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Quantitative roughness and microstructural analysis of as-deposited Al films, O.Lslthick,

were performed by atomic force microscoFM), one-dimensional power spectral density
analysis(1DPSD), transmission electron microscopy, and x-ray pole figure methods. The variation
of grain size (d) with thickness(h) in the columnar grained film wasl<h®® The initial
crystallographic texture was nearly random, with a strond1All) fiber texture evolving by=0.2

pm in deposited thickness. AFM imaging revealed a surface structure with hillocks, grains, and
grain boundary grooves, and periodic within-grain ridges extending over entire grains. The
root-mean-square surface height variatioRg(;s) initially decreased during deposition but
increased aRgys*h®>°from 0.3 to 1.0um thickness. The 1DPSD analysis revealed three spatially
resolved regimes of roughness evolution; a frequency independent regime at low frequency
attributed to hillock growth, an intermediate frequency self-similar regime attributed to grains and
grain boundary grooves, and a high frequency self-similar regime attributed to within-grain ridges.
Two characteristic dimensiol€D) were defined at the inverse frequencies of transition between
each 1DPSD roughness regime. G high frequency was identified as the peak-to-peak ridge
spacing which remained independent of film thickness. The ridge spacing is proposed to represent
the upper limit of an effective surface diffusion lengtty] due to the effects of surface diffusion

and flux shadowing. The Gpat lower frequency was identified as the grain size which increased
with thickness. The evolution and interactions of roughness and microstructural features are
discussed in terms of surface diffusion, grain boundary motion, and flux shadowing mechanisms.
© 1999 American Institute of Physids$0021-897809)01502-9

I. INTRODUCTION microstructure as well as correlations to surface diffusion,
shadowing, and grain growth in sputter deposited Al thin
Deposited polycrystalline thin films have application in afilms of varying thickness.
wide variety of magnetic recording and microelectronic de-  Previous work has described surface structifrand mi-
vices in which film microstructure and properties often de-crostructure evolutioh® as a function of deposition condi-
termine the system performance or reliability. As examplestions. Roughness evolution during the deposition of amor-
film grain size and textutecontrol Al interconnect reliability ~ phous films was analyz&d by modeling surface diffusion
against electromigration-induced failures, and surface roughand shadowing, while more recent experimental work char-
ness affects the film reflectivity and optical lithography pat-acterized the quantitative surface structure of polycrystalline
terning process. The continued development of advanced mfcu films during growtf without considering correlations to,
croelectronic  devices therefore requires the carefuPr the effects from, microstructure evolution. Other work has

characterization of surface and microstructural featuresProvided only gr?in size and texture characterization during
However thin film structural detailé.e., grain size, crystal- M depositiori* without correlation to detailed surface
lographic texture, and roughnes®sult from the atomistic structu_r_e. In one studythe effects of contar_nmatmn during
processes such as surface diffusion, grain boundary motio'qu03|t|og OT zfavecr)age rt?]ggkhpless ?rr:d mlsro?_tructl:rti_were
and depositing flux shadowing which operate during filmMeasured only for -pm-thick films. The motivation of this

growth. In addition it is possible that different evolutionary work is therefore to provide quantitative characterizations of

. ._surface morphology, identify the different regimes of struc-
regimes of structure development may result from the varia: . . :
. - . . . ‘ture development, establish correlations between film surface
tion of these atomistic mechanisms with processing condi- ) : .

structure and microstructure evolution, and describe the

tions. Measurement of surface structure and microstructurgvera" structure development in terms of those processes
as a function of thickness and deposition conditions thereforg\lhiCh act during sputter deposition

helps to characterize those regimes of fundamental processes g 1face morphology was studied by means of atomic
which determine film structure and properties. We presenfy,ce microscopy(AFM). A computed value of average
guantitative characterizations of both surface structure anF’oughness is the root-mean-square variatjoe., standard

deviation of the surface height profile from the mean height,
dElectronic mail: jsanchez@engin.umich.edu Rrms, @and is given by
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12 define correlations between the roughness and microstruc-
, 1 ture, and describe the evolution of film structure in terms of
surface diffusion, depositing flux shadowing, and grain
whereN is number of data points of the profilg; are the boundary motion in the as-deposited Al films.
data points that describe the relative vertical height of the
surface, and/ is the mean height of the surface. The sensi-

Rrms=

1 N
Nz (yi—y)?
i=1

tivity or dependence oRgys on film thickness(h) is often Il. EXPERIMENT

characterizetiby the exponents) determined from the fol- A load locked magnetron sputter system was used to

lowing relation: deposit Al thin films, 0.1 to Jum thick, onto 150 mm diam
Rrus*h?. 2) thermally oxidized S{100) substrates using high purity Ar at

2 mTorr pressure and at a deposition rate gfri/min. Film
The value of the exponerg may indicate different growth  contamination was minimal since the base pressure of the
modes'® however measurement ¢ alone is not sufficient sputter chamber was less thar2x 10”8 Torr and wafers
information for growth mode characterization. For exampleyere outgassed prior to entering the deposition chamber.
B=0.33 corresponds to the growth class described by theypstrates were held at near ambién5 °C) temperature
KPZ'® equation for a one-dimensional interface, apd during deposition by clamping the substrates to the platen
=0.50 corresponds to the “random deposition” growth yhich maintained Ar flow onto the substrate backside. The
mode’® We note thatRgys measurements provide only an target diameter is 29.2 cm and the stationary substrates were
average measure of surface height variation without regard tgentered directly below the target at a spacing of 4.3 cm.
possible correlations between specific features and thgpig sputtering geometry ensures an even deposition flux
roughness. across the substrate surface.

Spatial resolution of the roughness and correlations be-  \icrostructure characterization was performed by a
tween roughness and specific surface features are providgdmbination of plan view and cross-section transmission
by power spectral density (PSD analysis. This is accom- electron microscopyTEM) and x-ray pole figure analysis.
plished by calculating the square magnitude of the coeffiTen sample preparation was carefully controlled to prevent
cients of the Fourier transform of a digitized surface profile.samme heating, and the mean equivalent diameter grain size
One- and two-dimensional PSD spectra can be used to chafsas obtained via automated image analysis of traced grain
acterize the roughness and surface structure. In this work W§oundaries from typically 500—700 grains per thickness.
concentrate on one-dimensional spe¢ifBPSD) For a sur-  Fjjm crystallographic texture was calculated from a combi-
face profile line scan the 1DPSD at a given frequefoyis  nation of x-ray pole figure analysis and the appropriate thin
given by film defocusing and background corrections. The texture
2 analysis yielded A111) fiber plots? and allowed the cal-

, 3 culation of the volume fractions of both the AL11) fiber
oriented and randomly oriented portions at each film thick-
in units of nanometers cubed, whdrés the scan length and ness. More complete descriptions of film deposition, TEM
y(x) is the line profile. A 1DPSD spectrum provides the methods, and x-ray characterizations are provided
variation of PSD powefmagnitudé as a function of spatial elsewherd?
frequency (or inversely, lateral dimension The analysis Film surface profiles were obtained with an atomic force
therefore provides the correlation between roughness and theicroscope(Digital Instruments Nanoscope )lbperated in
length and spacing of specific surface features. In generalapping mode using an etched single crystal Si tip with a
plots with a constant PSD slope indicate consistent surfacedius of 10 nm. The effects of finite tip erfdwere not a
roughness behavior over a specific frequency range. For esignificant factor in the collection and analysis of the surface
ample, a flat 1DPSD regiofzero slopg¢indicates a range of profile data, since the ratio of measured surface features to
frequency independent roughness, whereas a region of finithe estimated tip radius varied from 10 to 100. Collected data
constant slope indicates self-similar roughness scéfifitne  consisted of height information on square %1®12 arrays of
frequency which indicates a transition between two regiongixels which varied from to 2 to 1@um on a side. Lateral
of constant 1DPSD slope is defined s where the sub- resolution(determined as one piXelvas 4 and 20 nm for the
script denotes an index if several transitions are found. Th@ umx2 um and 10umx10um scan areas, respectively.
f; also defines a “critical dimension” (Cp, equal to 1f;, The AFM data were used to calculate tRgys roughness
which indicates the length of specific surface features whictand 1DPSD spectra for each film thickness. Surface images
can be identified by AFM or traditional electron microscopic were obtained from the 2mXx2 um and 5umXx5 um area
imaging methods. scans, while th&kgys surface roughness and 1DPSD spectra

The evolution of surface structure, grain size, and cryswere determined from 1AmXx10 um scan dataRgys was
tallographic texture in polycrystalline Al films ranging from determined by averaging at least ten individual
0.1 to 1um in thickness has been characteriZad the low 10 umx10 um scans on randomly located areas for each
substrate temperature reginiéT,,<0.3, whereT,, is the Al film thickness. The 1DPSD spectra were obtained by taking
melting temperature. In the following we summarize thethe Fourier transform of individual line scans which com-
grain size and crystallographic texture results, provideprise the area scan, squaring the amplitude of the Fourier
roughness characterization Bgys and 1DPSD analyses, coefficients to determine the power, and averaging(#ie)

1DPSOf )=%U y(x)e'2™™dx
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FIG. 1. Plan view transmission electron micrograph of anh8thick Al
film, showing generally columnar grains. Similar grain structures were
found for all film thicknesses.

individual line scan powers at each frequency to generate the

1DPSD. There were no detectable differences in the 1DPSD

spectra obtained by averaging the scan lines in the fast scan

(horizonta) or slow scan(vertica) directions. The data pre-

sented here are for 1DPSD averaged in the fast scan direc-

tion. In addition, no in plane directionality in microstructure

or surface structure was observed. A Afdx10 um scan

was found to encompass the appropriate range of length

scales, i.e., larger than the grain size of approximateiyml

for the thickest film, yet with sufficient resolution to allow

for identification of the smaller features. The AFM images

were processed using second order plane fitting and second

order flattening routines. The leveling routines were appliedF!G. 2. AFM images of umX5 um areas of(a) an 0.1 um Al film,

in order to remove the offset between scan lines and the tjlt ShoWing the uniformly fine roughness, afig an 0.8um Al film, showing

and bow in each scan line. All AFM images were processeaiﬂde large hillocks, grains and grain boundary grooves, and within-grain
ges.

using the same leveling procedure, with the final images in-

dicating a flat planar profile, as expected. These procedures

did not significantly affect the magnitude or shape of thelll. RESULTS

power spectrum or change the characteristic dimensions €% microstructure

tracted from the 1DPSD spectra.

TEM analysis revealed the grain morphology to be pri-
marily columnar for all films, Fig. 1. Grain size distributions
were monomodal and lognormal for all film thicknesses. The

TABLE I. The equivalent diameter mean grain size and 1) crystallo- ~ Mean grain size(d) varied with film thickness(h), as d

graphic texture as a function of film thickness for pure Al sputter deposited~h®®. This dependence coupled with the consistent colum-
thin films. nar grain structure indicates that the grain growth was ac-
complished by grain boundary motion rather than competi-

T:'f;nmiss Meag 8:;:)“ size (Cglfjlnfgftgétt?gg tive adatom incorporation at the growing film _sgrfé&e. _
X-ray pole figure analysis revealed the initial Al film
8-; 8-;; 8-28 texture to be comprised of both random &id?) fiber tex-
0.3 0.27 0.85 ture components. The stroigl1) fiber texture development
0.4 0.36 0.87 is accomplished in the early stages of grotftivhen the film
0.5 0.37 0.90 evolves from nearly randomly orientédt 0.1 um thickness
0.6 0.50 0.91 to ~80% of the film volumeg111) fiber oriented(at 0.2 um
0.7 0.56 0.92 thicknes$. Thereafter only gradual textural improvements
8:2 8:?2 g:gg are possible as deposition proceeds up toudnmdthickness.

1.0 0.91 0.93 The grain size and Al111) texture results are listed in Table
l.
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The 5umXx5 um AFM topographs of Al films revealed
a varied surface morpholog¥ig. 2). The different features FIG. 5. 1DPSD spectrum for the 0.6m Al film, illustrating the three

can be identified as hillocks scattered randomly at averag&9imes of roughness, frequency independent roughness at low frequency
associated with hillocks, and the two self-similar constant slope roughness

separations larger than the grain _siz_e, QbViOUS grains aN@gimes at intermediate and high frequency. The transition frequencies be-
grain boundary grooves, and periodic ridge features withween the roughness regimes define the characteristic dimensionan@b

spacing smaller than the grain size but which extend uni€Dy. which represent the ridge spacing and grain size, respectively.
formly over the surface of individual grains. Similar surface
morphologies were found on all Al films thicker than 0.3
pm, with the ridge and hillock features missing below this
thickness, Fig. @). . . B o .
Cross-section profiles of the ridge structures, Fig. 3, in-fIImS yielded $=0.33, similar to thg OveralRRM§ behawor .
dicate that they grow in height but maintain a nearly constanfPServed here. However that previous analysis did not find
periodicity during continued deposition. The ridge spacing idhe two regimes ofRgys variation found in here, Fig. 4,
determined from measurement of the average peak-to-peeﬂ@ss'b'y because of the greater resolution in film thickness.
distance for each film thickness. The average ridge spacing 1&/€ note thatg=0.55 corresponds to a random deposition

e . O
approximately constant during film deposition fros0.3to ~ mode clq55|f|catloﬁ. _ _
1.0 um. A typical 1DPSD spectrum, Fig. 5, illustrates frequency-

The Reys values suggest relatively smooth surfaces andndependent roughness at long length scétes frequency,
indicate two regimes ORgys variation with thicknessRgys ~ With frequency-dependericonstant slope IDPSD magni-
is nearly constant or slightly decreasing for films less tharfude at smaller length scales indicating self-similar rough-
0.4 um thick but monotonically increases with thickness Ness at these higher frequencies. In addition films /38
thereafter(Fig. 4). The error bars in Fig. 4 result from the and thicker have two separate regions of self-similar constant
averaging of=10 scans. The OVeraRRMS dependence on Slope PSD behavior, Flg 5. The 1DPSD spectra have the
film thickness[Eq. (2)] yields 8=0.33, however if only Same form for all thicknesses greater than @2, indicating
Rrus data from films equal to and greater than @u® are generally similar behavior as film deposition proceeds.

analyzed,8=0.55. A similar analysfsfor as-deposited Cu The frequency independent 1DPSD roughness at low
frequency increases with thickness, Fig. 6. Given that the

range of length scale associated with this roughness is larger

6 than 1um, we ascribe this roughness to hillocks, evident in
s 1 Fig. 2, which are randomly situated and separated by several
1 grain diameters, and which obviously increase in height dur-
CRdl s ing deposition.

g 3| e I The 1DPSD magnitude at intermediate frequencies also
% e increases monotonically with thickness, Fig. 6. Conversely,
lFggE at the highest frequencies the 1DPSD magnitude initially de-
1L creases with thicknesébelow 0.3 um thick) and subse-

quently remains nominally constant with thickness. The tran-
0 ' : ’ : sition from high to intermediate frequency self-similar
0 02 04 06 08 1 roughness behavior, which defines COs approximately
Film thickness (1um) constant with thickness which indicates a surface feature

FIG. 4. Rgys average roughness determined from AFM scans as a functioﬁmth constant dimension. Note that the length associated with

of film thickness. TheéRgys initially decreases during the early stages of the t[he Chis apprc_;ximately e_qual to t_he measured ridge spac-
film formation but increases @gysath®®® from ~0.3 to 1.0um. ing for each thickness, Fig. 7, which is also constant with
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FIG. 8. Correlation between the measured equivalent diameter mean grain

-1 size and CIy which indicates that the grain size is the lower length scale
Frequency (um ) limit for the hillock roughness.

FIG. 6. 1DPSD spectra for the 0.1-, 0.3-, 0.6-, and @m8-thick Al films,
illustrating the generally increasing roughness at low and intermediate fre- | . . . L L . .
quencies with further deposition. distinguished by a bimodal grain size distribution. While the

strong Al (111) texture development is an obvious result of

surface and interfacial energy minimization, only mono-
thickness. We therefore associate the, @ith the within-  modal grain distributions were observed in the present re-
grain ridge spacing. sults. Also note that the development of a primary(A11)

Similarly, the transition point between the 1DPSD low fiber texture from an initial randomly oriented fitthwas

frequency roughness and the intermediate frequency selprevious found in as-evaporated Al films.
similar roughness defines a characteristic length,,,Cior During the early stages of deposition, proportionately
each thickness. We note that (¢and the mean grain size |arger portions of the film voluntd are swept by migrating
are approximately equal and vary similarly with thickness,boundaries which results in efficient AL11) texture devel-
Fig. 8. We therefore identify CPas the mean grain sizd,  opment. During this stage obviously many grains are elimi-
The correlations of Cpand CL to the ridge spacing and nated along with the contributions of grain surface structure
grain size, respectively, and their significance with respect taind boundary grooves to the overall roughness. Therefore
atomistic processes operating during film formation are disthe total roughnessRgys) decrease is a primary conse-

cussed below. quence of the grain growth process during deposition up to
~0.3 um in thickness. However as the film thickens rela-
IV. DISCUSSION tively smaller portions of the film are swept by migrating

The effects of grain size evolution during film deposition Poundaries, allowing roughening processes such as hillock
are evident on the variation of crystallographic texture and"oWth and shadowing to increase the total film roughness,
the Rrys roughness with thickness. Grain growth leads toRrws: Fig. 4. The contributions of surface diffusion to the
the rapid development of a primarily AL11) fiber oriented initial Rgyys decrease may be significant and will be dis-
film early in the deposition, where the grain boundary mo-cussed below: _ o _ _
tion is driven by curvature, surface, and interface energy AS noted earlier, the ridges maintain a consistent direc-
minimization forced* Surface energy minimization may tion within each grain, suggesting that they indicate a spe-

lead to the abnormal grain growth proc¥sshich is often cific crystallographic direction. Initial characterization has
not revealed a conclusive in-plane alignment of the ridges.

Given the predominant A(111]) fiber texture everil1l) ori-
1 ented grains are observed to maintain a ridge surface struc-
ture during deposition. Similar ridges in as-deposited Al
films have been previously observEchowever no descrip-
tions of explanation for their formation were provided. We
propose that the ridges develop in order to provide ledge
sites which can accommodate the rapid adatom incorporation
into the (111) surface¥’ which normally maintain a low de-
fect density'® A similar mechanism has been used to explain
the rapid development o5° misalignment of growing Si
(111) surfaces during high rate epitaxial growth.

The rates of roughness evolution for the three spatially
resolved regimes can be illustrated by plotting the 1DPSD
magnitude at specific length scalé=., inverse frequengy
FIG. 7. Correlation between the measured ridge spacing and thdaep @S @ function of thickness, Fig. 9. The low frequency “hill-
fined only for films 0.3um and thickey during film deposition. ock” roughness increases with thickness due to shadowing,
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10 g ——— — 10"2 or 10 * cn/sec yields a surface diffusion activation
- L ILLm . . .
1 lDPSD@O‘Sl-;lim energy value of 0.43 and 0.55 eV, respectively, similar to
{ W IDPSD@ium e values reported elsewhet®As shown above the roughness

at length scales smaller than the ridge spacing decreases with
- ] deposition, while the ridges increase in height. Thus it is
. reasonable to conclude that the stable ridge spacing repre-

T T
[ ]

[ 3 ]
>

0.1 sents the upper limit of the surface diffusion lengtly, for
° oo o Al surfaces under these deposition conditions. We also con-
. clude that surface diffusion contributes to tRgy,s decrease
0.01 in the early stages of film deposition, since the grain size in

this early regime is~0.1 um and is in the range of,.
The combined action of shadowing and surface diffusion
0.001 . et 11 during the deposition of columnar grained thin films was
0.1 ! reviously analyzet! for films deposited at similar tempera-
Thickness (LLm) b ot
tures, T/T,,<0.3. We have extended those characterizations

FIG. 9. Variation of the 1DPSD magnitude in the three length regimes; thtpy Cqmblnlng grain size E_ind texture ) m_easwe_ments with
low frequency hillock roughness is measured’0 um) %, the intermedi-  quantitative surface analysis, and by distinguishing the spa-
ate frequency is measured (@5 «m)*, and the high frequency roughness tially resolved regimes of thin film structure development.

is measured a0.1 um) . This analysis illustrates the interactions between surface
structure and microstructure evolution for sputter deposited
Al thin films under these deposition conditions, and allows
resulting in hillock growth at a rate exceeding the averagdhe identification of the processes such as grain growth and
deposition rate. We assume that surface diffusion cannot esurface diffusion which control different regimes of structure
fectively reduce the surface curvature at this length scalevolution during deposition.
under these deposition conditions. The mean grain size
p!aces a Iower limit on Fh.e size an.d spacing of h|_Iquk_s, SINC], ~ONCLUSIONS
hillocks are simply individual grains of height significantly
greater than the film thickness. Therefore frequency limit for ~ The evolution of surface morphology and microstructure
the hillock roughness is=1/d. However since the low fre- of sputter deposited polycrystalline Al films deposited on
guency roughness upper frequency limit was previously deamorphous substrates was characterized by TEM, x-ray, and
fined as (1/CR), we simply identify C[j as the mean grain AFM techniques. Al grain morphology remained columnar
size,d. during film growth, with the mean grain size increasing with
The high frequency 1DPSD magnitude decrease wittthickness asl a h%°. A primary Al (111) texture component,
thickness, Fig. 9, is also attributed to surface diffusion whichcentered~5° from exact fiber orientation, evolved from a
acts to reduce surface curvature. Note that the average ridgearly randomly oriented 0.4m-thick film into a well(111)
height increases during deposition, Fig. 3, while the ridgeextured 0.2am-thick film [0.80 Al (111) volume fraction,
spacing remains constant, indicating that the ridge spacing iwith gradual sharpening of the AlL11) texture during fur-
greater than can be significantly reduced by surface diffuther deposition.
sion. The ridge spacing thus serves as the upper limit of For the thinnest films the surface structure illustrated by
surface length(or equivalently, lower limit of spatial fre- AFM images shows uniformly rough features. TRgys av-
quency for the smoothing of surface profiles by diffusion erage roughness decreased during deposition in this early
along the surface. regime, from 0.1 to 0.3um, which was attributed to the
Previous analysfs:® examined the stability of surface effects of grain growth and surface diffusion. Film surfaces
perturbations against the smoothing effects of surface diffuthereafter are comprised of widely separated hillocks, grains
sion. Srolovitz, Mazor, and Bukieédefined a temperature- and boundary grooves, and within-grain ridges. Accordingly
dependent effective surface diffusion lengil,, such that the Rgyg increased with deposition g8=0.55 for thick-
surface wavelengths less thag are smoothed by diffusion nesses beyond 0,3m. Although grain growth is still occur-
while longer wavelength perturbations continue to grow inring, this roughening is due to shadowing of the arriving
height during deposition. Ay is defined as Ay, atomic flux leading to hillock growth and the increase in
= (47°D 0 N%e/K,T5J)Y? whereD =surface diffusivity, ridge height.
og=specific surface energy,{)=atomic volume, € Quantitative surface characterization by spatially re-
=number of atoms per unit are,,T=thermal energys  solved 1DPSD analysis identified three regimes of roughness
=atomic radius, and=volume rate of deposition flux ar- evolution during film growth. At large wavelengtlow fre-
riving per unit area. The surface diffusivity and activation quency the surface was characterized by frequency-
energy may be estimated by equating the ridge spacing ariddependent roughness which increases with thickness and is
the above expression fory. Using the appropriate values attributed to the growth of randomly scattered hillocks due to
for Al and the 300 K and Jum/min deposition conditions flux shadowing. At smaller wavelengtkisigher frequencies
results in a surface diffusivitp ;=5.7x 10" 2 cné/sec. Fur-  the 1DPSD spectra are characterized by two self-similar re-
ther, assuming the diffusion pre-exponently factor to be gions of constant slope. At intermediate frequencies the

1DPSD magnitude (nm?)
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