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Molecular beam epitaxy of compound materials through shadow masks
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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 1I-VI and Ill-V material systems.
In the case of the 1I-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
IlI-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-11l 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-lii
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 Nishikawa et al. investigated shadow masked MBE of

Molecular beam epitax¢yMBE) using shadow masks is a £nSe with compound source material and observed that
versatile selected arga eéﬁ/la@,&E) tegchnique for the fap- ZNS€ grows also on the backside of the méskhis was
rication of modulated semiconductor heterostructures. Sev@tiributed to surface diffusion and a diffusion length of
eral studies have demonstrated the potential of this method > #M was extracted from the experiments. In another
fabricate novel devices. Examples &g the lateral integra- Study; MBE growth of ZnSe with nonparaliel incidence of Zn
tion of optical elements and quantum structirdswhich ~ and Se beams has been investigdtetihe formation of a
can be used to fabricate, e.g., integrated full-color emittersShoulder structure in the incidence region of Se has been
and (2) selective contacts to embedded structures, such &PServed. This was explained by the diffusion of Zn into the
doping superlatticésand electron gasés. region where only Séno Zn) impinges on the substrate.

Recently, we demonstrated that shadow mask assisted In the present contribution, it is proposed that contrary to
growth is particularly interesting for the fabrication of com- 1€ Previous suggestions, shadow mask assisted growth of
pound semiconductor nanostructufeEmploying epitaxial Z'nSe. can be understood to occur without mvok;ng surface
shadow masks, quantum structures such as single quantdffffusion of adatoms. The experimental observations can be
dots and quantum wires can be reproducibly grown with &£xPlained by the unique growth regime within the cavity of
spatial accuracy of the order of 10 nm. The key controllingth® mask, where molecules can be desorbed and adsorbed
factors in SAE growth of compound semiconductors usingmany_ times ‘_N'thom_ leaving the cavity. By modeling th|_s
shadow masks ar@) the incidence angles of the molecular repetitive re(_1|str|_but|on process, one calculates the effective
beams and2) the shape of the shadow mask itself. Theflux dllstr|but|on in the steady state. The r(_asults ac_curately
versatility of this method is enhanced by choosing appropri_descrlbe the effects observed in the experiments with ZnSe

ate variants of the technique for specific applications as wagrowth- .
reported recentls. In this work, the effects of surface diffusion in shadow

The application of this interesting method, however, re-mask assisted growth of compound materials are also mod-
quires an understanding of the fundamentals of the growtgled. In principle, the diffusion model used by Tométaal.
process. There are a few reports on the various aspects of tie not specific to compound materials, because it does not
growth mechanism in shadow mask assisted MBE of comeonsider the effects of the group-V fldxHowever, Hataet
pound semiconductors. al. has demonstrated that the surface diffusion length of

Tomitaet al. investigated the shadow mask assisted MBEgroup-I1l adatoms strongly depends on the anion #ftikhis
of GaAs? Self-formation of low-index facets takes place at effect is included in the model and the important conse-
the edge of the grown GaAs structures, which is limited byquences on the SAE of IlI-V compounds are discussed.
the incidence of Ga on the substrate. Diffusion of Ga ada- Below, we first present results of MBE growth of ZnSe,
toms out of the incidence region is caused by the lateralnAs, and GaAs compounds using shadow masks. Next, we
gradient of the surface concentration of adsorbed Ga adatonagescribe the model, starting from the growth of single-
and the self-formation of low-index facets can be explaineccomponent and two-component materials, where we assume
(and modelef by the fact that the surface lifetime of ada- that the fluxes of the constituents are independent; i.e., the
toms depends on the surface orientation. 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 1I-VI and IlI-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.

Il. EXPERIMENTS

In order to test the predictions of the model, we compare
them with the observations of our experiments, wherein
ZnSe(GaAg 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 &
=1.27um (1.16 um) thick AlyGay As spacer and a
=400 nm (140 nm thick GaAs cap. Conventional photoli-
thography and wet chemical etching were employed to open
stripe aperture$10 mm long andw=1-10um wide) ori-

ented alond110] and[110] direction in the GaAs cap layer. FIG. 1. Electron micrographs of the cleaved edge of an epitaxial
Subsequently, the _AIGaAS,Spa_CGr below the ap_ertures_was%adow maskdark materig), which was overgrown with ZnSe
removed by selective etching in hydrofluoric acid. EtChmg(bright materia). The incidence directions of Sevhite) and Zn
was allowed to proceed until the cap layer was undercut ovelyray) are indicated by the arrows. The three microgrags(b),

a diStanC? oti=2—-4 um. Thus, a ShaHQW ma§k cavity with  andc) represent znSe growth with increasing zn:Se flux ratio.
freestanding shadow edges was obtai(sxk Fig. 4. In or-

der to investigate the role of the crystal orientation onverify the predictions of the model regarding the mask ge-
shadow mask assisted growth, two patterned samples witbmetry.
different crystal orientatiofaperture stripe parall¢l10) and Figure 1 shows cross-sectional scanning electron micro-
(110)] were overgrown in the second epitaxial growth. 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-
Experiments on |I-VI MBE were done in a RIBER 32 ments. This contrast would also identify structures from el-
growth chamber, which is equipped with solid source effu-emental Zn or Séwhich are not expected because of the
sion cells. High purity6N) materials(Zn; Cd; S¢ were used  high vapor pressure of the elements at growth tempenature
for the growth. The growth conditions were slightly modified ZnSe was grown both onto the mask and through its aper-
in order to reduce the width of the partial shadow of thetures. ZnSe was also deposited on the sides of the aperture
beam(due to the finite size of the sounc@he apertures of and the backside of the magks in Ref. 10, albeit with
the effusion cells were capped with pyrolytic boron nitride lower growth rates.
disks, leaving only 2-mm holes in the middle. We observed As can be seen in Fig.(4) [sample #], the ZnSe struc-
that the introduction of these beam plates reduced the widtture on the substrate was selectively grown in the overlap of
of partial shadows to~20 nm. MBE growth of the ZnSe the incidence regions of the component bedmeerlap re-
layers was carried out at a substrate temperature of 280 °@ion). The beam directions are indicated by the g¢zn)
and a beam equivalent pressyBEP) of 5x 107" Torr for  and white (Se arrows. Because of the different angles of
Zn, while the Se flux was varied. For experiments #1 to #4incidence(+26° and —25, the width of the growth area is
the flux ratios BER,/BEPsewere set to 0.28, 0.75, 2.5, and smaller than the aperture of the mask. When the Se:Zn flux
0.19, respectively. Sample #4 was grown in a later experiratio is decreasefbee Fig. 1b), sample #2 ZnSe grows at a
ment without the beam plates. Therefore, partial shadow eflower growth rate also in the region where only Se beam
fects are observed in this case. The dimensions of th@mpinges on the substrat&e domain The growth rate of
shadow mask ard=2.77 um, g=280 nm, andu=21um, this shoulder structure increases when the Se:Zn flux ratio is
while the width w of the apertures was varied from further decreasefsee Fig. 1c), sample #3and its thickness
1 to 6 um for different stripes. By this means, we can becomes similar to the main structure in the overlap region.

P — 1 um

A. 11-VI compounds
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On the other hand, with a high Se overpresqsemple #4
ZnSe grows in the entire incidence region of Zn; i.e., a
shoulder is formed in th&n 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 structuRe,, decreases when the
aperture width is increasgdee Fig. 7, sample #4Parallel
to this, the growth ratd,, 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. FIG. 2. Electron micrograph of an epitaxial shadow mask with
For fully open Knudsen cells, round edges are formed bemAs deposits. White dashed lines indicate the interface of the GaAs
cause of the flux gradient of the partial shaddwiowever, substrate and the mask. The black arrows indicate the incidence
in the case of samples #1, #2, #3, the width of the partiafiirections of In(dashed lingand As(solid line).
shadow region has been reduced~+80 nm by employing

the beam plates. As can be seen in Fig. 1, the edges of ﬂ]ci? unity at normal growth conditions and is almost indepen-
! e

. . T nt of the group-V flux. This is in contrast with 11-VI MBE,
ZnSe structures are quite smooth with steep mclmanothere the sticking coefficients of the constituents depend on
angles, which evidently do not correspond to a Iow-mdexthe flux of the other constituent specids

crystal plane. The inclination of the facets can be explained, Figure 2 demonstrates that the specific properties of the
geometrically, by the deposition of material on the cap layer .y, materials, discussed above, result in a very different
of the shadow mask, leading to a gradual closure of the apyrowth process when they are deposited through a shadow
ertures. This is illustrated by the dashed lines in Fig. 1, which,ask. The SEM image shows a shadow mask sample with
indicate the limits of the overlap region at the beginning andgaas and InAs deposits. The 11I-V structures were grown in
the end of ZnSe growth. As can be seen, the inclination of, RIBER 32 growth chamber, equipped with solid source
the edges of the ZnSe structures is determined by the closingysijon cells and high puritg6N) source materialgGa; In;
of the aperture. Under certain conditions, even overhangs alks). The arsenic source is a valved cracking cell where the
createdsee Fig. 1a)]. In addition to these higher index fac- thermal cracking zone is maintained at 560 °C. Therefore,
ets, we have also observed the self-formation of low-indeXne arsenic flux consists of Asmolecules mainly. In the
(111) facets. This occurs selectively when ZnSe is growngyperiment, the widths of the partial shadows of the As, Ga,
through a mask with the aperture stripe oriented parallel tnq |n beams are about 100, 200, and 200 nm, respectively.
(110) direction and when the Se:Zn flux ratio is high First, a 150 nm thick GaAs buffer was grown at substrate
(samples #1, #4 Otherwise, no low-index facets are formed temperature of 580 °C with Ga and As BEPs of .00’
(samples #2, #3 ZnSe structures witli111) facets are still and 3.4<10°® Torr, respectively. The configuration was
restricted to the geometrically defined growth area. Thus, theuch that both beams impinged at an angle of incidence of
self-formation of low-index facets implies that the volume of ¢=+9°. The white dashed lines in Fig. 2 indicate the inter-
the ZnSe structure is reduced. Therefore this process is nfdce of the epitaxial shadow mask with the GaAs buffer,
driven by surface diffusion, but by the reduced depositiorbefore the deposition of InAs. Subsequently, a nominally
rate (sticking coefficient on a(11DA facet. This is different 18 nm thick InAs layer was grown at a substrate temperature
from shadow-masked growth of GaAs, where low-index fac-of 480 °C with In and As BEPs of 6810 and 8.0
ets are formed by intersurface diffusidn. X 107 Torr, respectively. This was carried out in a such con-
In summary, the investigation of shadow-masked growthfiguration that In impinged ai,,=+11° (see black dashed
of ZnSe has not shown indications of surface diffusion ofarrows directly onto the area of the GaAs buffer, while As
adatoms shaping the profile of SAE grown structures on thémpinged atea,s=-33° (see black solid arrowshence the
scale of~20 nm. The origin of experimental observationsincidence region is offset to the right by a distance of
such as the dependence of the growth rates on the fluxes ardl.0 um. Because InAs grows in the Stranski-Krastanov
the geometry of the mask, can be explained by the modejrowth mode, the deposits form three-dimensiaipgrami-
below, which considers an unique growth regime in thedal) structures, which can be easily identified in Fig. 2. In
mask-cavity. 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
When IlI-V materials are grown using a shadow mask, thebuffer, although no In atoms impinged in this region. On the
growth kinetics are quite different from those of the 1I-VI other hand, in most of the incidence region of the In beam no
materials. Surface diffusion is the key factor that governs thehree-dimensional deposits can be observed. The only sig-
shape of Ill-V deposits, because the diffusion lengths ofhificant InAs growth rate in the incidence region of indium
group-lll adatoms on the surface of a growing IlI-V layer adatoms coincides with the left limit of the incidence region
may exceed Jum.}? Because of the low vapor pressure of of the arsenic beam, where a InAs wire structure has been
the group-IIl elements, their sticking coefficie)} is close  formed. These observations demonstrate that the shadow

no InAs

B. 1ll-V compounds
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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.

region of the arsenic beam, GaAs is accumulated, while
grooves were formed on either sifleee Fig. 8a)]. Almost
the same effects are observed for the growth assisted by

FIG. 3. Electron micrographs of the cleaved edge of an epitaxiaPhadow masks with thg110] orientation of the stripe aper-
shadow mask, with different aperture widths(ef 1.2 um and(b)  ture. However, the edges of the GaAs deposits extihi)B
7.0 um. Surface diffusion, which causes the modulation of the suband (001) faceting instead of114)A, which is observed in
strate surface, was activated thermally. The lateral modulation coFig. 3.
incides with the incidence of As through the aperture of the mask, Since no external Ga fluxes were employed in the experi-
as indicated by the white lines. The black line indicates the interfacenent, it can be unambiguously concluded that Ga atoms mi-
of the GaAs substrate before the thermal process. grate from the outside to the inside of the incidence region of
the arsenic beam on the substrate. The effect is restricted to
mask assisted growth of I1-VI and 1ll-V compounds are gov-the region near the step-edge of the arsenic flux, as is clearly
erned by very different processes. In addition, the depositiog€en in Fig. &), where the width of the aperture wasun.
on top of the mask is different for 1I-VI and 1ll-V com- Obviously, the incidence of the arsenic flux governs the sur-
pounds. As shown in Fig. 2, InAs deposits are clearly visibleface diffusion of the Ga atoms, as is discussed below.
on the left wing of the mask, whereas only a negligible
amount of InAs is observed to have deposited onto the right IIl. MODEL
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 Before analyzing the SAE growth of compound semicon-
the interactions between the constituent species of compourtlictors, we restrict ourselves to a simplified case wherein we
materials. Such effects may also be important for the growtlzonsider only the fluXpy) of a single species. After passing
of Ill-V materials on patterned substrates. through an aperture of the mask, the impinging particles are
In order to investigate the effects of the group-V flux on adsorbed on a restricted area on the substrate, which is the
the surface diffusion of group-lll adatoms, we fabricated aprojection of the aperture cross sectidretween the gray
sample by a thermal process that does not employ group-Ilines in Fig. 4. The lateral position of this incidence region
fluxes. Similar to the previous experiments, a shadow masls determined by the incidence directiory of the beam.
sample consisting of a GaAs/AlGaAs epitaxial shadow maslkdsorbed species have a finite lifetimeon the substrate
on a GaAg001]) substrate was loaded in the growth chambersurface after which the material either is incorporated into
and the native oxide layer was desorbed at 580 °C. Subséhe growing crystal or desorbs and goes elsewhere. The prob-
quently, the sample was tempered at 630 °C for 10 min, andability of incorporation of the constituent elements is given
finally cooled to 300 °C. During the entire process, the ar-py the sticking coefficiens, which is a constant parameter,
senic beam(BEP: 1.2< 107 Torr) was so adjusted that it when there are no local variations of temperature and no
impinged on the GaAs substrate through the apertures of th@teraction between different species.
mask at an angle of -11°. Nonsticking molecule$1-s) are subsequently reemitted
Figure 3 shows cross-sectional SEM images of the&rom the surface with an angular distribution given by the
cleaved[110] edge of the GaAs sample. The image is mag-cosine law of effusion. This redistribution process contrib-
nified in the growth direction in order to exhibit the details of utes to higher order fluxe, (of the orderk> 1) because the
the shallow structures, which were formed during the therre-desorbed molecules, which do not leave the cavity
mal treatment. The white lines in Fig. 3 indicate the inci-through an aperture, impinge on other surface of the cavity.
dence direction of the arsenic beam, while the black linedhis process is iterative: The redistribution of these nonstick-
indicate the original surface of the GaAs substrate, before th#g, kth-order moleculeg1-s)F, gives an(k+1)th-order
thermal treatment. Obviously, tempering of the sample witHflux F,;, where we defind=, as the direct flux, i.e., the
arsenic flux modifies the GaAs interface. In the incidenceprimary flux from the sourcek is equivalent topg for po-

A. Single-component material
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3
b}

sitionsr within the incidence region and it is zero outside.
Thus, the total fluxf is given by

Ps=2p, f

f(r,t) =2 Fy(r,b), (1)
k=0

flux (p,)

where the time dependenteorresponds to the finite surface :
lifetime 7 of adsorbed molecules; i.e., the iteration of the 0.5
redistribution process is equivalent with time. Accordingly, ¢4 ,
the redistribution of nonsticking molecules after each colli- -5 0 5 0
sion is given by the equatiéh (@) positon () pesiion

[o%]

Frga(r t+ T):J[1—s(r’,t)]Fk(r’,t)Z(r,r’)
Aw

(nr’r 'n,)(nrr’ 'n)
(r=r")°m

wheren’ (n) is the unit normal to the surface elementrat

(r) andn,/ (=-n, ) is a unit vector pointing ta from r’ |

(the scalar products of the unit vectors are the cosines of the@ y 0 5 6‘ 5

effusion and incidence angle#\,, is the surface area of the (c)  atomic flux ratio Se:Zn (d) position

mask cavity and(r,r’) is equal to 1 as long as there is line

of sight between the surface elementsr atto r, andZ is FIG. 5. Modeling of the total flux as a function of the lateral

zero, if (n,,,-n’) is negative. position below a shadow masta) Total flux of a single molecule
When the primary flux from the sourdg(r) is time in- beam (p=1) with constant sticking coefficientszQ.S, 0.1, and

dependent, the total fluir ,t) approaches a steady state dis-9-02.(b) Totgl flux of two m0|eC.U|e beam@lottgd “ne:PA:l; A

tribution f..(r). In the case of noninteracting species, Where:O'l; solid line:pg=2, sg=0.1) without considering the interaction

h icki ffici . fo i lculated of the fluxes. The gray shaded area is an estimate of the growth
t e sticking coefficiens Is constantf.. is easily calculate rates when growth is limited by the smaller flux. The dashed line
using Egs(1) and(2).

; . represents a higher sticking coefficieat=0.5. (c) Material proper-
Figure Ja) shows a typical result.. has been calculated {jes of znse MBE growttiat 300 °Q from the literature: Sticking

for an ideal mask with typical dimension®/=2 um,  coefficient of Zn dependent on the Se:Zn flux rait). Total flux of

h=2 um, andu=4um (and idealizedy=0 um) and consid- interacting Zn flux(dotted line: p,,=1) and Se flux(solid line:

ering a single direct beartflux py) impinging through the  pg=2). The gray shaded area is the modeled ZnSe growth rate as a

aperture of the mask at an angle @f£-14.0° (see Fig. 4. function of the lateral position below the shadow mask. From the

The incidence region of the beam is therefore shifted  growth profile, the normalized growth rat&s, (Se shoulder Ry,

Ax=+0.5um) relative to the aperture of the mask (zn shouldey, andR, (without direct beamwere extracted for the

[Because of only angular dependence of the redistributionlata presented in Fig. 7.

process, no absolute dimensions are required (scalability of

the mask) and the unitg’um”) will therefore be omitted ecyles escape through the aperture; i.e., for a mask with

below] o smallw and largeh or near the end walls of the mask cavity.
The three curves in Fig.(8 show the steady state flux

distributions f_,(r) for molecules with sticking coefficients
s=0.02, 0.1, and 0.5, respectively., is normalized with
respect to the primary flupy). The horizontal axis is the Next, we calculate the steady state flux distribution of two
lateral positionx on the substrate surface. One clearly ob-fluxes(p, and pg=2X p,) with the beams impinging at dif-
serves thaf., is nonzero outside the incidence region of theferent anglege,=+14.0° andpg=-14.09. Below, we name
direct beam. This is due to the repetitive adsorption and rethe two speciesninority and majority, which refers to the
emission process, where higher order impingemékits1) different impingement ratep, and pg, respectively. Again,
contribute to thesecondary flux E=(f.—Fy), within the  we assume that the molecules do not interact. The dotted and
mask cavity. This contribution is large for a small sticking solid lines in Fig. $b) show the total fluxe$, andfg (nor-
coefficient; i.e., when the probability of the molecules beingmalized top,) for constant sticking coefficients=s3=0.1.
desorbed multiple times is high. Howevé, is limited by  In this case, the flux of the majority species is dominant
(1) the impingement rate of molecules, i.e., the beam prestfg>f,) within the cavity of the mask, except in the inci-
sure py; and (2) the escape rate of molecules through thedence region of the minority speciéfig<f,); i.e., in the part
aperture of the mask. The latter causes a disruption of thehere the direct beam of the majority species does not im-
secondary flux near the apertuigee dashed curve in Fig. pinge. This local inversion of the flux ratio is important when
5(a)]. On the other hand;..~p, (f.=2py) when the stick- compound semiconductors are grown because the growth
ing coefficient is negligibly smalls=0) and only few mol- rate is limited by the smaller of the two component fluxes.

pSe =2 pZn

dA', (2)

cking coefficient of Zn
flux (p,,)

B. Two-component material
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This constraint can be used as a first order approximatiosent the Zn sticking coefficient valug¢as a function of the
of the growth rate, as is illustrated by the shaded area in Ficatomic flux ratig during ZnSe MBE at a substrate tempera-
5(b). In steady state, the growth rate is at maximum in theture of 300 °C!* The solid line corresponds to experimental
overlap region. Outside this area, the growth rate is nonzerdata from Ref. 17, which we multiplied by a constant correc-
because of the coexistence of secondary fluxes of both sp&en factor of 0.68=0.87/0.59. The reason for the introduc-
cies. The deposition rate is limited by ti@mall secondary tion of this prefactor is to compensate for the overestimated
flux of the minority species; except in the domain of thevalues of Zn sticking coefficients in the latttRHEED os-
minority species, where the flux ratfg: f, is the reverse. A cillation) study [s;,=0.87 at pse pz,=1.27 (see Ref. 1Y
shoulder structure is formed, because the growth rate is limfThe data of Ref. 14 are more reliable because the absolute
ited by the(large) secondary flux of the majority species.  value of the atomic flux was carefully determined from depo-

This serves as a qualitative explanation for the observasition rates at a low substrate temperatysg,=0.59 at
tion that a shoulder structure is selectively formed in thepss p;,=1.27.%4 With the correction factor incorporated,
domain of the minority species when ZnSe is grown with athe solid line in Fig. &) gives an excellent fit to the data
high flux ratio[samples #3, #4 In the case of sample #1, no points. We have used this curve to calculate the sticking co-
shoulder structure formed because of stoichiometric growtlefficients of interacting Zn and Se species, in order to obtain
conditions(pa= pg), i.€., Fse=Fz, still, the reflection high- the steady state flux distributions within the cavity of the
energy electron diffractiofRHEED) pattern revealed a “Se- mask.
rich” (2 1) reconstruction during the ZnSe growth. The lat-  For interacting molecules, the sticking coefficisfit, t) is
ter can be explained by the fact that the phase transitioa function of both time and position, because it depends on
between(2 X 1) andc(2 X 2) reconstruction takes place at an the distribution of the fluxed(r,t) of both components.
atomic flux ratio ge pz,=0.71% In the case of sample #2, Thus, Eqs(1)—3) describe a nonlinear problem, which can
both reconstruction patterns were observed during ZnSke solved taking into account this time-dependence. On ap-
growth, reflecting a Zn-rich growth condition. Therefore, aplying Eqg.(2) on Eq.(1), interchanging the summation with
shoulder structure was formed in the Se domaee Fig. the integral, and applying E@L) within the integral, leads us

1(b)]. to the equation
This demonstrates that the local reversal of the flux ratio
is the origin of the formation of a shoulder structure in the f(r t+7) = Fo(r) + f [1-s(r',O]f(r" . HZ(r,r")
domain of flux of the minority species. However, the as- J
M

sumption of a constant sticking coefficient does not yield a

quantitative prediction of the growth rates. In particular, the (N, -n")(Ngyr - N)
estimated growth rate without a direct bedfior s=0.1; see
Fig. 5b)] is an order of magnitude larger than that observed
in the experiments. A better agreement with the experimenivhich describes the evolution of the total flif ,t), in re-

is obtained only if the sticking coefficient of the minority sponse of a change of the direct beam figkr) (e.g., start
species is assumed to be larger than that of the majorityf the mass-flow as follows. The steady state flux distribu-
specieqe.g.,5,=0.5; see dashed line in Fig(t]. This be-  tjon f,, is obtained in the limitt—; i.e., by the iterative
havior cannot be attributed to a difference in the materiahpplication of Eq.(3) and (4) on the time-dependent flux
properties of the two species, but rather can be understood Ryjstribution f(r ,t). Without the time dependence, Eé¢) be-
considering the interaction of the fluxes, as explained in theomes a continuity equation for the steady state. According

(r=r")°m dA’, “@

next section. to this continuity equation, the secondary flax="f,.—F is
maintained in the steady state by the redistribution of the
C. Two interacting fluxes total flux f., (integral term.
An interaction between the fluxdsmplies that the stick- o _
ing coefficients would depend on the fluxesof both spe- D. Surface diffusion and effective flux

cies. For a binary semiconductor AB the atomic incorpora- | a previous study, Tomitet al. have observed that GaAs
tion rateSis given byS=sf, and it is equal for both Aand B gtryctures deposited through shadow masks form low-index
since the stoichiometry of the compound is restored. As @5cets at the edg®Faceting of the edge@lso known from
result of this, the sticking coefficients, and sz depend on  SAE of 111-V semiconductors on patterned substraten be
the fluxesf, andfg, as understood as resulting from the surface diffusion of group-
S=suf = Safs. 3) Il adatoms. Surface migration results from gradients of the
surface concentratioN, of adatoms. The intrinsic depen-
The dotted line in Fig. &) shows the sticking coefficient of dence ofN, and the diffusion coefficienD on the surface
Zn, sz, when we assume that all molecules of the minorityorientation, thus causéstersurface diffusionthe prime fac-
species get incorporatesmingity=1). This condition has tor leading to facet formation in I1I-V MBE.
been used in subsection B as a first order approximation of From the diffusion model, it is known that the surface
the growth rates. concentratiorN,=G7 depends on the generation and the re-
In practice, the sticking probability of the minority spe- combination of mobile adatoms, where the generation of sur-
cies is smaller than unity. The data points in Fi¢c)Sepre- face atomgwith a rateG) corresponds to the impingement
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of the group-llI flux(f,,).*>'8Recombination of surface ada- flux distribution (i.e., ZnSe MBB, and then we investigate
toms means desorption of adatoms from the surfhfedime  how the flux ratio and the relative geometry of the fluxes and
T4eo @S Well as incorporation of adatoms into the solid phaséhe mask affect the growth. Finally, we discuss the effects of
(incorporation lifetime 7;,.), hence the surface lifetime  interdependence of surface diffusion of one component and
=(Tyast 7o)~ However, in I1l-V MBE, desorption of ada- the flux distribution of the other, in the context of GaAs
toms is often negligible because of the low vapor pressure o¥IBE. We also demonstrate the importance of such effects
group-lll adatoms. for SAE on patterned substrates.

Hata et all? have observed that the incorporation diffu-  For simplicity, we do not model the evolution of the
sion length\;,.= D, varies with the change of the arsenic growth interface, but restrict the discussion of MBE of com-
flux f,. When the group-V fluxXy is high, the lifetimer of ~ pound materials to the initial growth geometry. Thus, we do
group-lll adatoms is reduced, because they react with th@ot consider material deposits, which may affect the redistri-
impinging group-V molecules. As a result, their surface con-bution of secondary fluxes and diffusion currents in the mask
centrationN, remains low. In the reverse cad¢, becomes cavity. Consequently, we also do not consider the evolution
relatively high when the flux of group-V species is low. The of the edges of the deposits, i.e., the self-formation of low-
surface diffusion of group-IIl adatoms within the cavity of a index facets, which is caused by the orientation dependence
shadow mask is governed by the distribution of the group-\of surface kinetic processes.
flux, according to the mass conservation equation

G-Ny/7- Vs Js=0, (5) A. Interacting fluxes

wherein the first, second, and the third terms correspond tﬁ F'g.u;e.b?‘?) ShOfWZS a result dOmeOde_l'gi the ?Iteady state
generation, recombination, and surface diffusion of the ada ~ 9'>"oution 0 N(pzr) and Se(psg=2X Pzn) fluxes in
toms, respectivelyVs is the surface gradient operator and the same grpwth geometry as abov{a(w,h,g,u)
Js=-DVN,, the surface diffusion current of adatoms. =(2,2,0,4; arbitrary units; fz, and fs are normalized to
Equation(5) describes the planar redistribution of the sur-Pznl- The gray shaded curve shows the incorporation rate
face atoms, which is governed by the flux distributionsS=Sf. its amplitude is proportional to the growth rate of
within the mask cavitfaccording to Eq(4)]. Again, the flux ZnSe, as a function of the Iateral_p05|t|or_1 on the substrate.
distributions depend on the sticking coefficients, which in__ The results for the total flux of interacting Zn and [See_
turn are modulated by the planar redistribution of the surfac&’d- Xd)] are similar to the dashed and solid lines in Fig.
concentrations. In order to consider all these interactions>(P); I-€., noninteracting molecules with sticking coefficients
one has to find a solution to a system consisting of fou©f 0-5 and 0.1 for the minority and majority species, respec-
redistribution processes. This becomes even more compld®/€ly. This “effective sticking coefficient” of the correspond-
when two molecular species of one constituent element obel!d CUrVes is a result of the interaction between the mol-
different surface kinetics, e.g., Asand As, molecules in ecules: The ma;onty species accumulates within th(_a cgwty of
NI-V MBE. 19 the mask. The increasing secondary flux of the majority spe-
For the sake of simplicity, we restrict ourselves to the cas&ies increase; th_e sticking probapility of the relative smaller
in which the sticking coefficient of ongliffusing) species is numbgr o_f minority molecules. This reduces_, the_: total flux of
about unity(s,, = 1), and the desorption lifetime of the other the minority species in the steady state, which in turn results
component is relatively shoftgesy=~0), resulting, therefore, in the sticking coefficient of t_he majority species being rela-
in a low surface diffusion of the latter. In addition, we as- tively low (as a result of the interactipn - .
sume that the group-V flux consists of a single molecular . Next, we consider a wide mask cav_|(y|>h). Mainly
speciesThese are often good assumptions in 111-V MBE at Nigher order fluxed=, with large (k) contribute to the total
standard growth conditior’:2! In this case, we need to con- 1UX f- (secondary flux.) near the end walls of the mask
sider the redistribution of the flux of a single group-V speciesCavity. Because of their relatively high sticking coefficient,
due to desorptiofiEq. (4)], and the redistribution of group- the sec_:ondary flux of the minority species fade; within a
Il adatoms due to surface diffusidiq. (5)]. Analogously to ~ Short distance from the apertuies in Fig. $a)]. This in turn

Eq. (3), we equate the rateSof group-Ill and group-V ele- reduces the sticking coefficient of the majority species,
ments. as which therefore becomes negligibly smédl~=0) at a large

distance. Consequently, the secondary flux of the majority
S=syfv=Nau/7incir» (6) species in the steady stdte,) is constant in this region. In

which gives us a system of equatiofsgs. (4)—6)] with contrast with the noninteracting caés=const>0), it does
unique solution. not fade with the distance from the aperture.

B. Change of the flux ratio

IV. DISCUSSION . .
Next, we discuss the influence of a change of the growth

In this section, we discuss the implications of the interac-conditions. By varying a single parameter in the standard
tion between the constituent species of compound materialgrowth conditions [(w,h,g,u)=(2,2,0,9; ¢=%14.0°
in the case of 1I-VI and 1lI-V MBE through shadow masks. pse pz,=1.26=10°1, we predict growth rates in the Se do-
First, we discuss the effects of the surface reactions on thmain(Rsg, the Zn domain(R;,,), and beneath the Zn domain
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perimental data was obtained from sample #4.

FIG. 6. Dependence of ZnSe growth rates in the Se domain
(R, the Zn domain(Rz,), and without a direct beartR,) as a  ment in the model, we have determined the flux ratio at
function of the growth conditionsta) Change of the Se:Zn flux which R;, matches the experimental growth rate of the
ratio. (b) Change of the mask height (c) Change of the aperture shoulder structure. These determined logarithmic flux ratios,
width w. (d) Change of the lateral position of the incidence regionslog(pse pz,), are +0.32, +0.05, —0.30, and —0.60, for samples

of Zn and Se below the mask. #4, #1, #2, and #3, respectively, which is reasonable consid-
(Ry): i.e., without a direct beanfisee Fig. &d)]. Figure 6 e(r)lggit'itgrelschange of the BEP ratio towards Zn-rich growth
shows the calculated plots, normalized with respect to thé& :

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

growth rate without a shadow mask. The first plot in Fig.
6(a) shows the effect of a variation of the atomic flux ratio

(Pse: Pzn), While the direct flux of the minority species main- in the absence of a direct bedRg is in the range of 2%-4%

tained apyingriy="1 . The solid line shows tha;, increases : . . Lo
with increasing Se flux. Without sufficient Se overpressureOf the growth rate in the overlap region. This again is in good

i agreement with the experimefdee Figs. 1 and)7
lo : <+0.07], the growth ratesR,, and are L
E\bgﬁrt)séqug[at the e]dge of ?he Zn domai égcauseR(c))n this In the case of sample #1, the growth rate within the over-
side of the aperture of the magk< 0) growth is limited by lap region is higher by a factor of 1.14 on the left hand side

of the main structurgsee Fig. a)]. In contrast, a flat plateau
the secondary flux of Se. A Zn shoulder struct(ig,> Ro) is obtained in the overlap region of samples #2, #3, and #4

is selectively formed when the secondary flux of Se exceedg .o Figs. () and 1c)]. The increase of the growth rate
t?at of Zn on both su::]es Or': the aperture ,Offthi m,as%isample #1, which is limited by the total Zn fluxminority
[109(Pse pzn) > +0.07]. When the Se pressure is further in- g0 cjes can be attributed to the increase of secondary flux
creasedpse Pzo> 1), it finally exceeds the total Zn flux in' ot 7n 'In good agreement with the experiment, the model
the incidence region of Zn. ZnSe grows in the entire inCi-predicts an increase of the growth rate by a factor of 1.09
dence region of Zn with a homogeneous growth &g, near the Zn domain, where Zn is still the majority species in
~1. While Rz, increases with the Se flux, the deposition rateine mask cavity. However, a substantial increase of the
Ro (growth without a direct fluxdecreasegsee dashed line growth rate due to the increase of the secondary flux of the
in Fig. §a)]. This is as a result of the interaction between Znminority species is obtained only when the flux ratio is
and Se; i.e., the suppression of Zn inpatinority Species  nearly stoichiometric. For higher flux ratios, the interaction

when excess Sgnajority speciepis accumulated within the  petween the fluxes suppresses the input of the minority spe-
cavity of the mask. The symmetric distribution of the curvesjes and a flat plateau is obtaingshmples #2, #3, #4

Rse and Ry, in Fig. 6(@) 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. In Figs. §b) and Gc) we demonstrate the importance of
The predictions of the model are in good agreement wittthe mask geometry. In these figures, one may observe that
the experiment as is demonstrated by samples #1, #2, #3, atlie accumulation of the majority species is strongly en-
#4 (see Fig. 1. Employing the dimensions of the shadow hanced by an increase in the heighof the shadow mask or
mask and the incidence angles of Zn and Se of each experd reduction of the aperture width. Both these changes of

C. Change of the growth geometry
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0.8

the mask geometry reduce the escape rate of molecules ot
of the cavity underneath the mask and thereby increase th—, ,
interaction between the fluxes. In the extreme limits» 0

andh— o, 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-

0.2 x?
jority species approache@majority~ Pminoriy) N the steady D>0 T

state. %2 5 3 4 S
A different way to modify the escape rate of molecules is (a) position (pm) position (um)
by shifting the position of the incidence region on the sub- g4
strate(changes in both the solid angle of the aperture and thez
effusion angle Figure &d) shows the effect of a synchronic
shift Ax of the incidence regions of Z@\xz,=-0.5+Ax) and
Se(Axge= +0.5+AX) relative to the aperture of the mask. For
positive offsetd Ax>0), the escape of Se is reduced; i.e., its
secondary flux of Se within the cavity is increased. On the ~ 0.2
other hand, shifts in the opposite directi@iix<0) both re- 4 2 0 2 4 I T R
duce the escape of Zn and increase the escape of the majori{9 position (um) (d) position (um)
species Se. This changes the ratio of the secondary flux
within the cavity in such a way that &x=-1 no Zn shoul-

d.e.r IS formed(Ran Ry) in .splte of the Se-rich growth con- the case of the GaAs samplsee Fig. 83)]. (b) Intrinsic surface
ditions [see Fig. €d)]. This demonstrates that the growth concentration of Ga adatoms witholid curve and without(dashed
geometry is crucial for the growth regime below the mask.q g surface diffusion(c) Calculated growth rates caused by the
When the incidence regions are shifted deep underneath tR@face diffusion, which is controlled by the arsenic flgt Nor-

mf':lslk(.AXH +o or AX— —x), the escape Of_ both species is malized arsenic flux on the substrate and on the underside of the
minimized. Therefore, the problem is equivalentwe- 0, mask in the case of the InAs samygkee Fig. 2

h—oo, and the secondary flux of the majority species ap- o . ]
proaches a constant ValU@ajorit,~ Pminory) N€ar the end processy(T) that coincides with desorption of Agrom the
walls of the mask cavity in the steady state. surface. In the.case of the Ga@81) surface, it was found
Sample #4 was fabricated in order to validate the predicthat the outgoing Asflux exceeds the rate equivalent to
tions of the model regarding a variation of the mask geom-l monolaye(ML)/s at temperatures above 600 *CThis
etry: In a single growth experiment the aperture widtivas ~ Possibly generates weakly bonded Ga surface atoms at a rate
varied. Figure 7 shows the experimental data of the growtid, Which is of the same order. Thus, the total generation rate
rates R, and R, (normalized to the growth rate without of adatoms isG(r,T)=g(T)+f,,(r). Therefore, the thermal
shadow maskas a function of the aperture widi. The  process results in an intrinsic contribution to the surface con-
horizontal error bars are due to the closure of the aperturéentration of adatombl,=gr, which, however, does not in-
during overgrowth; i.e., a systematic error. We have extracte@rease the net growth rate. The net growth rate can then be
the theoretical values d®,, andR, by modeling the growth calculated byS=N,/ 7. —g.
regime based on the geometry of the experin{emtidence During the thermal treatment of the GaAs sample, an As
angles and mask dimensign3he only fitting parameter is beam(mainly As, moleculeg impinged through the mask
the atomic flux ratio, which was set to lgm. p,,)=+0.32.  aperture(see white lines in Fig. )3 Because no additional
As is shown by the solid lines in Fig. 7, the model gives angroup-Ill flux was used in the experiment, we can assume
excellent fit of the experimental data for both the growth ratethat the effect of the group-Ill surface concentration on the
of the Zn shoulder structuf@,,,, and the growth rate without redistribution of the group-V flux is limited. In particular, the
a direct fluxR,. 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 fractioi<10%) of arsenic is
incorporated in the structure, while areas with negative
Here, we discuss the effects of interactions between thgrowth rate act as arsenic sources. Therefore, Bgsand
surface diffusion currents of group-lll adatoms and the(2) give a reasonable approximation of the distribution of
group-V fluxes in the mask cavity of the GaAs samfdee  arsenic fluxes when a constant sticking coefficisrD of
Fig. 3). An interesting observation is that the interface of thearsenic molecules is assumed. Figufa) 8hows the arsenic
GaAs substrate is modulated without incidence of primaryflux distribution normalized with respect to the primary flux
group-IIl species. According to E@4), no surface diffusion p,=1.2x107° Torr.
should take place without a surface concentratig>0) of Nishinagaet al. has proposed that the incorporation life-
group-Ill adatoms. Sincé, =0, a different generation pro- time of group-Ill adatomsr,, varies a<,, 7, wherefy is the
cess, which has not been considered in previous investigarsenic pressure angthe reaction order of the incorporation
tions of surface diffusio”?829must cause the observed ef- process(y=2 in the case of Ill-V MBE with Ag flux).18
fects. We suggest that there exists a thermal generatioRigure §b) shows the surface concentration of group-Ill ada-
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FIG. 8. Modeling of the surface diffusion of group-Ill adatoms
dependent on the arsenic pressys.Normalized arsenic flux in

D. Effects of surface diffusion
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toms obtained by solving Eq5) for the flux distribution case, adatoms are generated by the beam of In atoms, which
shown in Fig. 8a). The solid line(dashed lingrepresents the impinge on the GaAs mesdetween the black dashed ar-
surface concentration considerieglecting surface diffu-  rows in Fig. 2. As can be seen in Fig. 2, the largest amount
sion. For the calculation, the value gf which does not of InAs is deposited in the As-domain, where according to
affect the profile of the curves, has been assumed to bge model the arsenic flux is maximum. The corresponding
0.25 ML/s, for reasons explained below. In the case of surfjyx distribution, as a function of the lateral positioon the

face diffusion(D>0), Ninc is assumed to be 1,2m for fas  sybstrateis shown in Fig. &) (dashed ling Obviously, the
;1.2>< 1075 Torr. This valug is consistent with the results of incorporated In adatoms migrate along the gradient of the
mlcroprobeRHEED experiments for a substrate temperaturgrsenic flux from their area of incidencketween the black

of 630 °C:* One may observe that the effect of the surfac€yashed arrowsto this region. In contrast, almost no InAs

d_|ffu3|on N pronoynced in the regions vyhere the _Cpncentraaeposition takes place in the incidence region of the In flux.
tion gradientVsN, is large, and the arsenic flux Iow; i.@.n Only at the left limit of the incidence of arsenic, an InAs

large. ; L .
. _ wire structure can be observed. This is caused by the diffu-
The resulting growth rate curveS=N,/mnc—g are pre sion current of In adatoms from the In domalig.is at maxi-

sented in Fig. &). The shape of the curve is in good agree- . .
ment with tﬁe%&perimentgl surface profilsee Igig. 33)(]:]- mum at the step edge of the arsenic flux where the gradient
of the surface concentration of In surface atoms would be

According to the model, and demonstrated by the experi:

ment, positive growth rates are expected in the incidenc&"@ximum without diffusion.

(etching ratef outside this region. However, both growth tions on the mask-cafsee Fig. 2 The solid curve in Fig.
rate maxima are near the edges of the growth region. 8(d) shows the caICL_lIated flux distribution of arsenic on the

This can be explained by the gradient of the group-viower surface(backsidg of the mask's cap layer. Near the
surface concentration, which results in a reverse gradient gfide walls of the mask cavity, the arsenic fi(solid line)
the surface concentration of group-lil adatoms, as shown ifPproaches the same value as that of the flux on the substrate
Fig. 8b). Diffusion currentsJs from regions with low (dashed ling As a result of the non-normal incidence of the
group-V secondary flux towards regions with high group-varsenic beam, the incidence region on the substrate is offset
pressure tend to reduce the gradi€aN,. As a result of the 10 the right(relative to the apertuseThe secondary As flux
planar redistribution, compound material grows only in theon the backside of the cap, therefore, increases on the right
incidence region of arsenic on the substrate. The growth rat&ing. In particular, it is at maximum near the aperture and
is negative in regions with low group-V pressure, whichthe calculated flux(fas>1.20,¢) exceeds the primary flux
therefore act as a source of group-lll atoms. (Pag of the direct beam, which impinges on the top side of

The gradient of the As flux also explains why deeperthe cap. As a result of surface diffusifig. (5)], In adatoms
grooves are formed on the left-hand side of the structur@ffectively diffuse from the top to the backside of the cap,
shown in Fig. 8a), while the maximum positive growth rate Which explains the observed InAs deposit on the undersur-
is observed at the right-hand side of the incidence region oface of the right wing of the mask. In-a3 um wide stripe
arsenic. In the incidence region of arsenic, the total fsee  0on the mask, no InAs pyramids were formed, suggesting that
Fig. 8@)] increases from left to right and hence causes a nethe surface diffusion length of In adatoms exceeds this value
diffusion current in the same direction. However, the diffu-in the experiment. In contrast, on the backside of the left
sion currents at the edges of the incidence region are largaving of the mask, the secondary arsenic flux is slightly
than that at the middle of the incidence region. Hence, therémaller (fos<0.8pa¢) than the direct beam flux. Because of
is a local maximum of the growth rate at the left limit, and anthis, there is no effective migration of In adatoms from the
absolute maximum at the right limit of the incidence region.top side to the backside of the left wing.

According to Eq.(5), surface kinetics, such as the limited
mobility of surface atomgD) and their finite lifetime(7),
limit the surface diffusion. Hence, diffusion currents decay
exponentially with distance from the source, on a length In summary, we have studied growth features observed
scale_equal to the incorporation diffusion length,.  during molecular beam epitaxy of 1I-VI and Ill-V materials
=\{Dr,.. This is analogous to intersurface diffusion during through epitaxial shadow masks. The investigation focused
MBE on patterned substrates. on the various shadow effects specific to the growth of com-

The surface concentratidd, and, hence the growth rates pound materials. In order to explain the observations, we
Sin Fig. 8(c) scale withg. Thereforeg can be determined by have developed a consistent model for the redistribution of
comparing the theoretically obtained growth rates with thethe constituent species within the mask cavity, based on
experimental values. In our experiment the intrinsic generawhich we could predict the local growth rates. Under shadow
tion rate is as high ag=0.25 ML/s. Hence, the thermal masks, the species redistribute iy multiple desorption
process generates surface adatoms with a rate that is comgard (2) surface diffusion. The model relies upon specific
rable to typical impingement rates of group-lll atoms in properties of II-VI and 1lI-V material systems, which de-
[1I-V MBE. scribe the reactions at the growth interface. Based on these

Unlike the GaAs sample, the intrinsic generation of Gainteractions between the constituent species, we could deter-
surface atoms is negligible in the case of InAs growth be-mine the distributions of the species within the mask cavity,
cause of the relatively low substrate temperature. In thisat different growth conditions.

V. SUMMARY
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Due to the specific properties of II-VI materials, second-tion of group-V molecules, which causes secondary group-V
ary fluxes of both group-Il and group-VI species coexist influx in the mask cavity, also plays an important role and
the mask cavity, and thus compound material deposits on th@fluences the group-lll surface concentration. Based on
entire surface. Our model also predicts the formation of ahese findings, we can understand shadow effects observed in
shoulder structure in the domain of the minority-species fluxthe case of 11l-V materials.
which was observed in experiments where ZnSe was grown
through epitaxial shadow masks. We also investigated the
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