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Real-time optical monitoring of the heteroepitaxy of oxides by an oblique-incidence reflectance
difference technique
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Monolayer oscillations and interference oscillations were observed during the interrupted heteroepitaxy of
Nb-doped strontium titanate on SrTj®y an oblique-incidence reflectance differefi@8#RD) technique. The
optical monolayer oscillations were verified by simultaneously monitored reflection high-energy electron dif-
fraction. In modeling the surface structure as a four-layer stack, we consider the outermost incomplete layer as
two parts, a homogeneous isotropic media layer with an average dielectric constant and a film layer below that
with the dielectric constant of the bulk film. The numerical simulation of a simple deposition process and
Monte Carlo simulation are carried out to reproduce the OIRD interference oscillations and monolayer re-
sponse, respectively. The simulated amplitude of the monolayer oscillations is in good agreement with the
experimental results.

INTRODUCTION consider the outermost incomplete layer as two parts, a ho-
mogeneous isotropic media layer with an average dielectric
Real-time monitoring of the layer-by-layer growth of thin constant and a film layer below that with the dielectric con-
films has become an essential part of thin-film sciences angtant of the bulk film. Thus, the surface structure can be
techniques. Optical diagnostic techniques have the advasiescribed as a four-layer statRhe OIRD relative intensity
tages of being noninvasive, nondestructive, and can be uség calculated from the multiple reflection of the probe light
in many transparent ambients over conventional reflectio®y this four-layer stack. The theoretical results obtained by
high-energy electron diffractiofRHEED). During the last numerical simulations and Monte Carlo simulations are in

few decades, optical methods such as spectral ellipsorhetryd®0d agreement with the experimental results. Our work
reflectance difference spectroscdDS), 2~ p-polarized re- shows that OIRD takes the potentiality of monitoring surface

flection spectroscopyPRS,>® and laser light scattering, roughness and morphologies and can be taken as a good
have demonstrated their abilities in monitoring film thick- ztsus&sta;;]; OfmzlljfliztDlolgiEIst?:)éti[’:iz ng'r%aﬁﬁfo:&?tigugtgir
ness, optical properties, chemical composition, and surfacgle grocegses and tEe mechanisms of low dimension growth
structures. RDS measures the optical anisotropy due to thgn surfaces.

difference between the reflectance of light polarized along

the two principal axes in the surface plane. It is not suitable

for the monitoring of those materials that lack in-plane opti- EXPERIMENTS

cal anisotropy. PRS measures the reflectivitypgiolarized The OIRD system is equipped to the vacuum chamber of
light. The PRS signals mainly come from a surface reactiory |aser molecular-beam epitaxjaser-MBE system'® A
layer;”® whose chemical composition and structures are difstandard RHEED apparatus is equipped with its incidence
ferent from those of the bulk film. It can be used on pulsedpblane coinciding with th¢010] axis of the substrate surface
chemical beam epitax3® As in the case of laser ablation or and the incidence angle of the electron beam is 87°. The
laser molecular-beam epitaxjaser MBB, where there is sketch of the optical setup of OIRD is shown in Fig. 1. The
not such a surface reaction layer, some problems remaiinitially p polarized laser beam from a 4-mW linearly polar-
Recently, a type of reflectance difference technique, obliqueized HeNe laser is modulated by a photoelastic modulator
incidence reflectance differen¢®IRD), was reported to be

used for monitoring the homoepitaxy of Sri@® Previous PEM

to that, OIRD had been demonstrated to be sensitive to a o\ QW

relative reflectivity changd R/R=1x10"° and to a cover- G

age change\ §=0.02° !

In this paper, by using the oblique-incidence reflectance LQRD
difference method on the heteroepitaxial growth of Nb-
doped strontium titanatéNb:STO on SrTiQ; (STO), we
obtained monolayer OIRD response which is consistent with
the RHEED intensity oscillations signal. Interference oscil- F|G. 1. Sketch of the optical setup of the oblique-incidence
lations between the reflected light from the surface and thafeflectance differencéOIRD) measurement. PEM: photoelastic
from the film/substrate interface have been observed as welhodulator. QW: fused quartz parallel plate. PD: biased silicon pho-
In modeling the surface structure as a four-layer stack, weodiode.

PD

substrate
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before impinging to the substrate surface. Pheolarization 0.10——— T —T——— T
bisects the two principal axes of the modulator, which pro- 2 1 ooe 1
duces a phase shift between the two components along the 0.084 :? ' 1
principal axes at a frequency 6f=50kHz. The maximum 1 g oo 1
phase is set at or 180°. The three fused quartz plates placed ;% 0.06+ $ -0.0072 T
after the modulator with their incidence planes overlapping - 0 04_' 8400 %600 9800, 70000 ]
with that of the substrate are used to change the relative 's ~ 7| \ /
transmittance of the- andp-polarized component. The inci- ga 0024 ]
dent angle to the substrate surfacefig,s=85° with the = ’ g
optical incidence plane coinciding with tfh&00] axis of the X 0004 \ .
substrate surface. The reflected beam intensity is detected by © |
a biased silicon photodiode. The output of the photodiode is -0.02- 4
transferred to a lock-in amplifie(Stanford Research 510 — r T
with its reference frequency at twice that of the modulation 0 3000 6000 9000 12000 15000
frequency. The output(2Q) of the lock-in amplifier is Time (s)
given by’
FIG. 2. Interference oscillations and monolayer oscillatitthe
1 2 inse) obtained by OIRD during the heteroepitaxy of Nb-doped
1(2Q)= EJZ(qD)IincHrp( Oro9) tp( B | SITiO; on SrTiQ; (100).
2
—|rs(Orots(Gir) |*], (@ etition of 2 Hz. The substrate temperature obtained from an
wherer (6grpg) andr¢(rpg) are the reflectance coefficients optical pyrometer is around 660 °C and the oxygen pressure
for p- and s-polarized light at the incidence angkps, is around 1.6 10 Pa. Growth conditions with more details

while t,(8y,) andtg(6;,) are the total transmission coeffi- have been given elsewhef&with the data acquiring a speed
cients forp- and s-polarized light through the fused quartz of 0.25 point/s, Fig. 2 shows the interference oscillations
plates at a tilt angledy,, respectivelyJ,(®) is the Bessel obtained by OIRD and the inset shows the oscillations cor-
function of the second kind. More detailed information aboutresponding to the deposition of one unit-cell layer. The
the experimental conditions are given elsewifeBme of the  thickness corresponding to the interference oscillation period
key points of this technique is the three plates setting beis about 1596: 20 A.
tween the modulator and the sample, which adjust the rela- During another deposition process with a longer pause
tive intensity of the incidens- andp-polarized light to make time (>50 9, the OIRD measurement and RHEED measure-
a nearly zero background for the initial status. This techniquenent were carried out simultaneously. A higher OIRD data
improves the signal-to-noise ratio and the sensitivity by twoacquiring speed4 points/$ was chosen in order to get more
orders of magnitude. For the initial intensity2Q)) =0, we  details about the optical response. The detailed monolayer
get OIRD oscillations are shown in Fig. 3. Figuréshows the
5 5 intensity oscillation of the RHEED specular spot, and Fig.

IT po( Oroe) tp( i) [ =T so( Orps) ts( Brin) | *. (20 3(c) depicts the OIRD response with arrows indicating the

starting and the pausing of each growth cycle. In Figp),3

Thus the general output intensity comes to the RHEED intensity decreases directly when deposition

1 r o(Orps) |2 starts, and reaches a minimum value at about a half layer
1(2Q)= §J2(¢)Iinc|rpo( Orog) tp( 0““)'2{ rp(e 9 deposition, then it keeps increasing until reaching a maxi-
POt ¥RD mum where deposition pauses. The RHEED oscillations in-

r«(Orps) | dicate that the current growth proceeds in a good layer-by-
m . (©)) layer growth mode. A sharp p(_aak appears down\_/v_ards within
s VRD the OIRD response for the first several deposition pulses.
Then the relative OIRD intensity is given by Then the OIRD intensity increases till a maximum and de-
creases after that. It is noticeable that the maximum of the
OIRD intensity comes out a little bit later than the minimum
(4) of the RHEED intensity does. The contour of the OIRD
curve goes up, which is consistent with the fact that this part
We monitored the heteroepitaxy of Nb-doped strontiumis adapted from the ascending part of the interference oscil-
titanate (Nb:STO (the doping concentration is 10%on  lations. The relative amplitude of the monolayer OIRD os-
SrTiO; (STO) (001) in an interrupted growth mod@simul-  cillations AR/R,, is about 0.5-%10 2 while the interfer-
taneously by OIRD and RHEED. In the first stage of eachence oscillation amplitude is about 6—9 %.
growth cycle for this interrupted growth mode, unit cells of By rotating the substrate along its normal ai301] axis)
about one molecular layer were deposited, then in the intetto different angles away from the initial direction, different
ruption time the deposition paused to enable the surface tOIRD responses were measured. The shapes and the ampli-
anneal. Here the pause time is 7 s. The pulses needed ftudes of the OIRD oscillations did not change significantly,
forming one unit-cell layer determined from continuouswhich shows that the OIRD is not so sensitive to the in-plane
RHEED oscillations are 36 pulses with the laser pulse reperientation of the substrate as conventional RDS.
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FIG. 3. Detailed OIRD responga) simulated RHEED intensity
(step density oscillations given by Monte Carl@MC) simulation,
(b) experimental RHEED intensity oscillatioexpt), (c) experi- (e)
mental OIRD signal(d) OIRD response given by MC. The noisy
pattern in the simulated curve is caused by the dynamic random
diffusion of surface unitgsee texk

FIG. 5. Schematic representation of the surface morphology for
THEORETICAL MODEL AND NUMERICAL different coverage(column 1), corresponding surface structures
SIMULATIONS (column 2, and variations of the height of surface lay8rand film

thickness(F) (column 3. The dashed curve in column 3 shows the

th l%ﬁggr?ptmgnto rr\:\(/)d(:,rl tI’][ethSU{facri Sttrlijrﬁ:turrﬁ tlo tcﬁlcmitﬁrend of the variations and the solid dot at the end of the solid curve
€ esponse, we treat the topmost INCOMPIELE 1ayer 4z ;o< the current value corresponding to the surface morphology
two parts as shown in Fig. 4, a surface layer with an average, o\in in column 1

dielectric constant and a film layer below that with the di-

electric constant of the bulk film. To simplify the calculation,

we define the dielectric constant of the surface layer as beingrowth are schematically illustrated in Figgab-5(¢). Col-
independent of the surface changes and we treat the surfadén 1 of Fig. 5 shows the schematic surface morphology for
changes as the variations of the surface layer height. Thidifferent surface coveragé, column 2 shows the corre-
kind of treatment is similar to that described in Refs. 5 and 6sponding layer structure in our model. The variations of the
by Dietz, which is successful in calculating PRS signals. Assurface layer heightS) and the film thicknes§F) are shown
shown in Fig. &), the relative change of the OIRD signal in column 3. The dashed curve in column 3 shows the trend
reaches a maximum value at about half |ayer COVE(&QE of the variations and the solid dot at the end of the solid
minimum of the RHEED intensifywhich a corresponds to curve indicates the current value corresponding to the surface
the maximum surface roughness. Thus, in our model, th&orphology shown in column 1. At the beginning of the
height of the surface layer is also a maximum value for halfdeposition on smooth surface, the surface layer height in-
layer coverage, smaller for lower or higher coverage. The&reases as a result of surface rougherifigs. 5a)—5(b)]

variations of the surface layer height during layer-by-layerand reaches a maximum at about half layer covefé&ig
5(c)]. During the subsequent growth, the coalescence of two-

dimensional(2D) islands, which leads to surface smoothen-

= surface layer

incomplete layer | | ing, results in th_e corresponding decrease of the height of the
film layer surface layerfFigs. §d)-5(e)]. The thickness of the bulk
K film increases continuously throughout the deposition pro-
bulk film cess.

Then the surface structure can be described as a four-layer
FIG. 4. Schematic illustration of the surface structure in the(ambient/surface layer/bulk film/substragtack as schemati-
OIRD model. cally shown in Fig. 6. When the probe light beam is incident
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T simple reflection from a single interfadambient/substrate
interface, the reflectance coefficient® andr° are given by
Ambient &,
...................... o &3C0Sep— VeoVes—eosir @
o= —, €)
£3C0S@+ \eg\es—eoSI ¢
Surface layer ¢,
...................... o VeoCose—Jeg—soSi? @
P~ VE3™ €Ep <P (10

\/—COSzp+ Jes—eggosir ¢

respectively.

The complex refractive index of STO substrate at 6328 A
is ;= (2.38,0.01) determined by McKest al1? As the Nb-
:STO film thicknessh, at any time can be determined by
RHEED oscillations, the real pam, of the complex refrac-

FIG. 6. Schematic representation of a four-layer stack and th¢ive index[Ti,=(n,,n;)] of Nb:STO film can be calculated
multiple reflections of the probe light beam from this stack. from the interference oscillation periddh,. As described in

Principles of Opticsby M. Born?!? the interference oscilla-
on this four-layer stack, there are multiple reflections at thejon period corresponds to the change of the thickness of the
interfaces between two layefBig. 6). A series of beams are fjim
reflected back to the ambient. Fresnel's equations for a
multilayer stack as described previouslare used to calcu-
late the reflectivity o andp polarization. By numbering the Ah,=— A (12)
four-layer stack with “0” for ambient, “1” for the surface 2M, cost,’
layer, “2” for the bulk film layer, “3" for the substrate, the
complex dielectric constant of each layer can be denoted aghere 6, is the refraction angle determined B, siné,
e(k=0,1,2,3). The thickness of the surface layer and the=7,sin ¢,, n, is the refractive index of the ambient, ang
film layer is denoted ash; and h,, respectively. The is the incidence angle. From E(.1), n, is calculated to be
p-polarized reflection coefficient at the interface betweerabout 2.25. The imaginary pamt of the complex refraction
Iayersk andk+ 1 (from layerkto layerk+1) rf ., ; isgiven  indexTi, can be estimated from the damping speed of the
byt amplitude of the interference oscillations. It turns out to be
0.1. The refractive index of the surface layer is approxi-
Exr1VEk— 80 SN @—&\eKs1— &0 SIIT @ ) mately tgken a%i;=(1.6,0.35). Thus is simply given by

_ _ g,=(M)* (we assumeu,=1). The maximum height is
s VE 2o S|r.12 e+elena=eg émz ¢ taken & 8 A with the consideration that the first layer is only
In the same way, we rewrite Fresnel's equationdqolar- 6394 covered while the layer above is 31% covered in a

Substrate &;

rkk+1

ization with dielectric constant and get simulation of deposition with no diffusions. It is assumed
i i here that the first two layers with the heigHt® A mainly
s Ver—eq SN @— Ve, 1—8oSIT ¢ (k=0) contribute to the surface layer.
k,k+17 ,(K=U),

The growth corresponding to the data shown in Fig. 2 is a
(6) typical Stranski-Krastanotf mode growth as the RHEED
intensity damps out quickly for continuous deposition. The
growth process is interrupted after about each unit layer
deposition to allow the surface morphology to recotfefhe
deposition results in surface roughening while the interrup-
tion leads to the recovery of the surface flatness associated
with increase in the mean terrace width or reduction of step
density®® This process can be described by the increase of

Ver—eoSirt @+ Ve, 1— €0 Sirf ¢

where g is the incidence angle from the ambient. With con-
sideration of the interference effects of all the reflection
beams from each layer as shown in Fig. 6, the total reflec;
tance coefficient can be expressed in terms,gf; | ast

 routrye M0, e A0t g ry o, 27292

—2i¢ —2i(¢1+do) —2igy? . . .
1+rorie 2%+ r,e (112 +rydae 27 the surface layer height during the deposition and the subse-
(@) quent decrease during the interruption. The film thickness
where phase factors keeps on increasing during the deposition and interruption.

The variations in one growth cycle can be simply described

2’7Th 2wh
l\/ —goSif @, ¢p= 2\/82—sosin2 ©. as
(8 t
\=6328 A is the wavelength in vacuum. By replacing., ; T, (0<t=Ty)
with rf ., andrg ., respectively, in Eq(7), the total re- h,= , (12
’ icie - p 8(t—Ty)
flectance coefficient gb- ands-polarized component® and L (Ty<t<T)

rs are available. The reflection from the initial surface is T-T,



10 408 CHEN, LU, ZHAO, JIN, CHEN, AND YANG PRB 61

§ S
= 0.05{ (@) Turning Pointy,
N
55 £
<
T1 T |E o 0.034
1. o4 & 0022
O 0.02- g “Pr g
growth cycle (a) = = 0020 3
o e i ot T £ 0.01] 5 oote
E /\/\/ (b) g § oote
< oo}b—+ LN\ LN E o 0-001 § oot
1.24-mmpmneee e T e e @ 0012
) 1 ' ' 0 ' -0.01
£ R T N N et 0.041 (b) Turning Point
R R e () g Point
~ | ' ) f i ' —~ 0.034
SO N SR Y o=t S S S &
S~ € 0.02]
B e e e Som] o0/
o4 1 ] \ 1 1 ) - -
i I R A R N I B ) S 0.00 l T 0wy C-D
2 L N 3 V4R
O oot ! N ! P : s -0.01- 1 Z 000
o , , ) i ' ' 2 D -0.004
1 ] 1 1 ] ] E - - Q
oo 0 o B e 80 Z 0.02 %-oooe
-0.034 @
Time (S) 3000 4000 5000 6000 7000
Time (s)

FIG. 7. Growth cyclg@), variations of the surface layer height
h; (b), film thicknessh, (c) and the calculated OIRD relative in- FIG. 8. The OIRD response if@) experimental results an)
tensity (d) during numerical simulatioriT,; and T are the same as numerical simulated results. The inset of each shows the monolayer
that defined in Eq(12). oscillations. The arrow in each figure indicates the turning point.

2t (0=t=T,) solid mode).*” The simulations are carried out on a>660
stsly

T, flat lattice with periodic boundary conditions. The growth
ho=Ho+ 2(t—T,) ' kinetics is described as two processes: the deposition of units
2+ #,(TlstsT) onto the substrate at random sites and subsequent migration
—l1

of surface units. According to the nature of pulsed laser
where T=25s is the growth cycle period;;=18s is the deposition, unit cells are assumed to i_mpinge onto the sub-
deposition timeH, is the thin-film thickness after the last Strate surfgclegbatch by batadf many units rather than one
growth cycle, which are schematically shown in Fig&)Z by oqe(unlt). The migration is taken as a nearest-neighbor
7(c) with the simulated OIRD response shown in Figd)7 ~ NOpping process with the rat&(T)=Kko exp(~Ep/kgT),
Figure 8b) is the numerical simulated curve with the mono- Where T is the substrate temperaturie;=2kgT/h, kg is
layer oscillations shown in the inset. To compare with theBoltzmann’s constant is Planck’s constant, anflp is the
simulated curve, the experimental curtieis another curve hopping barrier. The hopping barrier of a unit witHateral
different from that shown in Fig.)2is shown in Fig. &).  nearest neighbors is given lr=Es+nEy, whereEs is
The amplitude of the simulated interference oscillations ighe contribution from the unit below the migrating oifg, is
about 6—-8% while that of the monolayer oscillations isthe contribution from each nearest neighbor=0,...,4.
about 1-2<10" 2, which are in agreement with the experi- While no accurate value dfs and Ey have been reported,
mental results at the order of magnitude. In the experimenie takeEs and Ey as 1.1 and 0.05 e\the error of the
curve [Fig. 8@a)], there is a so-called turning point as indi- absolute value does not change the qualitative resuks
cated by the arrow, across which the sign of the OIRD reSpectively.
sponse changes. The turning point is similar to that in PRS, Monte Carlo simulation has shown that surface step den-
which has been discussed by Dietz and co-workérshe  sity can reproduce the RHEED specular intensity
turning point also occurs in the simulated curve. qualitatively®*° and quantitatively? The surface step den-
sity at the azimuthal angle (¢=0 at the[110] direction is
given by*®
MONTE CARLO SIMULATION

To get a better understanding of the optical response and
RHEED intensity oscillations shown in Figs(c3 and 3b), 1
basic Monte Carlo simulatidf (MC) is carried out. The unit S= [%: {[1=4(hij,his1j)]cose
cell is treated as a cubic growth unit, whose mobility and the '
nearest-neighbor bonding of units are isotrafpie solid-on- +[1-6(h;j,h;j.q)]sing}, (13
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except the recovery’. The quantitative behavior of the re-
covery, which is not the main features we studied here, has
been discussed and solved byniGuer?® The simulated
OIRD curve also reproduces well the main feature of the
experimental one except for the absence of the sharp de-
crease in the simulation curve. The simulated OIRD intensity
goes up when the deposition starts, and recovers as it does in
the experimental curve. The base intensity after the recovery

® D

o

3

- Q0
=

o
—

1412

h, (A
(height of the surface layer)
S

(ssouyaiy) wiy)
%y

1408
on IOﬁ Taos of the simulated intensity is higher than the initial one as an
evidence of the increase of film thickness shown in Fig. 9.
: ) ) ) . e The amplitude of the simulated curve is aboux 0 4,
0 50 100 150 200 250 which is in good agreement with that of the experiment
Time (s) curve (8x10 %).

FIG. 9. Variations of the surface layer heigpper curvg and
the film thicknesglower curve obtained by the MC simulations. DISCUSSION AND CONCLUSIONS
The interference oscillations and monolayer oscillations

wherelL is the number of the lattice sitels, ; is the height of  have been observed during the heteroepitaxy of Nb:STO on
the column of units at the lattice sitg j), andd(a,b) isthe  STO by OIRD. The interference oscillation is caused by the
Kroneckeré function. interference between the reflected light from the surface and

To calculate the OIRD signal, one has to determine thehat from the film/substrate interface. The period of the in-
height of the surface layer from the surface morphologyterference oscillations can be used for real-time thin-film
Using the number of units in the terrace to represent thehickness monitoring. The monolayer OIRD oscillations are
terrace area, we find out all those relative large terracegerified by simultaneously measured RHEED intensity oscil-
whose areas are larger than 80 unit cells. The total &ga lations, which reveal the layer-by-layer growth of thin films.
of these “large” terraces is obtained by adding up each ter- The numerical simulation results from the four-layer stack
race area. We define the layer mainly deposited during thenodel are in good agreement with the experimental results.
current growth cycle as “current layer.” The areas of thoseThe simulated monolayer OIRD oscillations obtained by MC
“large” terraces of the current layer are summed up andsimulation reproduce well the optical response. The agree-
denoted bySjayer- By denoting the total area of the surface ment between the theoretical results and the experimental
With Sgyrace (i-€., 3600 the surface layer heiglit; and film  results shows that the four-layer stack model is very success-

thicknessh, are given by ful in describing the heteroepitaxy of Nb:STO on STO.
The surface layer in PR@Refs. 5, 6 is a real layer with
hy(A)=|1— Stotal ) H hy(A)=hy+ Scurlayer4 different composition and structure from that of the bulk film
! Seurfacd M 2 %" Surface layer. The surface layer in our model is taken from the out-

ermost incomplete layer by considering it to be an isotropic
wherehg is the film thickness after last growth cycle, and media I_ayer W'th an average dielectric constant. Thus the
PIRD signal is considered to reveal the changes of the out-

Hmax IS @ constant that gives the range of the surface laye
hé?axht 9 g y ermost layer and so on to reveal the surface roughness and

; o hologies.
With H5=1.2nm, hy=40nm, T=660°C, 36 pulses M°P : - .
needed fo?aaxepositing 0|?1e unit-cell layer, laser pulse repeti- Our experimental results and theoretical simulations show

tion of 2 Hz, the variations of the surface layer height andthat OIRD.takes the potentiality of monitoring the surface
morphologies and roughness for thin-film growth. Thus

film thickn resen in Ed4) are shown in Fig. 9. . .
thickness as presented in Ed4) are sho g. 9 é)IRD may become a good assistant of conventional RHEED

For the convenience of comparing the simulated curve wit i o .
the experimental one, the OIRD responses are shown in Fi or real-time surface monitoring. Further study may make it

3(d). Corresponding simulate RHEED intensity/step densit
(¢p=45° for [010Q] direction are shown in Fig. @&). The
noisy patterns in Figs.(d), 3(d), and 9 are caused by the ACKNOWLEDGMENTS

dynamic random diffusion and coalescence of the surface

units as a nature of the MC method. The simulated RHEED We gratefully acknowledge support from the Ministry for
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