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Evolution of surface structure during the growth of sputter-deposited polycrystalline Al films is studied by
means of atomic force microscopy and dynamic scaling by power spectral density and image variography
analyses. We incorporate the effects of grain growth based on quantitative measurements of grain size, mor-
phology, and texture orientation through transmission electron microscopy and x-ray diffraction pole figure
texture measurements. Temporal regimes of early surface smoothing followed by roughening are explained by
the effects of grain-boundary grooves and grain growth during deposition. Three distinct surface morphologies
described as flat grains, hillocks, and ridges develop during film growth. The ridges are periodic structures with
constant spacing during growth that form alddd0 directions on vicinal1121)-oriented grains and are due to
spontaneous development and growth of steps albh@ directions induced by the Schwoebel-barrier mecha-
nism. The spacing of ridge structures and the well-characterized median grain size correspond to characteristic
dimensions that define transitions between regimes of combinations of physical processes responsible for
surface evolution. We found a surface-diffusion-dominated anomalous scaling growth modg @t short
length scales and a nonlinear KPZ type mode=(.35) at longer length scales.

INTRODUCTION Rimd L) ~t#  for t/LZ<1, )

There is significant interest in the structure of deposited RndL,t)~L® for t/L?>1, 3
metal thin films due to their wide application as critical com-
ponents in electronic, magnetic, and optical devices. ThavhereL is the length over which the roughness is measured,
functionality of these films is determined by their physicalt is the elapsed time of growttusually proportional to the
structure, which includes surface roughness, and, in the casenount of material depositgdr is the spatial scaling expo-
of polycrystalline films, grain-size distribution and crystallo- nent, 8 is the temporal growth exponent, aaet o/ 8. The
graphic orientation. Combined characterizations of surfac@arametersyr and g are used to classify the scaling of grow-
and microstructure may therefore provide an improvedng surfaces and thereby deduce the combined growth pro-
mechanistic understanding of the processes driving theess. We emphasize that different combinations of mecha-
physical evolution during film formation. For example, the nisms may dominate the surface evolution as growth
surfaces of growing films often exhibit apparently irregularproceeds leading to different regimes of dynamic scaling and
geometries that can be analyzed in terms of the scaling progrowth behavior.
erties of the surface fluctuatiohdhe dynamical scaling be- Surfaces of single crystal or amorphous films have been
havior of a growing surface with evolution in both vertical the focus of most of the previous theoretical and experimen-
roughening and lateral scaling arises from the competitiotal work. While surface scaling in polycrystalline
between various roughening and smoothing mechanisms. Material$~*? has been demonstrated, none of these studies
large number of studiés® have helped to provide under- has quantified the effects of grain growth and crystallo-
standing of possible mechanisms that generate surfagraphic texture on roughness and dynamic scaling. For ex-
roughness. Theoretical studies based on continuum and diample, grain-boundary grooves contribute to the surface pro-
crete growth models have provided scaling relations betweefile, and the grain size may limit the lateral extent of
roughnesddefined as the root-mean-square surface fluctuaprocesses acting on individual grain surfaces. In addition,
tion R, and time(or film thicknes$ for a growing inter-  since film crystallographic texture often evolves during
face as well as the roughness dependence of the spatial scgi®wth, structures that depend on mechanisms acting on spe-
of observation in the experiment. Surface structures that presific surface crystallographic planes and directions will de-
serve a similar morphology upon a change of magpnificatiorvelop only as grain growth and texture evolution allow. Thus
and a rescaling of the third dimensidn axis) are termed careful grain size and crystallographic characterizations must
self-affine and play a central role in the theories of growth.be considered in order to understand surface evolution. Note
For a self-affine growing surface, the roughness can b#hat the boundary motions that accomplish grain growth are
expresseliin the following form: driven by boundary-curvature—capillary effects, and that the
“bulk” film grain growth process is expected to have a sig-
nificant influence on surface evolution. We characterize in

Rind(L, ) =L (U/L5), @) this paper the evolution of surface structures during the
growth of polycrystalline Al films by atomic force micros-
which can be reduced to copy and dynamic scaling analysis and incorporate the ef-
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fects of grain growth. We illustrate that Al grain-growth- taking the Fourier transform of individual line scans that
induced smoothing during sputter deposition at roomcomprise an area scan, squaring the amplitude of the Fourier
temperature results in an initial regime of constant roughnessoefficients to determine the “power,” and averaging the
below~0.3 um in thickness during which a neétd1) crys- (512 individual line scan powers at each frequency to gen-
tallographic texture emerges from an initial nearly randomlyerate the 1DPSD. Representative 1DPSD plots are obtained
oriented film. Above 0.3um thickness further deposition is by cropping together spectra from the different scan lengths
characterized by continued grain growth, a slight but graduain order to evenly account for spatial features over a wide
increase in the nedt11) texture component, and roughnessrange of length scales.

evolution described by scaling exponents>1 and « The scaling behavior of surfaces can be analyzed from
~0.35 at small and intermediate scan lengths, respectivelgheir power density spectf&°In a finite frequency range, a

as measured by power spectral density analysis and imagelf-affine structure exhibits a power-law decay

variography. The growth exponem@=0.55 as measured

with long length scans for films thicker than Qu@n. Inter- 1DPSOf)=Kyf 7, (5
estingly, three distinct surface morphologies described as flat . .
grains, hillocks, and ridges emerge in this second regimeVNere Ko is a constant dependent on the system qrid

The ridges are aligned approximately alofigl0) surface 'elated to the scaling exponefa) by a=(y—d)/2,™ where
directions and are interpreted as Schwoebel-barrier-induceif® line scan dimensiod=1. _ _

periodic structures that arise due to the vicinal rather than We have also investigated the scaling properties of the

exact(111) orientation of the majority of the Al grains. surface based on single-image and multiple-image variogra-
phy (Ref. 1, p. 302. The R,,s values for different areas were

determined from nonoverlapping windows covering the
original micrographs. The growth exponeftand scaling

A load-locked magnetron sputter system was used to de2XPonenta were obtained from Eqg2), (3), and(5). _
posit pure Al thin films onto 150-mm-diam thermally oxi-  Grain size and morphology were determined by plan view
dized S{100) substrates using high-purity Ar as the working @nd cross-section transmission electron microsadiMm).
gas at 2 mTorr pressure. The deposition rate wasnImin Approximately 500 grains per film condition were measured
and film thicknesses ranging from 0.1 tom provided © determine median grain sizes and distributions. Film crys-
samples of the film evolution during growth. The base prestallographic texture was determined by the x-ray diffraction
sure of the sputter chamber was less thapx 10 8 Torr  Pole figure methodXPF) and subsequent analysis to quan-
and wafers were outgassed prior to entering the depositioft@tively determine the volume fractions of each texture
chamber. Substrates were held at near ambier25°C) component at each thicknegReference 17 provides a more
temperature during deposition by clamping the substrates tgetailed summary of the TEM and XPF methods and re-
the platen through which Ar flow at room temperature wasSults) The local crystallographic orientation of individual
directed onto the substrate backside. Substrate and film se@@ns was obtalneg_ using the orientation imaging micros-
heating were estimated to be below 20 °C during depositioncoPY (OIM) method® in a scanning electron microscope by
The target diameter was 29.2 cm and the stationary syghdexing electron backscattered diffraction patterns from se-
strates were centered directly below the target at a spacing #¢ted submicrometer-sized regions of interest.

4.3 cm. This sputtering geometry ensures an even deposition
flux with a substantial oblique directional component across RESULTS
the substrate surface.

Film surface morphology was obtained with an atomic
force microscop€AFM) (Digital Instruments Nanoscope )l

EXPERIMENT

The images in cross-sectidfig. 1) and plan-view(Fig.
2) TEM llustrate that the Al grains maintain a columnar
operated in tapping mode using an etched single-crystal orphology as grain growth proceeds throughout deposition.

tip with a radius of 10 nm. Collected data consisted of height his self_-similar “normal grain-growth”_process is_therefore
information on square 532512 arrays of pixels from area accomplished by the motion of the grain boundaries through

scans with lengths from 2 to 18m. Surface roughness was the film rather than prg_ferentigl growth of grains_ at Fhe sur-
characterized bR, values, which give an average rough- fag:e. The size-competitive grain-growth mechanism is drl_ven
ness value, and power spectrum densi®BSD analysis, primarily by (capillary) boundary-curvature forces and main-

which deconvolutes the roughness as a function of surf.’:ur:'?inS an appar_ent_log-normally dist_ribute_d size population.
lateral length scales. PSD analysis correlates the vertical a e mean grain siz¢d) increases with thickness as
plitude with the spatial frequency of surface features and
may also reveal characteristics of the surface structure.

In the one-dimensiondllD) case the frequency spectrum
of the PSD(1DPSD is given by

(d)y=(kt)"~(k'h)?, (6)

wherek andk’ are thermally activated kinetic rate constants,
t is the deposition time, and is the film thickness, and we

assume a constant deposition rate. Obviously the exponent
is required in order to determine the grain-growth activation
energy. Note also thdtl) accurately represents the in-plane
grain size due to the columnar grain morphology, Fig. 1.
in units of nnt, whereL is the scan length is the spatial Under growth conditions where boundary motions are re-
frequency x is the fast scan direction of an area scan, andstricted, grain competition for arriving flux at the growing

h(x) is the line profile. The 1DPSD spectra were obtained bysurface will also drive coarsening with growth of noncolum-

2
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with thickness, from about 9° from the film normal at @t

to 5° from the film normal in the 1.@«m film. The primary
near{111) texture component develops during deposition as
a result of grain growth in which surface and interfacial en-
ergy minimization provide an additional driving force for the
preferential growth of the nedf-11) oriented graing’

The surface morphology of the 0.1-, 0.3-, 0.6- andrh-
thick films is shown in Fig. 3. As growth proceeds the sur-
face develops distinct features identified as growth hillocks,
grain-boundary grooves, nominally flat grains, and grains
with periodic ridge features. Note the close correlation be-
tween the nominal grain size, Fig. 2, and the regions of con-
sistent surface morphology, Fig. 3. The hillocks are ran-
domly scattered, while the ridges have spacing smaller than
the grain size but extend uniformly over the surface of indi-

vidual grains. Similar morphologies were found on all films
1 pm thicker than 0.3wm, with the ridge and hillock features miss-
ing below this thickness.
FIG. 1. Cross-section TEM images () 0.1-um, (b) 0.3-um, The Ryys values obtained from 2mx2 um AFM area
and (¢) 1-um-thick films showing that a columnar morphology is Scans indicate relatively smooth surfaces and two regimes of
maintained during film growth. Rims Variation with thicknessR,,s is nearly constant or

slightly decreasing for films less than 0@m thick but

. . . . monotonically increases with thickness thereafteig. 4).

nar tapered grains with median sigs) at the surfacepro-  tpe grror bar); in Fig. 4 result from the averaginﬁ?typically

portional to ¢)*°and ()*°*° 10 area scans. The over&l, dependence on film thickness
Analysis of the XPF results showed two components Ofyields a growth exponenB=0.41; however, we obtain

film texture, one that is randomly oriented and one COM-5—0.55 using onlyR,s values from films greater than 0.3

prised of grains whose out-of-plafil1] direction is nearto ;i thick. The constant roughness during the early stages of

but not exactly aligned with the film normal direction. Al fjm formation can be explained as the result of grain growth,
films with vicinal (111) grain surfaces forming a primary giscussed below.

near{111) texture have been previously observed when simi- The 1DPSD spectréFig. 5 exhibit several distinct re-
larly deposited on amorphous sub_stréféfhe volume frac-  gions, a frequency-independent roughness at low frequency
tion of the nearl11) component rises with thickness from (long length scales and a frequency-dependent region at
~0.53 at 0.1um, to 0.85 at 0.3um and t0~0.95 at 1.0 phigher frequencyshort length scalesinterestingly, for the
um.=" The neartl1]) texture peak offset decreases slightly fiims thicker than 0.2um, Figs. 3b)—5(d), this higher-
frequency behavior is composed of two constant-slope re-
gions with different scaling exponents, implying two combi-
nations of processes acting to develop the surface
morphologies during growth. The scaling exponents were
extracted from the two constant-slope 1DPSD regions based
on Eg. (5). For the higher-frequency regiomy,=1.36
+0.09, while for the intermediate self-affine regiag,
=0.30+0.03.

These scaling exponents are similar to previous theoreti-
cal results that have identified two types of growth-front dy-
namic scaling behavior. The first type has a self-affine and
time-invariant growth morphology characterized by a scaling
exponent &< a<1. This behavior has been described as a
balance between roughening mechanisms, such as random
fluctuations in the depositing flux, and smoothing processes,
such as diffusion at the growth front so that the local struc-
ture remains unchangéd. For example,a=0.39 and 3
=0.25 are the predicted values for the scaling and growth
exponent in the nonlinear Kardar-Parisi-Zhan&PZ)
model? The second type is anomalous dynamic scaling,
which givesa=14?!In this situation the roughening fluc-
tuations and the smoothing effects cannot quite reach a bal-
ance, and the local surface slope increases with time. For

FIG. 2. Plan-view TEM micrographs ofa) 0.3-um and (b) example, in the linear diffusional modehe predicted values
1-um-thick films. The grains are columnar and their size increaseéire «=1.4 andB=0.36. We suggest that in our case, the
with thickness. intermediate-frequency self-affine region corresponds to the
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FIG. 3. (a) AFM topographic images of Al thin films with thickness) 0.1 um and height scale=40.0 nm, (b) 0.3 um, z
=60.0 nm,(c) 0.6 um, z=60.0 nm, andd) 1 um, z=80.0 nm. For films thicker than 0,@m, (b)—(d), different features develop on the

surface of the film: hillocks, and boundary grooves.

KPZ dynamic scaling behavior, while the high-frequency re-+5 nm. The ridge spacing and Giherefore represent the

gion is characterized by anomalous dynamic scaling behavransition between the linear surface-diffusion-dominated re-

ior dominated by surface diffusion. gime (a,=1.36-0.09) and the nonlinear growth mode re-
The frequencies of transition, marked by arrows in Fig. 5,gion (a,=0.30+0.03).

between the various regimes of 1DPSD behavior are of in-
terest since they infer correlation lengths or other physically
meaningful characteristic length scales. The first characteris-
tic dimension (CD) is defined by thdinverse frequency of
transition between the high-frequency and self-affine
intermediate-frequency regions. The CRlues extracted at

points of 1 DPSD slope change are approximately constant o F
with thickness(Table ) and are equal to the periodic ridge §, F
spacing determined from the average peak-to-peak ridge a 4
separation from cross-section surface profiles. The average A r
ridge spacingobtained from films=0.3 um thick) is 110 - 3
r
10 . 4
[ ] E 0y=1.36+0.09
] ]
4 100 10° 100 10° 16 10° 10" 10° 10°
’g ’5’62 Frequency (um™)
~— ,.-"6 1
% 9’.,9'6 FIG. 5. Power spectral density vs spatial frequency(&r0.1-
= ) — § ........... n/ 1 um, (b) 0.3-um, (c) 0.6-um, and(d) 1-um-thick films illustrating
different regimes of surface roughness. Rrthere is a frequency-
independent regime at low frequency and a constant-slope regime at
1 higher frequencies, whereas for thicker filits—(d) there are two
0.1 Thickness (um) 1 constant-slope regimes at intermediate and high frequencies. The

FIG. 4. Average surface roughnesR,{o variation with film
thickness displays an early regime in whiRh,s is constant and a
later regime=0.3 um thickness in whictR,,s increases as-h%%®

transitions between the roughness regimes define the characteristic
dimensions CPand CL, that represent the ridge spacing and grain
size, respectively. The roughness exponents for the two constant
slope regimes are displayed (d).
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TABLE I. Correlation lengths estimated from both PSD plots

12 - - 12
and image variograms. ’g 10F a) E b) J0m
= 3 s &
PSD Image variography 5 GE I 1 I 3 1 I I I 16 ;
‘D [ o ] Q
4F 2 E 2
Thickness ch, CcD, ch, CcD, PN I 3 {4 =
2 2F 3 12 2
(Mm) (nm) (nm) (nm) (nm) 2 O....I...I-..I.-.I...:...l...l...luu.l...: 0
01 125 100 0.2 04 06 0.8. 1 12040608 1 1.2
0.3 123 455 107 333 Thickness (um)
0.6 112 573 111 582 FIG. 7. (a) Average peak-to-valley ridge height increases with
1 110 1100 125 1000

film thickness;(b) ridge slope determined as the ratio of ridge
height to width also increases during film growth. The error bars
primarily reflect the distribution in ridge height and width.

Similarly, a second characteristic dimension (JDndi-

cates the transition between the low-frequency randomy,; poth methods yield consistent scaling exponents charac-

roughness plateau and the intermediate-frequency self-affingj,ing two regimes of growths as well as the characteristic
region in the 1DPSD. The Gpvalues increase with thick- lengths of transition between them.

ness and are listed in Table I. Previously we have shown that \ye now focus on the periodic ridge features with spacing
CD, corresponds well to the accurately determined mediaréqua| to CDs, which mark the transition from the linear
grain size in each film! The low-frequency randomly rough g face-diffusion-dominated region to one whose growth
behavior suggests that in this region there is no Corr_elatiorllnode is controlled by nonlinear terms. Roberts and Dofson
along the surface at these length scaieserse frequencies onqrted similar surface features for pure Al films grown by
as growth proceeds. We interpret the transition betweeg,anoration on oxidized Si substrates. They briefly refer to
these regimes as evidence of the polycrystalline nature of thgese features as effects of preferential condensation. Cross-
films, with grain size defining this transition. _ section AFM profiles show that ridges grow in height but
Image variography was _also used to extract the Scalln%aintain a constant periodicity during deposition. Figures
exponents and the correlation lengths. Figure 6 shows Variza) and 1b) illustrate that the average peak-to-valley height

ograms of surface roughness as a function of scan lengths faf,q the average slope increase with film thickness, respec-
films 0.1, 0.3, 0.6, and &im thick. Evidentin films=0.3um  4yely A cross-section TEM of a ridged grain, Fig. 8, illus-

thick are two constant-slope regions and a flat plateau, simigates that the ridges are actually very gentle “hills” on the
lar to the 1DPSD results. The scaling exponents based on Egy,fce that may not be apparent in the enhanced height con-
(3) extracted from the nonplateau regions of the variogramsg,,st AEM images, Fig. 3.

are a;=1.17+0.13 anda,=0.38+0.05 at small and inter- The ridge arrays maintain the same direction over areas
mediate scan lengths, respectively. Correlation lengths SePRpmparable to the grain size, FiggbB-3(d), but vary in
rating the three constant-slope regions were also extractegignment on different grains. This is consistent with a spe-
and compared with the values found from the PSD plotScific crystallographic ridge direction within each grain but a
Table I. The values are in excellent agreement, indicating;ndom grain-to-grain in-plane orientation. Since the OIM
method provides local crystallographic orientation, specific

10! e 3 out-of-plane orientations for both “flat” grains and ridged

F F grains as well as the crystallographic ridge direction within
individual grains were measured. Of the approximately 100
grains characterized by OIM, virtually all grains in a Juf?
film were oriented with th¢111] direction between 5° and

E 10! L L sevual 4l oo
) 10° !'!r d)
nd
1’.#@:0.3&0.05
0 F 2 4
107 E A 0,=1.17£0.13

1w 1w 1w 10t 100 100 10t
Length (nm)

10!

FIG. 6. Variograms of interface width&(,,) vs window length
for (a) 0.1 um, (b) 0.3 um, (c) 0.6 um, and(d) 1 um film thickness.
Different roughness regimes are identified and separated by corre-
lation lengths obtained at points of slope change marked by the FIG. 8. Cross-section TEM of 0.@m-thick film showing a
arrows in the figures. The roughness exponents for the twarain with the ridge features on top. The ridge height is on the order
constant-slope regimes are displayeddh Each point represents of several nanometers as shown in Fig. 7 with a lateral spacing of
the average of 20—30 measurements. ~110 nm.

200 nm




PRB 61 EFFECTS OF GRAIN GROWTH ON DYNAMIC SURFAE. .. 7697

8° from the exact film normal, consistent with the x-ray re- deposited between 300 and 1073 K. Interestingly, Chiarello
sults. However, analysis of approximately 50 ridged grainst al’® also observed a constant-roughness regime early
showed consistent ridge alignment alond 0] direction on  during Au film growth under conditiong300 K, T/Tp,
an individual grain surface with an average misorientation of=0.22, low deposition rajethat enhance grain-growth ef-
6° from the exacf110] direction. fects, whereas a monotonic roughness increase was observed
at 220 K and at a higher deposition rate. Thus we propose
grain growth as an effective mechanism for smoothing dur-
DISCUSSION ing deposition. This smoothing contribution is expected to
i . . . continue as the texture is being developed and until the grain
_Film-deposition conditions are critical factors that deter-gjze js somewnhat longer than other length scales characteris-
mine the grain-size effect on surface scaling and evolutionsic of surface-active processes, i.e., uitl} is greater than
The rate of thermally activated grain growth depends on the.2_3 cQ for our Al films. In this regime, foh<0.3um,
homologous deposition temperature as well as factors suche find g~0, whereas forh=0.4um we find 8=0.55.
as the deposition rate, contamination, and second phase pathese temporal scaling exponents were similarly observed
ticles. Typically, the grain growth kinetic exponemn) varies by Chiarelloet al”" for the T/T,,= 0.22 low-deposition-rate
from O to 1.0, with the lower value approached at very lowAu films.
homologous temperatures such that limited atomic mobility We may speculate about the deposition conditions that
prevents grain competition at the surface or by boundargovern the transitior(in film thickness between an early
motion. Fibrous film morphologies are thus proposed undegrain-growth-induced smoothing regime and subsequent
such conditioné® At higher temperatures, atomic and roughening. The homologous temperature should be large
boundary mobilities allow for grain competition during enough {/T,,=0.2) to allow for boundary motions but be-
deposition. If grain growthvia boundary motiohis rapid low that which allows significant bulk atomic mobility
enough then the film may maintain the “film-thickness (T/T,,<0.5), while the deposition rate should be low
limit” grain size 2* with (d) proportional tot'® andh® as  enough to allow for reasonable boundary motions during
deposition proceeds. thickening. More detailed modeling would include flux di-
We propose that the extensive grain growth in our Alrectionality(oblique during sputtering versus collimated dur-
films during deposition aff/T,,=0.34, with n=0.9, ac- ing evaporatiol substrate chemistr§nucleation rate effects
counts for the significant smoothing component during filmon film continuity),?® and contamination as necessary factors.
growth from 0.1 to 0.3um. Several mechanisms are de- Ridges and growth hillocks appear in the later temporal
scribed that provide smoothing early in the film growth. Forregime, 3~0.55. We note that CD(and the constant ridge
example, significant reduction in the roughness occurs aspacing defines the transition between the linear surface-
hemispherical or irregularly shaped discrete grain islandsliffusion-dominated regime and the nonlinear growth mode
grow to impingement as the film achieves continuity, form-regime. Thus the ridge spacing indicates the spatial limit of
ing grain boundaries and grooves. Recent reSutibtained  structures that can be eliminated by local surface diffusion.
as AlCu films achieve continuity between 10 and 100 nm inThis was corroborated by comparison to a model for the
thickness confirm both this smoothing effect and its persisstability of surface perturbations during film growffhin that
tence for some period beyond film continuity as grain growthmodel a temperature-dependent effective surface diffusion
continues during deposition. length A\, is defined by the balance of shadowing effects
Second, consider the significant boundary groove contriduring deposition and the surface-tension-driven smoothing
bution to the surface profile in the thin-film, small-grain-size effects of surface diffusion. Identification of our C@r ridge
limit. The disappearance of grooves as grains are eliminatespacing as\ yield surface diffusivities and activation ener-
will depend explicitly on the rate of grain growth as deposi-gies consisteff with published data for Af?
tion proceeds. Thus with limited grain growth relatively few  Grain-size effects persist even dd) grows beyond
grains and boundary grooves are removed, whereas the rapid2 —3 CQ since the grain size limits the extent of correlated
grain growth exhibited heren=0.9) results in significant surface processes. That is, correlated evolution may extend
groove elimination and smoothing. Finally, consider the in-across the surface of @rysta) grain similarly among the
crease in the fraction of grain surfaces with néktl) ori- many grains, but may not extend to adjacent grains. In our
entation from~0.53 t0~0.85 during film growth from 0.1 films the ridge arrays are thus aligned on individual grains
to 0.3 um. The resulting increased alignment @fL1) sur-  but vary in surface alignment from grain to grain. In another
face facets with the film growing plane could easily lead to aexample, the roughness associated with shadowing-induced
roughness decrease in this early regime. hillock growth is limited in the lateral extent by the hillock,
There are previous reports of surface smoothing presumie., the grain size, which, however, increases during growth.
ably due to grain growth under various film conditions. Therefore we identify the median grain sizend CL;) as
Gimzewski et al?® observed a roughness decrease as Aglefining the length scale below which correlated surface evo-
films deposited at 90 K were brought to “warmer” condi- lutions occur and above which randomly rough surfaces
tions, and discussed an apparent increagpriesumegigrain  evolve in our polycrystalline thin films. We further suggest
size. Douketiset al® observed decreased roughness in Agthat an analogous grain-size effect similarly defines the tran-
films deposited at 300 KT/T,,=0.24) as compared to sition length scale between correlated and uncorrelated sur-
100-K films (T/T,,=0.08), and a roughness decrease in Agface development in deposited orgdfii’ and amorphof8
films deposited at 300 K and subsequently annealed at 56ims. The organization of polymers into domains, and do-
K. Wei et al?’ observed a roughness minimum for deposi-mains of fully-dense amorphous material separated by low-
tions at 773 K /T,,=0.38) in =~ 100-nm-thick Pt flms density or voided regions, may serve as the respective grain-
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equivalent domains in these materials. tion on the vicinal(111) surfaces, with their growth induced
Otherg810-12262have interpreted apparent grain-size ef-by Schwoebel-barrier mechanisth. Rather than slope
fects as influencing surface evolution using, however, estiselectior® our increase in the ridge height and slope during
mated grain or column sizes from surface topologies or x-rayilm growth may be explained by the increased shadowing
methods. While those conclusions cannot be disputed weffects of the noncollimated sputter deposition flux. This
note that such methods, especially the surface topologicalope and height increase suggest that the sides of each indi-
estimations, provide only rough approximations for the ac-idual ridge are not facets but are compriseddf0 ledges
tual grain size and morphology. As an example,separated byl1ll) terraces. If we consider perfect{t1l)-
Zubimend?? estimated the different size of columns and oriented but ridged grains with evenly spaced ledges along
“domains of facets” as they varied in relative population for ridge sides, we find the distance between ledges to be 27 A
deposition temperaturé&/ T,,=0.35 without identifying the for a 5° slope as in the 0.@m-thick film. As the slope
actual crystallite size. increases to 8fin the 1.um film) the ledge separation de-
Since the crystallographic orientation of the growing sur-creases to~17 A. The limited AFM resolution does not
face is critical, quantitative measurement of the film texturejjow more detailed characterization of the ridge structure;
as it evolves during deposition is necessary for full Under‘nowever, we expect somewhat smaller ledge spacing on
standing of surface evolutionary processes. For example, ”}‘f'dge slopes for the vicinall11)-oriented grains.
texture 1of Ag films deposited on glass substrates was found Of the three(110-type directions on AlL11) surfaces
to vary’ t_)etweer(lll) and(100 primary textures as_afunc- nly one of them is selected by the periodic ridges. The
tion of thickness and temperature. Howe\{er,_the wujely use<?nreefold (111 surface symmetry is broken by the vicinal
6—26 x-ray method provides only a qualitative estimate of . . . .
film texture. Jeffries, Zuo, and Crdfbobserved both111) <1.1D grain prientation as determined from XPF and OIM
diffraction results. These surfaces result from the rigaf)

and (100 peaks with the#—26 method which normally indi- d lead ” . d alond140 direct
cates a largely random texture rather than their “two kinds ofi€xture, and lea .to riages orlent_e along O) irection
when the[111] tilt from exact film normal is about a

crystallites[(111) and (100)]” conclusion. Our quantitative 1

results show that the development and optimization of thé110 surface direction. However, we propose that no surface

Al(111) texture from a nearly random film correlate well fidges form when the rotation of the out-of-plagll]

with the smoothing effect during growth. grain direction is about an arbitrary axis, thereby rationaliz-
Previous reports have shown two spatial dynamic scalingd the existence of grains with smooth nonridged surfaces.

regimes similar to they;=1.17-1.36 andx, =0.30-0.38 Future surface scanning tunneling microscopic characteriza-

found for our sputtered Al films. In general those reportstion may resolve the atomic level detail of these ridge struc-

found @;~0.89-0.95 andy,~0.35—-0.49 in Au films evapo- tures.

rated onto glass substrates &fT, between 0.22 and

0.438@8d8@ electrodeposited Au al/T,,=0.2289 and

LiCoO, films sputter deposited onto Ni substratéswe CONCLUSIONS
similarly conclude that region | is described by the linear ] ] )
diffusional modet with a predicted valuey,=1.4 in which We report the observation of dynamic scaling for poly-

roughening fluctuations and surface diffusion smoothing efcrystalline Al fims sputter deposited on amorphous sub-
fects are not balanced, leading to a local surface slope irftrates. Temporal regimes of early surface smoothing fol-
crease as in anomalous dynamic scafidy®® Region 1I, lowed by roughening are explained by the effects of grain-
with «,~0.35, is characterized by balance betweenboundary grooves and grain growth during deposition.
shadowing-induced roughening and longer-range diffusionaQuantitative film texture characterization illustrates the de-
processes so that the local structure remains unchdrfgad, velopment of a vicinal(111) texture that evolves from a
agreement with thexr=0.39 scaling exponent predicted by nearly random texture as deposition proceeds aboveui 1l
the nonlinear KPZ modél. in thickness.

In terms of mechanisms for ridge formation, interesting The spacing of ridge structures and the well-characterized
features of fcc(111) surfaces are the two types of close- median grain size correspond to characteristic dimensions
packed steps with formation energies that are about half ahat define transitions between regimes of combinations of
that required to create the surf#CeThe steps orient along physical processes responsible for surface evolution. The
(110-type directions and are typically labeled according totwo dynamic scaling exponents were consistently determined
their {111} or {100 microfacets”® Their different geometries by both PSD and image variography analyses. We found a
lead to different formation energies, diffusion mechanismssurface-diffusion-dominated anomalous scaling growth
and energy barriers that in turn have different implicationsmode at short length scale and a nonlinear KPZ-type mode at
for crystal growth. The growth shapes predicted can be fraclonger length scale.
tal, triangular, or hexagonal depending on the temperéture  Periodic ridges form along110 directions on vicinal
and have been observed in fcc single crysfasnd as (111)-oriented grains and are due to spontaneous develop-
mounds in polycrystalliné Pd films. We now refer to the ment and growth of steps alond10) directions induced
single-crystal study in order to analyze surface evolutiorby the Schwoebel-barrier mechanism. We attribute the
within the grains in our polycrystalline Al films. The grain formation of the ridges along a particulat10] direction
surfaces are primarily vicindlL11) and show periodic ridge as opposed to all thred1100 as due to the vicinal
features oriented alongl10-type directions. We believe (111) surface orientation, offset by6° from exact[111]
that these ridges form due to spontane@liE) step forma- texture.
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