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Identification of key parameters by comparing experimental and simulated growth
of vapor-deposited amorphous ZgsAl; sCu, 5 films
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Scanning tunneling microscopy growth studies on vapor-deposited amorphgyd,2Cu,; 5 films are
analyzed to identify the dominant surface structure forming mechanisms. Qualitative and—concerning the
scaling behavior of surface roughness and height-difference-correlation functions—also quantitative agreement
of the experimental results with numerical simulations of a Monte Carlo model and a continuum model can be
achieved. Curvature-induced surface diffusion, adatom concentration triggered surface diffusion, and geometri-
cal effects can be identified to be the key parameters for the experimentally observed surface morphology.
Some discrepancies, especially in the late stages of growth, remain, but can be explained qualitatively by
additional effects, such as tip convolution or by the limitations of the approximations in the model assump-
tions.[S0163-18289)15247-0

I. INTRODUCTION The flux terml can be set=0 by the choice of a comoving

. . coordinate system. For a quantitative characterization of sur-
The understanding and the modeling of the growth ProPsace morph)(glogies the qrms roughness the height-

erties of vaporcacondensed amorphous thin films is of in- o o n e oo relation functiohl (r),*"*2and the radially av-

creasing interest—not only due to its technological impor-
tance, but also because of its model character for surfac%raged spectral power densifq) (Ref. 13

growth studies? The absence of a long-range structural or- _

der with the lack of lattice constraints and the spatial iso- o(L,t)=V(h(x,t)?) (4)
tropy enable a simplified quasi-one-dimensional data analy-

sis and description and suggest the possiblity of studying th&vhereL is the image size

effects of different structure-forming mechanisin8,inde-

pendent from system-specific details concerning the final H(r)=([h(§)—h(§€+ ﬁ)]z)é,ba:r (5)
surface morphology. Particularly, due to the lack of well-

defined ésteps,_ in amorphous systems the Ehrlich-Schwoebghn pe applied(h(x,t));=0]. In the case of a self-affine
barrief~*—which is dominant in many crystalline systems in s rface growth, these quantities show a characteristic scaling
forming mesalike structures—is not known to be presentpehayior in dependence of their parameters, e.g., in the case
which offers the possibility of investigating other mecha- of () the roughness exponent2and the dynamical ex-
nisms independently. In this sense amorphous films can b&onent,B for a(t).

deemed to supplement the universal aspects of the numerous |, this paper we present, beginning from STM growth
experimgntal and theoretical studies published in the las{ygies, a Monte Carlo and continuum model, which is then
decadé:? In addition, the surface morphology is tightly numerically solved. A comparison of all approaches allows
linked to film stresses, which have been the topic of earlief;g tq identify the main structure-forming mechanisms in

investigations! _ . amorphous film growth.
For modeling on an atomic scale, molecular dynamics and

kinetic Monte Carlo simulations, as well as, in the continuum
limit, Langevin-type rate equations for the surfdméf,t);

x=(x,y) of the form The glassy ZgAl; sCuy7 5 films™™ > arecocondensed onto
thermally oxidized Si waferghickness of the thermal oxide
ah(x,t) R - - SiO, diffusion barrier: 500 nmby three independently rate-
o~ FIhGGDI+ 7 +1(x,t) (1 controlled electron beam evaporators under ultrahigh
vacuum conditions in a three-chamber UHV systémase
are successfully applied to account for significant features opressure: X 10 1° mbar) using a total evaporation rate of
film growth! Here, F[h(x,t)] denotes a functional, contain- 0-79 nm/sec. Prior to deposition, the wafers are heat cleaned
for at least an hour, using a temperature of at least 360 K.
gpe surface roughness of the wafers was determined by
small-angle x-ray diffraction and a fit with a spectrum
simulatiort® to be (0.3:0.1) nm. During deposition, the
substrate is rotated with typically 40 rpm to ensure a homo-
- geneous film composition and thickness. The geometrical ar-
(7(X,1))ensembiz= 0, ) rangement of the substrate and crucibles guarantees a particle
R R o flux normal to the substrate within 5°. The heat coupling of
(n(X,1) (X", t")Yensempis= 2D S(x—x")8(t—t").  (3)  the substrate to the bath is good enough to limit a tempera-

II. EXPERIMENTAL DETAILS

14,15

ing the different surface processes, a17|(12,t) is a spatial
and temporal uncorrelated Gaussian noise, as a fluctuation

the mean particle flux, which is independent of andt for
homogeneous and continuous deposition, i.e.,
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FIG. 1. Surface topographs of a 100-nm-thiekand a 360-nm-thickb) ZrgsAl; sCu,7 5 film deposited at room temperature onto $i0
at a constant rate of 0.79 nm/sec recorded with STM using comparable scanning parameters: the lateral size and the height of the mesoscopic
hill-like structures increase with increasing film thickness.

ture rise from the beginning of film deposition to film morphology, i.e., the tip might not be able to reach the valley
completion to less than 10 K. After transfer, the films arebottoms in some areas because of the finite tip angte
investigatedin situ using Auger electron spectroscofipr ~ behavior of the lateral growth saturation is unambiguous.
film composition control and possible surface contamination The final morphologies can be shown to be independent from
and by STM (Omicron STM 1 using electrochemically the details of the substrate, as shown in Fig. 2, where two
etched tungsten tips in constant current mégeical scan- films prepared on Si© and relaxed ZfAl7 sClyp7 5, respec-
ning parameters);~1.0V; I~1.0nA). The amorphicity is  tively, (prepared at higher temperatusre shown. No major _
verified ex situwith x-ray diffraction and partially by differ- difference is seen. This means that the surface morphology is

ential scanning calorimetryDSC) measurements. Further independent of the initial conditions on a wide range and
details can be found in earlier work&!® depends mainly on the deposition parameters and the mate-

rial system(for instance, an increase of Cu content at the
expense of Al leads to smoother surfaces, Figs. 3 andhe
IIl. EXPERIMENTAL RESULTS roughness exponent=0.8+0.1 and dynamical exponent

Figure 1 shows two images from a film thickness serieg®=0-2-0.1 have already been determined in earlier
evaporated at room temperature. More detailed imagesl‘veSt'gat'oné" In addition, all STM topographs discussed
especially concerning the early stages of film growth—havd!eré show—when measured with sufficient resolution—
already been presented elsewht@he growth can be char- further structures on an atomic scale, which can be attributed
acterized by the initial formation of mesoscopic hill-like © exposedé surface atoms or clusters of atoms in an amor-
structures, which grow with increasing film thickness in thePhous state. _
lateral sizeRe and hill height (characterized by the root- N the following, the mechanisms for the pronounced
mean-square roughnes until a saturation of both values structure formation and high lateral correlations on the sur-
occurs [saturation values:Re=(19+=0.5) nm, o=(1.7 face are identified with the help of two kinds of computer
+0.3) nm] in the range of a film thickness of 200 rithe ~ M°dels: A Monte Carlo and a continuum model.
errors refer to the results from numerous repetitions of the
experiment!® While the saturation of the rms roughness V. MONTE CARLO MODEL
has to be interpreted carefully due to the measurement Monte Carlo simulations of film growth have to use a
method appliedconvolution of the STM tip with the surface crystal lattice, which underlies the atomic procesSesnd

FIG. 2. ZiAl; Cuyy 5 films (200 nm on two different substrate$a) prepared on Si© and(b) prepared on relaxed gAl; :Cuy7 5.
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FIG. 3. Dependence of the surface morphology on the film composition for 100-nm-thick films, recorded with STM: with decreasing Cu
content[from (a) to (b)], the lateral size of the mesoscopic hills decreases, and the roughness increases.

therefore omit the consideration of a truly amorphous strucehemical potentiaj, which is set proportional to the local
ture. From a mesoscopic point of view, however, amorphousurvature 1,

and crystalline filmgindependent of the details of the lattice

generally behave quite similarly, if comparable microscopic #°h

processes and spatial isotropy are present. In this sense,

2
Monte Carlo models are predestinated to study the effect of o — E =_ im (6)
single atomic processes on the mesoscopic morphology: r @
Single atoms are deposited ballistically normal to the sur- IX

face, where they immediately relax—this incorporation. o .
mechanism(“hot atoms effect’) mimics local heat pulses is the driving force for a diffusional current and leads—
due to the accelleration of the atoms towards the surfacd®9ther with the assumption of mass conservation, as de-
which has been proven to lead to local relaxafid@onsecu-  SCrPtion is neglectedor substrate temqeraturesGSO K, a
tively, surface diffusion acts in smoothing, where the jumpSuPersaturation of the vapor of PQ or greater Is
probability is weighted with the jump distance to ensure isot-8Stimates—to the following equationRs is a constant pro-
ropy. Volume effects and desorption are neglected due to theortional to the surface diffusion constant
much slower kinetics. To speed up the simulation, a cluster- Jh12]-12 5 (1

|

ing effect (i.e., the ceasing of all kinetics, if the binding Fo[h]=-D i _
D Sox
Additionally, the observed coarsening with increasing film

energy exceeds a threshold of ten atgnasd a maximum IX

number of diffusional jump$1000 stepsserve as a cutoff
thickness can be attributed to a diffusion current driven by a
concentration gradient of the adatoms due to the different

for diffusion. Although realistic values for the parameters
slopes of the surface, as has been shown by M&sRe-

2
1+

(i.e., the binding energy per atovii=0.4 eV, the “attempt-
frequency” for diffusion wpepye=1X 10" Hz and substrate
temperatureT g psiaiz 300 K) are applied, the results only

claim correctness on a qualitative level due to the simplifi- S{CUE(CubrolAl (Cu)(e(Culse(A)
00 02 8).4 ()).6 }).8 10 00 02 8).4 8).6 2).8 1.0

cations discussed above, and concentrate on the behavior ¢ g T o
large amounts of atoms in amorphous systems, rather tha S

simulational details. Additionally, the effect of the STM :
measurement itself via tip convolutiga cone-shaped tip, tip So18

angle =40°) is optionally included, where with tip simula- %%}

tion the roughness is reduced. Figure 5 shows topograph:
from two different stages of film growth. Both the lateral i
structures as well as the roughness saturate with the fiIn’E ok ‘
thickness, as shown in Fig. 6. A roughness exponent of ® ;
=0.8+0.1, and a dynamical exponept=0.2+0.1 can be ' 114
determined. :

04r

V. MODELING WITH CONTINUUM EQUATIONS I

The experimentally determined decay of the radially av- :
. -2 020l [T [T [T [ [T [T Lovieinn 10
eraged spectral power densiyq) with a power law ofg 0 10 20 30 0 10 20 30
(frequencyq) and the Monte CarldMC) results suggest atomic % Cu stomio% Cu
curvature'-induced surface diﬁqsitﬁaccording to MU”in$ as FIG. 4. Dependence of the surface roughnesand lateral size
one dominant surface relaxation proc&ssconsidered for R of the mesoscopic hills on the Cu content—film thickness: 100
the one-dimensional surfach(x): The gradient of the nm.
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FIG. 5. Two topographs for the earlg) and late(b) stages, created by the Monte Carlo mogieith tip simulation. The number of
deposited particles is given at the margin of the imagés length unij.

gions with high slope retrieve a lower net flux of atoms 9h
perpendicular to the local surface than regions parallel to the —
substratethe total particle beam is assumed to be normal to Fqh]=-S 1 - _s IxX (10)
the substrate and thus reveal a lower adatom densityc, r oh\ 23
=const: 1+ a_x>
oh\ 2]~ 12 Thus the total equation considered for the deposition process
C=Col1+| - (8)  then assumes the form

This leads to concentration-gradient-triggered diffudite Jh

expression forus —1/r in Eq. (7) is replaced byc]. This 5t~ Folhl+Fclh]+Fdh]+7. (13)

effect is also implicitly present in the MC simulations by the

isotropic relaxations of atoms immediately after atom depogycept for the coarsening terfiEg. (9)], this equation is

sition (C=const.): similar to the one considered by Golubovic and Karunasiri.

oh\2]" Y2 o gh\2] -2 Linearization of Eq.(11) for small spatial derivatives, ne-

5) + (5 ] glecting all terms of order 3 and higher, leads to the follow-
(99  ing expression:

1+

F h_CO”
c[]-&

ax

A further microscopic effect, especially for amorphous sys-
tems, may be attributed to the finite size and attraction per- - i
pendicular to the surface of the atoms, leading to antidiffu- dt Soxt 2 ox2
sional behaviof>?® as protrusions from the surface are

favored in comparison to grooves concerning particle depowith the most unstable motfefor, e.g.,C=0, Dg>0, S
sition, analogous to the ballistic deposition mechanism in the>0 atq=/S/2Dg, growing exponentially for short times in
MC model?* the nonstochastic cage.

dh a*h  C &% [oh\? Sﬁzh 1
- x| St (12)

1or () ' ' ] 100.0F

Ithout
tip s?mulation

= | . !
5 " increasing
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FIG. 6. RMS roughness versus the number of deposited particles and height-difference correlation functions for various film
thicknessegb): The roughness shows a pronounced increase in the medium range; in the early stages it grows much slower with film
thickness B=0.2+0.1), and in the late stages it saturates: 0.8+ 0.1 can be determined froi(r).
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FIG. 7. Topographs generated by numerical integratBuler method of the continuum model on a 2600 grid, At=0.001, Ax
=0.7, D=0.1, Dg=2, C=5, S=1 in units of Ax andAt. The numbers at the margin denote the integration st@mportional to the
deposition time and film thicknegs

In order to test the validity of the suggested model, adown in the late stages with a maximum slope in the medium
comparison of the experimental and simulation results irrange. The height-difference correlation functions show a
three dimensions is desireable, which incorporates the metrigcaling behavior similar to the experiments. It should be em-
tensor. However, in the linearized regime, this can bephasized that only with such sets of parameters, within a
achieved by replacing/dx by V,,=(d/dx,d/dy). The dis-  limited range, and within a possible rescaling between coef-
cretization in space is performed by the standard finite difficients and time, it was possible to reproduce the experimen-
ference schem&?® and the Euler and Heun mettfdd®in  tally observed structure formation. Especially, all terms con-
time, leading to similar results. The coefficients are variedsidered prove to be necessary: The coeffici@stogether
for good accordance with the experiments: Starting from stawith S are responsible for the growth instability experimen-
bility considerations as discussed above, the most unstabtally observed and determine the characteristic structure size
wavelength, which should dominate the STM topographs inn the early stage<C is responsible for the structure coars-
the early times, is given by the ratio 8fs andS. The indi-  ening, the slowing down of the growth of the unstable
vidual parameters according to this ratio are then chosemodes, and the generation of the asymmetry betweén
with regard to the other parameters, especi@llfor an op- and —h, predominantly visible in the STM measurements.
timum agreement with the experiments. A different methodAn increase(decreaseof C around the values selected for
for parameter estimation will be discussed elsewfgfég-  the numerical investigation leads to an increaGketreased
ure 7 shows two images of the simulation from differenttendency for the structures to coarsen.
stages of film growth, and the appropriate roughness values
and correlation functions are depicted in Fig. 8. Characteris-
tic hill-like structures, which show an increase of the lateral
hill size and hill height with film thickness, can be observed.
The film roughness follows a power law 2 in the early Both experimental results and the simulations show quali-
stages, where the increase with the film thickness slowgtively comparable surface structures that evolve similarly

VI. COMPARISON OF EXPERIMENTS AND
SIMULATIONS
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FIG. 8. RMS roughnesses (a) and height-difference correlation functiorKr) (b) for various stages of simulated film growth using

the continuum mode(time unit: number of integration stepA scaling exponenB=0.2+0.1 anda=0.85+0.15 can be determined.
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with time, i.e., show coarsening. However, the mesoscopic VII. CONCLUSION
hill-like structures in the continuum model in the late stages

have deeper grooves in between, and the slowing down of . The |dent|f|pat|on of the growth mephamsms together
: . : . with the experimental knowledge of their parameter depen-
the lateral siz&k: and roughness—if present in the experi-

ments (see above—cannot be determined unambiguously Sa?lr:)?ier{ aﬁlr(rjlegﬁ::‘g?:g mr(:hsrt?;sp?(;,r ?lejgr?r?iiglthrseggzslgl“tZ\nOf
here, whereas it is obvious in the Monte Carlo simulation. 9 prop - By &

. . . increase of the deposition temperature, and thus the diffusion
(see Fig. 6. Experimentally, the saturation of the roughness y o ; e

o e . ; . oefficient, the coefficients of curvature-induced diffusion as

with increasing film thickness in the late stages is enhance . e

: . . well as for adatom-triggered diffusion can be expected to
by the tip convolution, which can be understood as an effect

where the tip is unable to reach the surface of the Va"eyéhcrease, and thus the typical structure size, as well as the

between two hills due to geometrical reasons. Both numeric 0arsening tendency will gro¢zonstant deposition rate pre-

cal methods show a surface roughness, which, at the begiﬁ’—Uppose)j with the effect of generating smoother films, as

ning of film growth, increases much slower with thicknessdeslrable in -most applications. A similar effect can be

than in the medium stages, see Figs. 6 and 8. At the begina-Ch'eved by the appropriate choice of a film component

ning the dynamical exponents are in accordance with thg\lIth a higher surface diffusion coefficientsee —the

experimental results within the error bars. Also the rough—eXperImentS with a variation of the Cu conteot a decrease

ness exponents show values comparable with the experﬁ)—.f SandD [which defines the noise intensity—see E8j]

- . . . . via a reduced deposition rate. It is noteworthy that for glasses
ments. The remaining discrepancies, especially in compari- ih an enhanced redion of undercooled liquid. e
son to the continuum model, might be attributed to the factyy! g quid, €.9.,
that in experiments additional influences, such as the finit
incidence angle of the particles, shadowing effects, volum
effects, or the STM measuring artifact due to the tip geom-
etry might occur. Vice versa the assumptions made in mod-
eling, especially the small gradient approximation, remain no The authors acknowledge fruitful discussions with B.
longer valid in the late stages of film gronthHowever, the  Reinker, especially concerning his experience with the STM
results strongly suggest that curvature-induced surface diffuand image processing, and the technical support of A.
sion, a concentration-gradient-driven diffusion, and geoSpahase with the UHV—thin-film preparation. This work
metrical effects together can be positively identified to bewas supported by the DFG Sonderforschungsbereich 438
responsible for the main features in amorphous film growthMiinchen—Augsburg, TP Al, Germany.

ZresAl; Cly7 5, @an annealing treatment can also be a method
go achieve the desired surface topography.
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