadow

FIG. 2. Electron micrograph of an epitaxial shadow mask with
InAs deposits. White dashed lines indicate the interface of the GaAs
substrate and the mask. The black arrows indicate the incidence
directions of In(dashed line) and As(solid line).
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mask assisted growth of II-VI and III-V compounds are gov-
erned by very different processes. In addition, the deposition
on top of the mask is different for II-VI and III-V com-
pounds. As shown in Fig. 2, InAs deposits are clearly visible
on the left wing of the mask, whereas only a negligible
amount of InAs is observed to have deposited onto the right
wing. In contrast, some deposition can be seen on the back-
side of the right wing of the mask. These features can be
explained by surface diffusion phenomena, resulting from
the interactions between the constituent species of compound
materials. Such effects may also be important for the growth
of III-V materials on patterned substrates.

In order to investigate the effects of the group-V flux on
the surface diffusion of group-III adatoms, we fabricated a
sample by a thermal process that does not employ group-III
fluxes. Similar to the previous experiments, a shadow mask
sample consisting of a GaAs/AlGaAs epitaxial shadow mask
on a GaAs(001) substrate was loaded in the growth chamber
and the native oxide layer was desorbed at 580 °C. Subse-
quently, the sample was tempered at 630 °C for 10 min, and,
finally cooled to 300 °C. During the entire process, the ar-
senic beam(BEP: 1.2310−5 Torr) was so adjusted that it
impinged on the GaAs substrate through the apertures of the
mask at an angle of −11°.

Figure 3 shows cross-sectional SEM images of the

cleavedf11̄0g edge of the GaAs sample. The image is mag-
nified in the growth direction in order to exhibit the details of
the shallow structures, which were formed during the ther-
mal treatment. The white lines in Fig. 3 indicate the inci-
dence direction of the arsenic beam, while the black lines
indicate the original surface of the GaAs substrate, before the
thermal treatment. Obviously, tempering of the sample with
arsenic flux modifies the GaAs interface. In the incidence

region of the arsenic beam, GaAs is accumulated, while
grooves were formed on either side[see Fig. 3(a)]. Almost
the same effects are observed for the growth assisted by
shadow masks with the[110] orientation of the stripe aper-
ture. However, the edges of the GaAs deposits exhibit(111)B
and (001) faceting instead of(114)A, which is observed in
Fig. 3.

Since no external Ga fluxes were employed in the experi-
ment, it can be unambiguously concluded that Ga atoms mi-
grate from the outside to the inside of the incidence region of
the arsenic beam on the substrate. The effect is restricted to
the region near the step-edge of the arsenic flux, as is clearly
seen in Fig. 3(b), where the width of the aperture was 7mm.
Obviously, the incidence of the arsenic flux governs the sur-
face diffusion of the Ga atoms, as is discussed below.

III. MODEL

A. Single-component material

Before analyzing the SAE growth of compound semicon-
ductors, we restrict ourselves to a simplified case wherein we
consider only the fluxsp0d of a single species. After passing
through an aperture of the mask, the impinging particles are
adsorbed on a restricted area on the substrate, which is the
projection of the aperture cross section(between the gray
lines in Fig. 4). The lateral position of this incidence region
is determined by the incidence directionn0 of the beam.
Adsorbed species have a finite lifetimet on the substrate
surface after which the material either is incorporated into
the growing crystal or desorbs and goes elsewhere. The prob-
ability of incorporation of the constituent elements is given
by the sticking coefficients, which is a constant parameter,
when there are no local variations of temperature and no
interaction between different species.

Nonsticking moleculess1−sd are subsequently reemitted
from the surface with an angular distribution given by the
cosine law of effusion. This redistribution process contrib-
utes to higher order fluxesFk (of the orderk.1) because the
re-desorbed molecules, which do not leave the cavity
through an aperture, impinge on other surface of the cavity.
This process is iterative: The redistribution of these nonstick-
ing, kth-order moleculess1−sdFk gives an sk+1dth-order
flux Fk+1, where we defineF0 as the direct flux, i.e., the
primary flux from the source.F0 is equivalent top0 for po-

FIG. 4. Sketch of an epitaxial shadow mask. Gray lines indicate
the limits of a direct molecular beam passing through the mask
aperture. The dimensions and vectors were used in modeling the
growth regime within the cavity of the mask.

FIG. 3. Electron micrographs of the cleaved edge of an epitaxial
shadow mask, with different aperture widths of(a) 1.2 mm and(b)
7.0 mm. Surface diffusion, which causes the modulation of the sub-
strate surface, was activated thermally. The lateral modulation co-
incides with the incidence of As through the aperture of the mask,
as indicated by the white lines. The black line indicates the interface
of the GaAs substrate before the thermal process.
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sitions r within the incidence region and it is zero outside.
Thus, the total fluxf is given by

fsr ,td = o
k=0

`

Fksr ,td, s1d

where the time dependencet corresponds to the finite surface
lifetime t of adsorbed molecules; i.e., the iteration of the
redistribution process is equivalent with time. Accordingly,
the redistribution of nonsticking molecules after each colli-
sion is given by the equation15

Fk+1sr ,t + td = E
AM

f1 − ssr 8,tdgFksr 8,tdZsr ,r 8d

3
snr8r ·n8dsnrr 8 ·nd

sr − r 8d2p
dA8, s2d

wheren8 snd is the unit normal to the surface element atr 8
sr d and nr8rs=−nrr 8d is a unit vector pointing tor from r 8
(the scalar products of the unit vectors are the cosines of the
effusion and incidence angles). AM is the surface area of the
mask cavity andZsr ,r 8d is equal to 1 as long as there is line
of sight between the surface elements atr 8 to r , and Z is
zero, if snr8r ·n8d is negative.

When the primary flux from the sourceF0sr d is time in-
dependent, the total fluxfsr ,td approaches a steady state dis-
tribution f`sr d. In the case of noninteracting species, where
the sticking coefficients is constant,f` is easily calculated
using Eqs.(1) and (2).

Figure 5(a) shows a typical result.f` has been calculated
for an ideal mask with typical dimensionsw=2 mm,
h=2 mm, andu=4mm (and idealizedg=0 mm) and consid-
ering a single direct beam(flux p0) impinging through the
aperture of the mask at an angle ofw=−14.0° (see Fig. 4).
The incidence region of the beam is therefore shifted(by
Dx= +0.5 mm) relative to the aperture of the mask
[Because of only angular dependence of the redistribution
process, no absolute dimensions are required (scalability of
the mask) and the units(“mm” ) will therefore be omitted
below.]

The three curves in Fig. 5(a) show the steady state flux
distributions f`sr d for molecules with sticking coefficients
s=0.02, 0.1, and 0.5, respectively(f` is normalized with
respect to the primary fluxp0). The horizontal axis is the
lateral positionx on the substrate surface. One clearly ob-
serves thatf` is nonzero outside the incidence region of the
direct beam. This is due to the repetitive adsorption and re-
emission process, where higher order impingementsskù1d
contribute to thesecondary flux F̀=sf`−F0d, within the
mask cavity. This contribution is large for a small sticking
coefficient; i.e., when the probability of the molecules being
desorbed multiple times is high. However,F` is limited by
(1) the impingement rate of molecules, i.e., the beam pres-
sure p0; and (2) the escape rate of molecules through the
aperture of the mask. The latter causes a disruption of the
secondary flux near the aperture[see dashed curve in Fig.
5(a)]. On the other hand,F`<p0 sf`<2p0d when the stick-
ing coefficient is negligibly smallss<0d and only few mol-

ecules escape through the aperture; i.e., for a mask with
smallw and largeh or near the end walls of the mask cavity.

B. Two-component material

Next, we calculate the steady state flux distribution of two
fluxes (pA andpB=23pA) with the beams impinging at dif-
ferent angles(wA= +14.0° andwB=−14.0°). Below, we name
the two speciesminority and majority, which refers to the
different impingement ratespA and pB, respectively. Again,
we assume that the molecules do not interact. The dotted and
solid lines in Fig. 5(b) show the total fluxesfA and fB (nor-
malized topA) for constant sticking coefficientssA=sB=0.1.
In this case, the flux of the majority species is dominant
sfB. fAd within the cavity of the mask, except in the inci-
dence region of the minority speciessfB, fAd; i.e., in the part
where the direct beam of the majority species does not im-
pinge. This local inversion of the flux ratio is important when
compound semiconductors are grown because the growth
rate is limited by the smaller of the two component fluxes.

FIG. 5. Modeling of the total flux as a function of the lateral
position below a shadow mask.(a) Total flux of a single molecule
beam sp=1d with constant sticking coefficientss=0.5, 0.1, and
0.02. (b) Total flux of two molecule beams(dotted line:pA=1; sA

=0.1; solid line:pB=2, sB=0.1) without considering the interaction
of the fluxes. The gray shaded area is an estimate of the growth
rates when growth is limited by the smaller flux. The dashed line
represents a higher sticking coefficientsA=0.5. (c) Material proper-
ties of ZnSe MBE growth(at 300 °C) from the literature: Sticking
coefficient of Zn dependent on the Se:Zn flux ratio.(d) Total flux of
interacting Zn flux(dotted line: pZn=1) and Se flux(solid line:
pSe=2). The gray shaded area is the modeled ZnSe growth rate as a
function of the lateral position below the shadow mask. From the
growth profile, the normalized growth ratesRSe (Se shoulder), RZn

(Zn shoulder), andR0 (without direct beam) were extracted for the
data presented in Fig. 7.
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This constraint can be used as a first order approximation
of the growth rate, as is illustrated by the shaded area in Fig.
5(b). In steady state, the growth rate is at maximum in the
overlap region. Outside this area, the growth rate is nonzero
because of the coexistence of secondary fluxes of both spe-
cies. The deposition rate is limited by the(small) secondary
flux of the minority species; except in the domain of the
minority species, where the flux ratiofB: fA is the reverse. A
shoulder structure is formed, because the growth rate is lim-
ited by the(large) secondary flux of the majority species.

This serves as a qualitative explanation for the observa-
tion that a shoulder structure is selectively formed in the
domain of the minority species when ZnSe is grown with a
high flux ratio[samples #3, #4]. In the case of sample #1, no
shoulder structure formed because of stoichiometric growth
conditionsspA<pBd, i.e., FSe<FZn; still, the reflection high-
energy electron diffraction(RHEED) pattern revealed a “Se-
rich” s231d reconstruction during the ZnSe growth. The lat-
ter can be explained by the fact that the phase transition
betweens231d andcs232d reconstruction takes place at an
atomic flux ratio pSe:pZn<0.7.16 In the case of sample #2,
both reconstruction patterns were observed during ZnSe
growth, reflecting a Zn-rich growth condition. Therefore, a
shoulder structure was formed in the Se domain[see Fig.
1(b)].

This demonstrates that the local reversal of the flux ratio
is the origin of the formation of a shoulder structure in the
domain of flux of the minority species. However, the as-
sumption of a constant sticking coefficient does not yield a
quantitative prediction of the growth rates. In particular, the
estimated growth rate without a direct beam[for s=0.1; see
Fig. 5(b)] is an order of magnitude larger than that observed
in the experiments. A better agreement with the experiment
is obtained only if the sticking coefficient of the minority
species is assumed to be larger than that of the majority
species[e.g.,sA=0.5; see dashed line in Fig. 5(b)]. This be-
havior cannot be attributed to a difference in the material
properties of the two species, but rather can be understood by
considering the interaction of the fluxes, as explained in the
next section.

C. Two interacting fluxes

An interaction between the fluxesf implies that the stick-
ing coefficients would depend on the fluxesf of both spe-
cies. For a binary semiconductor AB the atomic incorpora-
tion rateS is given byS=sf, and it is equal for both A and B
since the stoichiometry of the compound is restored. As a
result of this, the sticking coefficientssA and sB depend on
the fluxesfA and fB, as

S= sAfA = sBfB. s3d

The dotted line in Fig. 5(c) shows the sticking coefficient of
Zn, sZn, when we assume that all molecules of the minority
species get incorporatedssminority=1d. This condition has
been used in subsection B as a first order approximation of
the growth rates.

In practice, the sticking probability of the minority spe-
cies is smaller than unity. The data points in Fig. 5(c) repre-

sent the Zn sticking coefficient values(as a function of the
atomic flux ratio) during ZnSe MBE at a substrate tempera-
ture of 300 °C.14 The solid line corresponds to experimental
data from Ref. 17, which we multiplied by a constant correc-
tion factor of 0.68s=0.87/0.59d. The reason for the introduc-
tion of this prefactor is to compensate for the overestimated
values of Zn sticking coefficients in the latter(RHEED os-
cillation) study [sZn=0.87 at pSe:pZn=1.27 (see Ref. 17).
[The data of Ref. 14 are more reliable because the absolute
value of the atomic flux was carefully determined from depo-
sition rates at a low substrate temperature(sZn=0.59 at
pSe:pZn=1.27).14] With the correction factor incorporated,
the solid line in Fig. 5(c) gives an excellent fit to the data
points. We have used this curve to calculate the sticking co-
efficients of interacting Zn and Se species, in order to obtain
the steady state flux distributions within the cavity of the
mask.

For interacting molecules, the sticking coefficientssr ,td is
a function of both time and position, because it depends on
the distribution of the fluxesfsr ,td of both components.
Thus, Eqs.(1)–(3) describe a nonlinear problem, which can
be solved taking into account this time-dependence. On ap-
plying Eq. (2) on Eq.(1), interchanging the summation with
the integral, and applying Eq.(1) within the integral, leads us
to the equation

fsr ,t + td = F0sr d + E
AM

f1 − ssr 8,tdgfsr 8,tdZsr ,r 8d

3
snr8r ·n8dsnrr8 ·nd

sr − r 8d2p
dA8, s4d

which describes the evolution of the total fluxfsr ,td, in re-
sponse of a change of the direct beam fluxF0sr d (e.g., start
of the mass-flow), as follows. The steady state flux distribu-
tion f` is obtained in the limitt→`; i.e., by the iterative
application of Eq.(3) and (4) on the time-dependent flux
distribution fsr ,td. Without the time dependence, Eq.(4) be-
comes a continuity equation for the steady state. According
to this continuity equation, the secondary fluxF`= f`−F0 is
maintained in the steady state by the redistribution of the
total flux f` (integral term).

D. Surface diffusion and effective flux

In a previous study, Tomitaet al.have observed that GaAs
structures deposited through shadow masks form low-index
facets at the edge.9 Faceting of the edges(also known from
SAE of III-V semiconductors on patterned substrates) can be
understood as resulting from the surface diffusion of group-
III adatoms. Surface migration results from gradients of the
surface concentrationNa of adatoms. The intrinsic depen-
dence ofNa and the diffusion coefficientD on the surface
orientation, thus causesintersurface diffusion, the prime fac-
tor leading to facet formation in III-V MBE.

From the diffusion model, it is known that the surface
concentrationNa=Gt depends on the generation and the re-
combination of mobile adatoms, where the generation of sur-
face atoms(with a rateG) corresponds to the impingement
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of the group-III fluxsf III d.12,18Recombination of surface ada-
toms means desorption of adatoms from the surface(lifetime
tdes) as well as incorporation of adatoms into the solid phase
(incorporation lifetimetinc), hence the surface lifetimet
=stdes

−1 +tinc
−1d−1. However, in III-V MBE, desorption of ada-

toms is often negligible because of the low vapor pressure of
group-III adatoms.

Hata et al.12 have observed that the incorporation diffu-
sion lengthlinc=ÎDtinc varies with the change of the arsenic
flux fV. When the group-V fluxfV is high, the lifetimet of
group-III adatoms is reduced, because they react with the
impinging group-V molecules. As a result, their surface con-
centrationNa remains low. In the reverse case,Na becomes
relatively high when the flux of group-V species is low. The
surface diffusion of group-III adatoms within the cavity of a
shadow mask is governed by the distribution of the group-V
flux, according to the mass conservation equation

G − Na/t − ¹S·JS= 0, s5d

wherein the first, second, and the third terms correspond to
generation, recombination, and surface diffusion of the ada-
toms, respectively.¹S is the surface gradient operator and
JS=−D¹SNa, the surface diffusion current of adatoms.

Equation(5) describes the planar redistribution of the sur-
face atoms, which is governed by the flux distributions
within the mask cavity[according to Eq.(4)]. Again, the flux
distributions depend on the sticking coefficients, which in
turn are modulated by the planar redistribution of the surface
concentrations. In order to consider all these interactions,
one has to find a solution to a system consisting of four
redistribution processes. This becomes even more complex
when two molecular species of one constituent element obey
different surface kinetics, e.g., As2 and As4 molecules in
III-V MBE. 19

For the sake of simplicity, we restrict ourselves to the case
in which the sticking coefficient of one(diffusing) species is
about unityssIII <1d, and the desorption lifetime of the other
component is relatively shortstdes,V<0d, resulting, therefore,
in a low surface diffusion of the latter. In addition, we as-
sume that the group-V flux consists of a single molecular
species(These are often good assumptions in III-V MBE at
standard growth conditions.19,21 In this case, we need to con-
sider the redistribution of the flux of a single group-V species
due to desorption[Eq. (4)], and the redistribution of group-
III adatoms due to surface diffusion[Eq. (5)]. Analogously to
Eq. (3), we equate the ratesS of group-III and group-V ele-
ments, as

S= sVfV = Na,III /tinc,III , s6d

which gives us a system of equations[Eqs. (4)–(6)] with
unique solution.

IV. DISCUSSION

In this section, we discuss the implications of the interac-
tion between the constituent species of compound materials,
in the case of II-VI and III-V MBE through shadow masks.
First, we discuss the effects of the surface reactions on the

flux distribution (i.e., ZnSe MBE), and then we investigate
how the flux ratio and the relative geometry of the fluxes and
the mask affect the growth. Finally, we discuss the effects of
interdependence of surface diffusion of one component and
the flux distribution of the other, in the context of GaAs
MBE. We also demonstrate the importance of such effects
for SAE on patterned substrates.

For simplicity, we do not model the evolution of the
growth interface, but restrict the discussion of MBE of com-
pound materials to the initial growth geometry. Thus, we do
not consider material deposits, which may affect the redistri-
bution of secondary fluxes and diffusion currents in the mask
cavity. Consequently, we also do not consider the evolution
of the edges of the deposits, i.e., the self-formation of low-
index facets, which is caused by the orientation dependence
of surface kinetic processes.

A. Interacting fluxes

Figure 5(d) shows a result of modeling the steady state
flux distribution of ZnspZnd and SespSe=23pZnd fluxes in
the same growth geometry as above[sw,h,g,ud
=s2,2,0,4d; arbitrary units; fZn and fSe are normalized to
pZn]. The gray shaded curve shows the incorporation rate
S=sf, its amplitude is proportional to the growth rate of
ZnSe, as a function of the lateral position on the substrate.

The results for the total flux of interacting Zn and Se[see
Fig. 5(d)] are similar to the dashed and solid lines in Fig.
5(b); i.e., noninteracting molecules with sticking coefficients
of 0.5 and 0.1 for the minority and majority species, respec-
tively. This “effective sticking coefficient” of the correspond-
ing curves is a result of the interaction between the mol-
ecules: The majority species accumulates within the cavity of
the mask. The increasing secondary flux of the majority spe-
cies increases the sticking probability of the relative smaller
number of minority molecules. This reduces the total flux of
the minority species in the steady state, which in turn results
in the sticking coefficient of the majority species being rela-
tively low (as a result of the interaction).

Next, we consider a wide mask cavitysu@hd. Mainly
higher order fluxesFk with large skd contribute to the total
flux f` (secondary fluxF`) near the end walls of the mask
cavity. Because of their relatively high sticking coefficient,
the secondary flux of the minority species fades within a
short distance from the aperture[as in Fig. 5(a)]. This in turn
reduces the sticking coefficient of the majority species,
which therefore becomes negligibly smallss<0d at a large
distance. Consequently, the secondary flux of the majority
species in the steady statesF`d is constant in this region. In
contrast with the noninteracting casess=const..0d, it does
not fade with the distance from the aperture.

B. Change of the flux ratio

Next, we discuss the influence of a change of the growth
conditions. By varying a single parameter in the standard
growth conditions [sw,h,g,ud=s2,2,0,4d; w= ±14.0°;
pSe:pZn=1.26=10+0.1], we predict growth rates in the Se do-
main sRSed, the Zn domainsRZnd, and beneath the Zn domain
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sR0d; i.e., without a direct beam[see Fig. 5(d)]. Figure 6
shows the calculated plots, normalized with respect to the
growth rate without a shadow mask. The first plot in Fig.
6(a) shows the effect of a variation of the atomic flux ratio
spSe:pZnd, while the direct flux of the minority species main-
tained atpminority=1 . The solid line shows thatRZn increases
with increasing Se flux. Without sufficient Se overpressure
flogspSe:pZnd, +0.07g, the growth ratesRZn and R0 are
about equal(at the edge of the Zn domain) because on this
side of the aperture of the masksx,0d growth is limited by
the secondary flux of Se. A Zn shoulder structuresRZn.R0d
is selectively formed when the secondary flux of Se exceeds
that of Zn on both sides of the aperture of the mask
flogspSe:pZnd. +0.07g. When the Se pressure is further in-
creasedspSe:pZn@1d, it finally exceeds the total Zn flux in
the incidence region of Zn. ZnSe grows in the entire inci-
dence region of Zn with a homogeneous growth rate,RZn
<1. WhileRZn increases with the Se flux, the deposition rate
R0 (growth without a direct flux) decreases[see dashed line
in Fig. 6(a)]. This is as a result of the interaction between Zn
and Se; i.e., the suppression of Zn input(minority species)
when excess Se(majority species) is accumulated within the
cavity of the mask. The symmetric distribution of the curves
RSe and RZn in Fig. 6(a) with respect to an inversion of the
flux ratio demonstrates that the interaction between the
fluxes is important, rather than the individual material prop-
erties of Zn and Se.

The predictions of the model are in good agreement with
the experiment as is demonstrated by samples #1, #2, #3, and
#4 (see Fig. 1). Employing the dimensions of the shadow
mask and the incidence angles of Zn and Se of each experi-

ment in the model, we have determined the flux ratio at
which RZn matches the experimental growth rate of the
shoulder structure. These determined logarithmic flux ratios,
logspSe:pZnd, are +0.32, +0.05, −0.30, and −0.60, for samples
#4, #1, #2, and #3, respectively, which is reasonable consid-
ering the change of the BEP ratio towards Zn-rich growth
conditions.

Because of the coexistence of Zn and Se pressures within
the cavity of the mask, ZnSe grows on the entire surface of
the cavity. According to the model, the growth rate of ZnSe
in the absence of a direct beamR0 is in the range of 2%–4%
of the growth rate in the overlap region. This again is in good
agreement with the experiment(see Figs. 1 and 7).

In the case of sample #1, the growth rate within the over-
lap region is higher by a factor of 1.14 on the left hand side
of the main structure[see Fig. 1(a)]. In contrast, a flat plateau
is obtained in the overlap region of samples #2, #3, and #4
[see Figs. 1(b) and 1(c)]. The increase of the growth rate
[sample #1], which is limited by the total Zn flux(minority
species), can be attributed to the increase of secondary flux
of Zn. In good agreement with the experiment, the model
predicts an increase of the growth rate by a factor of 1.09
near the Zn domain, where Zn is still the majority species in
the mask cavity. However, a substantial increase of the
growth rate due to the increase of the secondary flux of the
minority species is obtained only when the flux ratio is
nearly stoichiometric. For higher flux ratios, the interaction
between the fluxes suppresses the input of the minority spe-
cies and a flat plateau is obtained[samples #2, #3, #4].

C. Change of the growth geometry

In Figs. 6(b) and 6(c) we demonstrate the importance of
the mask geometry. In these figures, one may observe that
the accumulation of the majority species is strongly en-
hanced by an increase in the heighth of the shadow mask or
a reduction of the aperture widthw. Both these changes of

FIG. 6. Dependence of ZnSe growth rates in the Se domain
sRSed, the Zn domainsRZnd, and without a direct beamsR0d as a
function of the growth conditions:(a) Change of the Se:Zn flux
ratio. (b) Change of the mask heighth. (c) Change of the aperture
width w. (d) Change of the lateral position of the incidence regions
of Zn and Se below the mask.

FIG. 7. Normalized ZnSe growth rates in the Zn domainsRZnd
and outside of the Zn domainsR0d dependent on the aperture width
w. The solid lines show growth rates extracted from the model for
an atomic flux ratio log10spSe:pZnd= +0.32. The corresponding ex-
perimental data was obtained from sample #4.
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the mask geometry reduce the escape rate of molecules out
of the cavity underneath the mask and thereby increase the
interaction between the fluxes. In the extreme limits,w→0
andh→`, the probability of the escape of molecules of the
minority flux becomes negligibly small. Because of the pair-
wise extinction of molecules, the secondary flux of the ma-
jority species approachesspmajority−pminorityd in the steady
state.

A different way to modify the escape rate of molecules is
by shifting the position of the incidence region on the sub-
strate(changes in both the solid angle of the aperture and the
effusion angle). Figure 6(d) shows the effect of a synchronic
shift Dx of the incidence regions of ZnsDxZn=−0.5+Dxd and
SesDxSe= +0.5+Dxd relative to the aperture of the mask. For
positive offsetssDx.0d, the escape of Se is reduced; i.e., its
secondary flux of Se within the cavity is increased. On the
other hand, shifts in the opposite directionsDx,0d both re-
duce the escape of Zn and increase the escape of the majority
species Se. This changes the ratio of the secondary flux
within the cavity in such a way that atDx=−1 no Zn shoul-
der is formedsRZn<R0d in spite of the Se-rich growth con-
ditions [see Fig. 6(d)]. This demonstrates that the growth
geometry is crucial for the growth regime below the mask.
When the incidence regions are shifted deep underneath the
mask(Dx→ +` or Dx→−`), the escape of both species is
minimized. Therefore, the problem is equivalent tow→0,
h→`, and the secondary flux of the majority species ap-
proaches a constant valuespmajority−pminorityd near the end
walls of the mask cavity in the steady state.

Sample #4 was fabricated in order to validate the predic-
tions of the model regarding a variation of the mask geom-
etry: In a single growth experiment the aperture widthw was
varied. Figure 7 shows the experimental data of the growth
rates RZn and R0 (normalized to the growth rate without
shadow mask) as a function of the aperture widthw. The
horizontal error bars are due to the closure of the aperture
during overgrowth; i.e., a systematic error. We have extracted
the theoretical values ofRZn andR0 by modeling the growth
regime based on the geometry of the experiment(incidence
angles and mask dimensions). The only fitting parameter is
the atomic flux ratio, which was set to logspSe:pZnd= +0.32.
As is shown by the solid lines in Fig. 7, the model gives an
excellent fit of the experimental data for both the growth rate
of the Zn shoulder structureRZn, and the growth rate without
a direct fluxR0.

D. Effects of surface diffusion

Here, we discuss the effects of interactions between the
surface diffusion currents of group-III adatoms and the
group-V fluxes in the mask cavity of the GaAs sample(see
Fig. 3). An interesting observation is that the interface of the
GaAs substrate is modulated without incidence of primary
group-III species. According to Eq.(4), no surface diffusion
should take place without a surface concentrationsNa.0d of
group-III adatoms. Sincef III ;0, a different generation pro-
cess, which has not been considered in previous investiga-
tions of surface diffusion,12,18,20must cause the observed ef-
fects. We suggest that there exists a thermal generation

processgsTd that coincides with desorption of As2 from the
surface. In the case of the GaAs(001) surface, it was found
that the outgoing As2 flux exceeds the rate equivalent to
1 monolayersML d /s at temperatures above 600 °C.21 This
possibly generates weakly bonded Ga surface atoms at a rate
g, which is of the same order. Thus, the total generation rate
of adatoms isGsr ,Td=gsTd+ f III sr d. Therefore, the thermal
process results in an intrinsic contribution to the surface con-
centration of adatomsNi =gt, which, however, does not in-
crease the net growth rate. The net growth rate can then be
calculated byS=Na/tinc−g.

During the thermal treatment of the GaAs sample, an As
beam (mainly As4 molecules) impinged through the mask
aperture(see white lines in Fig. 3). Because no additional
group-III flux was used in the experiment, we can assume
that the effect of the group-III surface concentration on the
redistribution of the group-V flux is limited. In particular, the
sticking coefficient of group-V species is about zero in most
areas of the cavity of the mask. Only in the incidence region
of the direct beam a small fractions,10%d of arsenic is
incorporated in the structure, while areas with negative
growth rate act as arsenic sources. Therefore, Eqs.(1) and
(2) give a reasonable approximation of the distribution of
arsenic fluxes when a constant sticking coefficients=0 of
arsenic molecules is assumed. Figure 8(a) shows the arsenic
flux distribution normalized with respect to the primary flux
pAs=1.2310−5 Torr.

Nishinagaet al. has proposed that the incorporation life-
time of group-III adatoms,tinc, varies asfV

−g, wherefV is the
arsenic pressure andg the reaction order of the incorporation
process(g=2 in the case of III-V MBE with As4 flux).18

Figure 8(b) shows the surface concentration of group-III ada-

FIG. 8. Modeling of the surface diffusion of group-III adatoms
dependent on the arsenic pressure.(a) Normalized arsenic flux in
the case of the GaAs sample[see Fig. 3(a)]. (b) Intrinsic surface
concentration of Ga adatoms with(solid curve) and without(dashed
curve) surface diffusion.(c) Calculated growth rates caused by the
surface diffusion, which is controlled by the arsenic flux.(d) Nor-
malized arsenic flux on the substrate and on the underside of the
mask in the case of the InAs sample(see Fig. 2).
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toms obtained by solving Eq.(5) for the flux distribution
shown in Fig. 8(a). The solid line(dashed line) represents the
surface concentration considering(neglecting) surface diffu-
sion. For the calculation, the value ofg, which does not
affect the profile of the curves, has been assumed to be
0.25 ML/s, for reasons explained below. In the case of sur-
face diffusionsD.0d, linc is assumed to be 1.2mm for fAs
=1.2310−5 Torr. This value is consistent with the results of
microprobe RHEED experiments for a substrate temperature
of 630 °C.18 One may observe that the effect of the surface
diffusion is pronounced in the regions where the concentra-
tion gradient¹SNa is large, and the arsenic flux low; i.e.,linc
large.

The resulting growth rate curvesS=Na/tinc−g are pre-
sented in Fig. 8(c). The shape of the curve is in good agree-
ment with the experimental surface profile[see Fig. 3(a)].
According to the model, and demonstrated by the experi-
ment, positive growth rates are expected in the incidence
region of the arsenic beam, while negative growth rates
(etching rates), outside this region. However, both growth
rate maxima are near the edges of the growth region.

This can be explained by the gradient of the group-V
surface concentration, which results in a reverse gradient of
the surface concentration of group-III adatoms, as shown in
Fig. 8(b). Diffusion currents JS from regions with low
group-V secondary flux towards regions with high group-V
pressure tend to reduce the gradient¹SNa. As a result of the
planar redistribution, compound material grows only in the
incidence region of arsenic on the substrate. The growth rate
is negative in regions with low group-V pressure, which
therefore act as a source of group-III atoms.

The gradient of the As flux also explains why deeper
grooves are formed on the left-hand side of the structure
shown in Fig. 3(a), while the maximum positive growth rate
is observed at the right-hand side of the incidence region of
arsenic. In the incidence region of arsenic, the total flux[see
Fig. 8(a)] increases from left to right and hence causes a net
diffusion current in the same direction. However, the diffu-
sion currents at the edges of the incidence region are larger
than that at the middle of the incidence region. Hence, there
is a local maximum of the growth rate at the left limit, and an
absolute maximum at the right limit of the incidence region.

According to Eq.(5), surface kinetics, such as the limited
mobility of surface atomssDd and their finite lifetimestd,
limit the surface diffusion. Hence, diffusion currents decay
exponentially with distance from the source, on a length
scale equal to the incorporation diffusion lengthlinc

=ÎDtinc. This is analogous to intersurface diffusion during
MBE on patterned substrates.

The surface concentrationNa and, hence the growth rates
S in Fig. 8(c) scale withg. Therefore,g can be determined by
comparing the theoretically obtained growth rates with the
experimental values. In our experiment the intrinsic genera-
tion rate is as high asg<0.25 ML/s. Hence, the thermal
process generates surface adatoms with a rate that is compa-
rable to typical impingement rates of group-III atoms in
III-V MBE.

Unlike the GaAs sample, the intrinsic generation of Ga
surface atoms is negligible in the case of InAs growth be-
cause of the relatively low substrate temperature. In this

case, adatoms are generated by the beam of In atoms, which
impinge on the GaAs mesa(between the black dashed ar-
rows in Fig. 2). As can be seen in Fig. 2, the largest amount
of InAs is deposited in the As-domain, where according to
the model the arsenic flux is maximum. The corresponding
flux distribution, as a function of the lateral position(on the
substrate) is shown in Fig. 8(d) (dashed line). Obviously, the
incorporated In adatoms migrate along the gradient of the
arsenic flux from their area of incidence(between the black
dashed arrows) to this region. In contrast, almost no InAs
deposition takes place in the incidence region of the In flux.
Only at the left limit of the incidence of arsenic, an InAs
wire structure can be observed. This is caused by the diffu-
sion current of In adatoms from the In domain.JS is at maxi-
mum at the step edge of the arsenic flux where the gradient
of the surface concentration of In surface atoms would be
maximum without diffusion.

Based on the model, we can also understand the observa-
tions on the mask-cap(see Fig. 2). The solid curve in Fig.
8(d) shows the calculated flux distribution of arsenic on the
lower surface(backside) of the mask’s cap layer. Near the
side walls of the mask cavity, the arsenic flux(solid line)
approaches the same value as that of the flux on the substrate
(dashed line). As a result of the non-normal incidence of the
arsenic beam, the incidence region on the substrate is offset
to the right(relative to the aperture). The secondary As flux
on the backside of the cap, therefore, increases on the right
wing. In particular, it is at maximum near the aperture and
the calculated fluxsfAs.1.2pAsd exceeds the primary flux
spAsd of the direct beam, which impinges on the top side of
the cap. As a result of surface diffusion[Eq. (5)], In adatoms
effectively diffuse from the top to the backside of the cap,
which explains the observed InAs deposit on the undersur-
face of the right wing of the mask. In a,3 mm wide stripe
on the mask, no InAs pyramids were formed, suggesting that
the surface diffusion length of In adatoms exceeds this value
in the experiment. In contrast, on the backside of the left
wing of the mask, the secondary arsenic flux is slightly
smallersfAs,0.8pAsd than the direct beam flux. Because of
this, there is no effective migration of In adatoms from the
top side to the backside of the left wing.

V. SUMMARY

In summary, we have studied growth features observed
during molecular beam epitaxy of II-VI and III-V materials
through epitaxial shadow masks. The investigation focused
on the various shadow effects specific to the growth of com-
pound materials. In order to explain the observations, we
have developed a consistent model for the redistribution of
the constituent species within the mask cavity, based on
which we could predict the local growth rates. Under shadow
masks, the species redistribute via(1) multiple desorption
and (2) surface diffusion. The model relies upon specific
properties of II-VI and III-V material systems, which de-
scribe the reactions at the growth interface. Based on these
interactions between the constituent species, we could deter-
mine the distributions of the species within the mask cavity,
at different growth conditions.
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Due to the specific properties of II-VI materials, second-
ary fluxes of both group-II and group-VI species coexist in
the mask cavity, and thus compound material deposits on the
entire surface. Our model also predicts the formation of a
shoulder structure in the domain of the minority-species flux,
which was observed in experiments where ZnSe was grown
through epitaxial shadow masks. We also investigated the
effects of modulation of the flux ratio and manipulation of
growth geometry, and found good agreements between ex-
perimental observations and calculated growth rates.

While the shapes of the II-VI deposits can be explained
without considering surface diffusion, the profiles of the
III-V deposits are governed by the redistribution of group-III
adatoms via surface diffusion. However, the multiple desorp-

tion of group-V molecules, which causes secondary group-V
flux in the mask cavity, also plays an important role and
influences the group-III surface concentration. Based on
these findings, we can understand shadow effects observed in
the case of III-V materials.
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