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Surface roughness and in-plane texturing in sputtered thin films
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Real surfaces are not flat on an atomic scale. Studying the effects of roughness on microstructural
evolution is of relevance because films are sputtered onto nonideal surfaces in many applications.
To this end, amorphous rough substrates of two different morphologies, either elongated mounds or
facets, were fabricated. The microstructural development of films deposited onto these surfaces was
examined. In particular, the development of a preferred crystallographic orientation in the plane of
growth in 400 nm thick Mo films grown on the rough substrates was studied using scanning electron
microscopy, transmission electron diffraction, and high resolution x-ray diffractisimg ¢» scans

in the symmetric grazing incidence x-ray scattering geometry with a synchrotron light sdtirce

was found that the degree of texturing was dependent upon the type of roughness and its orientation
during deposition. By limiting the average oblique angle of incident adatom flux, rough surfaces
slowed the development of in-plane texture. Comparison between experimental data and theoretical
predictions showed that a recent analytical model is able to reasonably predict the degree of
texturing in films grown onto these surfaces. 1®98 American Institute of Physics.
[S0021-897€08)07015-1

I. INTRODUCTION Il. THEORY

The majority of studies concerned with microstructural In-plane texturing has been observed when Mo films are
evolution during plasma vapor depositi®VvD) growth fo-  sputtered onto flat Si wafers under appropriate deposition
cus on films deposited onto very flat surfaces such as poparameteré.A (110 out-of-plane(or fiben texture initially
ished Si substratds® However, in most applicationf.e.,  develops(in the first 200 nmin these films. In-plane textur-
tribological films, anticorrosion films, thermal barriers, ing then evolves as grains of certain in-plane orientatiass
multilayer thin films, semiconductor devidesfilms are Selected by deposition geometrpvergrow other grains
grown onto nonideal, rough surfacé$.The role of this WhiCh. are ori_ented less favoraply. A recent an.alytilcal model
roughness on microstructural evolution during sputter depod€scribing this phenomena relies on a combination of two
sition is the focus of the work presented here. A methodolPhysical mechanismg1) anisotropic surface transport, and
ogy for creating two different types of roughness is de_(2) atomistic shadowing effects which occur with oblique

scribed, and the microstructures of films grown onto thesé‘d"’uon.1 mmdgncé. .
. ) . Anisotropic surface transport causes grains to grow
surfaces are examined. One aspect of film development, - ot

plane texturing, is used to quantify the role roughness plays er along a particular cwstallogra_phlc direction in .the
: ) . plane of growth. For example, Mo grains grow most rapidly
in altering the geometry of the deposition process.

. along their(100 axis and slowest in the110) direction. This

Severgl papers have described the de_velopme_nt of tY¥esults in grains which are elongatéd increasing degrees
tallographic texture in the plane of growth in PVD filrhs® as the films thickenalong their(100) direction®
An analytical model previously developed suggests that the | there is minimal surface diffusion, atomic shadowing
rate of in-plane texturing is related, in part, to the allowedgyecrs. Adatoms pile up on existing grains creating signifi-
angular range of incident adatom fliiRough substrates can cant void formation between those grafriéthe adatoms are
alter this parameter, since surface features having the appregpliquely incident onto the substrate, this shadowing effect
priate geometry and scale limit incoming adatom flux. Undefyiill also cause the adatom pile up to be more efficient in one
these circumstances, the rate of in-plane texturing should dén-plane direction over any other. In particular, adatoms will
crease. This article describes work done to explore this posontribute most efficiently to in-plane formation in the direc-
sibility by first modeling and then experimentally testing thetion normal to the projection of the flux vector onto the plane
dependence of in-plane texturing on two kinds of surfaceof the substrate. This is the in-plane direction of highest ada-
roughness. tom capture efficiency. Minimum capture efficiency is in the
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direction parallel to the projection of the incoming flux angular adatom surface normal
vector. flux range
: : . a) S =23
When both shadowing and anisotropic surface transport G flat surface Oleff = 23
conditions exist concurrently with oblique adatom flux, those
grains whose crystallographic fast in-plane growth direction flux range I I 11
corresponds to the highest adatom capture efficiency direc-

tion will compete favorably during depositidnEventually, b) ',;f;{‘j,fg:e““&eff: 17"
only those grains that nucleated with their fast crystallo-
graphic growth direction aligned with the direction of high- I I I

est adatom capture efficiency due to shadowing will survive.
Mathematically, the total in-plane growth rate in a par-
ticular directiony (polar angle is given as the product of

two prObabi“tieS:V(aeﬁ’ )' which accounts for the shadow- FIG. 1. Schematics showing the angular range of incident adatom flux for a
!ng affect, an.d'U“(X)' WhICh. reflect_s the_ |n?plane growth an- (@) flat surface,(b) surface consisting of hemispherical mounds, &od
isotropy. aer is the effective oblique incident adatom flux surface consisting of sharp facets. Three different cases, I, II, and I, are
angle. The in-plane growth rate for a grain crystallographi-given in (b) and(c) to illustrate how the degree of shadowing depends on
caIIy oriented with its fast gI’OWth direction at an angte surface location. Calculated values feg; are given for each case; surface

. . . . . roughness causes the average effective incident angle of adatom flux to
W|t_h_respe<_:t to the direction of highest shadowing capturg, ease.
efficiency, is then

facets Oleff = 19

g(aef‘f!/\/!d)):V(aeffIX)u(X+¢)'7 (1)

The total in-plane growth rate for any grai@(«a,¢), may ogy is rough, however, the range of allowed adatom flux
be calculated by integrating( ees,x, ) over x. becomes constrained over much of the surface and the aver-
The evolution of in-plane texture over time can then beagea will decrease. Figures.(ft) and 1c) show the shad-
calculated using the formula owing present at three different locations on surfaces consist-

£( 1,00 G (rar b1 ing of either he_mispherical mounds or facets. A nqnweig_hted
(¢ t)= L : e 2) average Ofaf is calculated to be 17° for the hemispherical
2if(41,00G (e, #1) mounds and 20° for the facetsvhich, in this case, have
wheref(¢,t) is the areal fraction of grains with an in-plane faces which are inclined 60° with respect to the plane of the
crystallographic orientatior at timet (which represents an substratg
incremental step in depositinn The sensitivity of in-plane texturing ta.s is shown in
a is Of interest because rough surface features can I0Fig.- 2. The areal fraction of grains with particular in-plane
cally limit the angular range of adatom flux, thereby chang-Crystallographic orientationg are calculated using Eq2)
ing a.¢ and the rate of in-plane texturing. is defined as and are plotted for severale values. In this case,=125,
the arc cosine of the ratio of the slow to fast in-plane capturé@nd corresponds to & 400 nm thick film. For highefe
probabilities due to shadowing. The shadowing capture probvalues, grains with favorable in-plane orientations overgrow
ability in a particular in-plane directiory, is calculated by other grains more rapidly. In general, the sharper the maxima
integrating the product of the angular cathode flux distribu-around ¢=0, the higher the degree of in-plane texturing.

tion and the surface atom capture range aver The model predicts that, due solely to geometrical con-
straints, there is a significant difference in in-plane texturing
p= famax(flux distribution) between a film grown on a flat substrate and an identical film
@min grown on a surface consisting of hemispherical mounds or
X (adatom capture rangea. (3 facets.

Normal to the flux vector in the plane of growth{, the

adatom capture range ig Awherer is the adatom radius.
Parallel to the flux vector, wherevf), the capture range is
given by 2 +2r cos(). The flux distribution is assumed to

0.3
0.25

- ) tlat:surtace
be coda, and has been determined experimentally 021 g Oerr =2
.. . . acets . e
elsewheré. Based on the definitions given above,; may Oteff=1974~ §\
’ . Oegr= 15°

be calculated using

0'1 oy lldb
005”/./-; Gerr= 17" k

e

Vs( @min» ¥max)

v¢( @min s ¥max)
where the only relevant variables are the maximum and 0 45 9¢0 135 180

minimum angle of incident adatom flux in E(B).
FIG. 2. In-plane texturing as modeled in~a400 nm thick film (t=125

I a film is deposited onto a flat surface, can range iterations. ¢ is the angular deviation between a grain’s fastplane crys-

from —90° to _90? everywhe_re- In this casey; is calculated  5)i0graphic growth direction and the direction of highest capture efficiency
to be 23°, as indicated in Fig(d). If the substrate morphol- due to shadowing.

S (4)

b Olefr = 29°

areal fraction grain orientation
=
@

QAefi= arcco%
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s — H FIG. 4. Schematic of the ion-bombardment step.
05 um

roughness consisting of hemispherical mounds, a Gatan™
dual ion mill (using Ar as a sputtering gasvas used to
round off the existing surface facets. The samples were not
rotated during bombardment and the direction of incoming
ion flux was parallel to the direction of grain elongation.
Figure 4 is a schematic of the milling procedure. The circular
area of bombardment Ha 3 mmdiameter, as defined by the

%D ion mill sample holder.
B eofoR — Figure 5 shows an atomic force microscagd-M) im-
o OF e age of a typical surface after 10 min of bombardment at a
- 10° incident angle, a potential of 5.5 kV, and a sample cur-
° horizontal distance (um) rent of 0.5 mA. The attached plot shows a cross section of
c) oty | the surfacdthe survey area is indicated by the white Jin&
n; n’& series of nominally hemispherical mounds, whose radii vary
S from 40 to 60 nm, are evident. The relative height of the
0.5 um surface features vary with respect to each other and stay

within +/—60 nm.
FIG. 3. Comparative images showing the surface morphology of a ~ 1he experimental surfaces, both milléthounds and

~2.4 um thick Mo film: (&) plan-view SEM,(b) AFM (the profile plotisa  unmilled (facets, were covered with a thin laydiess than
cross section taken from the area indicated by the white, laved(c) cross- 20 an‘) as determined using cross-section transmission elec-

section bright-field TEM. tron microscopgTEM) of amorphous carbon using a stan-
dard carbon evaporatdthe image in Fig. 5 was collected
after the carbon layer was appliedlhis negated the possi-
A. Initial surface bility of a crystallographic inheritence from the initial Mo

To create well-defined, repeatable amorphous rough suilm subsequent film growth.
strates, the existing morphology found on thickZ.5 .m) . -
sputtered Mo films was modified. The microstructural andC: Film deposition
crystallographic evolution observed in these films is dis-  Figure §a) is a schematic showing the deposition geom-
cussed elsewherfeThe surfaces of these films consisted of etry used for all films described in this artidiecluding the
elongated faceted grains. Figuregy3and 3b) show a plan- Mo underlayey. Substrates rest on a platen which rotates
view scanning electron micrograph and an atomic force mi-
crograph(studied using a Digital Instruments atomic force
microscope in “tapping” mod®) images of a~2.4 um Mo
film grown on a flat(100) Si wafer(with native oxide. Fig-
ure 3c) shows a cross-section bright-field transmission elec-
tron micrograph. The elongated columnar grains display a
“picket-fence” like cross section, where there is significant
void formation between large grains-0.1um in width)
which end in pointed facets. This surface morphology is con-
sistent throughout the substrate and is reproducible from
deposition to depositior{provided that all conditions are
held constant These films were sputter depositguanar
magnetroh, at room temperature, in 10 mTorr of Ar, at a
cathode voltage and current of 360 V and 1.3 A for 2 h. The
base chamber pressure wag x 10~ ¢ Torr and the deposi-
tion rate was~20 nm/min.

lll. EXPERIMENT

(<3
o

o

o
o

0.2|5 04I5 0.75
position (um)

relative height (nm)

B. Roughened substrates
. . FIG. 5. AFM image of a~2.4 um thick Mo film surface after ion bom-
The surface morphology found on the thick films de-pargment and subsequent carbon coating. The white line indicates the

scribed above served as new faceted substrates. To creat@asnple area used in the profile plot.
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electron microscopyTEM), transmission electron diffrac-
tion (TED), and high resolution x-ray diffraction. An Hitachi
S-800 field emission SEM was used with its accelerating
potential at 7 kV and its sample distance set to 5 mm, allow-
ing for resolved images to be recorded at magnifications of
20 000x to 40 000<.

Further examination was accomplished using a JEOL
2000 TEM (accelerating voltage200 kV). Plan-view TEM
samples were created by cutting the substrates into 3mm
discs, mechanically thinning them from the back, and chemi-
cally etching them to perforation with a HN®F:
CH;COOH mixture(3:5:3 ratig. Only the top 100—1000 A
of the depositedexperimental film remained in electron
transparent areas of the sample. TED was performed using
the JEOL 2000 to qualitatively analyze texturing. All diffrac-
tion patterns were recorded from a defined area of equal size
in each of the samples using a selected area aperture.

direction In-plane texturing in the experimental films was studied

FIG. 6. Schematic of the experimental deposition syst@nchamber ge-  USING high resolution grazing x-ray diffraction on beamline

ometry, and(b) substrate orientation during deposition. 7-2 at SSRL(operating nominally at 3 GeV and 100 mA at
fill). The use of synchrotron radiation was necessary because

traditional pole figure analysis would include diffraction

beneath a 4 planar magnetron cathqde. The substrates arg,n the thick, highly textured, Mo underlayer. A grazing

exposed to a full 180° range of flux in the plane parallel 0 cidence geometry combined with high intensity x rays al-

the|r Q|rect|on of rotation. In the plane n(_)rmal to rotatlon_ lowed for only the topmost layers of the experimental films
direction, however, the angular flux range is much less. Thi . . ; ) T
0 be examined. Phi scans in the symmetric grazing inci-

fi i i kinth f th - . ;
con guration _prowdes a break in the gymmetry 0 the depodence x-ray scatterin@s1XS) geometry allowed for sections
sition. There is, on average, more oblique flux in one plane i
f complete pole figures to be collected.

over any other, which creates an in-plane adatom captur% Al les for thi d 3 di f h

anisotropy due to shadowing as described in the theory sec- samples or this stu y Were 5 mm discs CUI, rom the
tion. The direction of highest in-plane capture efficiency isS“bStr"’}te using an uItrasonlg cutting deyme. This allowed
normal to the direction of rotation. those films which were deposited onto milled rough areas of

400 nm thick Mo films were sputtered onto the rough-P€ isolated. The Bragg conditions for the Ma0 [or
ened surfaces under the same deposition conditions used (001" peak was identified for each sample, and were nomi-
grow the initial Mo layer(see in Sec. IV A The elongated nally at 26=32.38[46.4 for (200] for monochromatic x
features in the substrates were aligned perpendicular to tH@ys of wavelength 0.124 niti0 keV). I, had an incident
rotation direction to expose their rough cross sections to tha@ngle «=0.107° (=10°, y=2.1°), giving a penetration
full range of adatom flux, as modeled. Other substrates werdepth of~17 nm. The divergence of the beam was 0.2 mrad
aligned such that their elongated features were parallel to thezertica) by 3 mrad(horizonta). 1 mm by 1 mm slits de-
rotation direction. This provided a flat cross section in thefined I, and 1 mrad Soller slits limited the vertical diver-
plane parallel to substrate rotation: the averaggis ~23°  gence of the diffracted bearh, doses were measured by a
in this direction despite the presence of rough surface feascintillation detector located before the incident beam defin-
tures. Films were also deposited onto a fla80) test-grade ing slits. X-ray detection was accomplished using a Ge de-
substrate(with native oxide. Figure &b) shows substrate tector (liquid nitrogen cooletl A computer-controlled four-

alignment during deposition. All experimental films were de-cjrcle 5020 Huber diffractometer was used for sample
posited simultaneously. manipulation.

To test the effectiveness of the native oxide/amorphous
layer, a 400 nm thick film was deposited onto a faceted sur
face which had no oxide or amorphous surface layer.
heavily faceted~2.4um film was grown and left in the

All diffraction patterns were collected in the “dose”
mode to eliminate intensity fluctuations due to beam insta-
Ailities. To guarantee that all scans were collected under the

. ame alignment conditions, bott® 2nd « were rocked over
evacuated sputter chamber for 18 h to consider the role A ei . ; - .
. . " . " eir theoretically ideal positions before each scan to verify
residual impurities. A 400 nm experimental deposition was . . . .
: : ”» that optimal diffraction conditions were met.
then performed without exposing the deposition surface to ;
The samples were rotated about their surface normals
oxygen(or carbon. . ) .

(through®) during data collection and the resultidgscans
can be compared to the theoretical plots shown in Fig).2
The diffracted intensity at ang is directly proportional to

The microstructure of the experimental films was studiedthe fraction of grains which have that particular in-plane ori-
using scanning electron microscog$EM), transmission entation.

D. Analytical methods



1350 J. Appl. Phys., Vol. 84, No. 3, 1 August 1998

A

AR

:nn,“‘\\'

0.5 um

-

Direction of rotation

FIG. 7. Plan-view SEM images of 400 nm thick Mo films grown in iden-
tical conditions onto(a) elongated mounded surface parali®IP) to the
rotation direction(b) elongated mounded surface norn@slN) to the rota-
tion direction,(c) flat, as received Si wafefd) elongated facets either par-
allel or normal to the rotation directiorte) faceted surface which had no
amorphous layer.

Whitacre et al.

IV. RESULTS AND ANALYSIS
A. Scanning electron microscopy

Figure 7 shows plan-view SEM images of thel00 nm
experimental films. When the direction of mound elongation
was parallel to direction of substrate rotation during deposi-
tion, the mounds paralldMP) case @.+=23°), there was
visible granular alignment in the direction normal to the sub-
strate motion. If the mounds were oriented normal to the
direction of rotation, mounds norm@MN, a.4=17°), less
granular order is observed. Figuré&c)yshows the surface of
the ~400 nm film deposited onto a flat Si wafewd;
=23°). Some granular organization is evident, though it is
less than that observed in the MP case. Figud % an
image of the same growth on the amorphous faceted surface
(FN) case, wherex.4~20°. There is little discernible granu-
lar order in the plane of growth. However, the macroscopic
surface morphology appears to be rough: there are small
equiaxial mounds or clumps which are composed of smaller
grains. The facets parallel cageP) appears to be identical to
the FN case.

Figure 7e) shows an image of the surface morphology
for the ~400 nm film deposited onto a faceted Mo surface
which was not covered with any amorphous material. The
grains are much larger and display a considerable degree of
alignment with each other.

For the films grown on mounded substrates, a rounded
surface morphology is evident after film growth. There is a
considerable difference between the size of the mounds on
the film surface in comparison to those observed on the
original substrate. The spacing on the initial roughened sur-
face (from Fig. 9 is ~80 nm, whereas it is-200 nm at the
surface of the experimental film.

B. Transmission electron microscopy

The degree of in-plane texturing for localized areas was
studied using TEM and TED. Figure$aB—8(e) show bright-
field TEM images with corresponding TED patterns. There is
observable in-plane texturing for the MPig. 8@a)] caselas
attested to by localized diffracted intensity in tteLO) dif-
fraction ringl. No such crystallographic order exists for the
MN [Fig. 8b)] or FN (also FB [Fig. 8(d)] case. As expected
from previous studieSthere is observable in-plane texture in
the film deposited onto a flat substrékgg. 8c)]. The group-
ing of the diffracted intensities in the diffraction pattern in
this case is similar to that found for the MP film. Much more
in-plane texturing is found in the film grown on the crystal-
line faceted surface, as shown in FigeQ

C. X-ray diffraction

Figure 9 shows the diffraction patterns collected. The
scans of the films grown on the MP and ffasubstrates are
almost identical, whereas the scan of MN and FN films show
a decrease in intensity and spreading of the diffraction peak,
indicating a decrease in in-plane texturing.
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FIG. 9. Symmetric GIXS¢ scans collected in th€l10 Bragg condition
taken from the top~17 nm of films which were grown on rough substrates
consisting of(a) elongated rounded mounds, afi) elongated facets. The
orientation of these features during deposition is indicated.

There is no discernible difference in texturing between
the films grown on the amorphous faceted surfaces oriented
normal (FN) and parallel(FP) to the rotation direction. Fig-
ure 11 shows this comparison.

V. DISCUSSION

It must be established that the amorphous layer of
evaporated carbon was effective in preventing the Mo under-
layer from crystallographically influencing the experimental

FIG. 8. Plan-view bright-field TEM and corresponding selected area TEDfilms. There is clear evidence to support this. There is a

images for~400 nm thick Mo films deposited ont¢a) elongated mounded
surface paralle(MP) to the rotation direction(b) elongated mounded sur-
face normalMN) to the rotation direction(c) flat, as received Si wafe(d)
elongated facets either parallel or normal to the rotation direct®rfac-

eted surface which had no amorphous layer.

Little difference was found between tli£10 and (200
¢ scans. Figure 10 shows this comparison for the MN case.
The data points on these two curves are largely within ex- 200
perimental error of each other. Data collected using 11€)
Bragg condition was used for further analysis due to its sig-

1000

900 i s &%

7 ., ATy

: B A

< 700 5 #

Z 600 5% #l]

2 kf* 1 I

‘s 500 f;&l é;l

£ .y h;&l&

2 400 ¥ To74

2Ot ~ e
306

-90 -45 0 45 90

¢

nificantly greater intensitycreating less uncertainty in the rig. 10. Comparison betwe00) and(110) GIXS & scans taken from the

datg.

top ~17 nm of the film grown on the MN case substrate.
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FIG. 11. Comparison between the degree(dt0 in-plane texture for K

~400 nm Mo films grown on the two orientations of roughness consisting 600 \>/;_§§ a'}\\
400 M 5
k3
i %

of amorphous elongated faceted surfaces.
- ——ler = 18° =
200 c

significant difference in in-plane texturing between identical

c
films grown on similar rough substrates with and without ) ﬂé\ FN

relative intensity (counts)

carbon layer. Without an oxide/carbon coating on the faceted 800 AR TTTER N
substrate, the 400 nm experimental layer displayed signifi- A gy Gt =19
cant in-plane texturing. The same film grown on a coated 600
faceted surface had much less in-plane textufiegs than 5
that found in films grown on flat, amorphous, silicon oxide 400 '"&g%ﬁ
substrates EZ N ety = 20°

Because the substrates were not able to have any direct 200
crystallographic influence on the experimental films, all dif- d) o= 23° ##%5 flat
ferences in in-plane texturing must have been due only to 800 \‘@ 3
substrate surface morphology and its orientation with respect 600 4( %
to deposition geometry. SEM, TEM, and TED qualitatively Aﬁ >
show this. The highest degree of granular alignment, and 400 ;
in-plane texturing, was observed in the MP case. The MN, M
FN, and FP cases showed less texturing than that observed 200 g
for identical films deposited onto flat substrates. This effect 0
was predicted in the theory section, where a decrease in the -90 -45 0 45 90
averagex for rough surfaces was calculated and correlated o

to a decrease in-plane texturing.
The x-ray data may be fit to the mathematically gener-FiG. 12. Theoretical fits of experimental data. Shown are both predicted and
ated diffraction patterns introduced in the theory sectionbest fit(via manipulation ofa.q) of the (110 GIXS ¢ scans. The-400 nm

Figure 12 shows this. The theoretical curves were multipliedhiCk Mo films were deposited onto roughened substrates oriented with
) their: (a) elongated rounded mounds parallel to rotatidb) elongated

by a_ Scale_lr and _Offset Vemca"§a minimal adJUStmemto rounded mounds normal to rotatiof) elongated facets parallel or normal
obtain optimum fit. For the flat surface.s=23°, as it must to rotation, andd) flat surface.

be to accommodate the deposition onto flat substfates.
=25° for the MP casd2° increase from predicted valye
18° for the MN casg1° increasg and 19 for FN and FP In the theory section, it was assumed that the shape of
case(1° decrease Figure 13 shows the sensitivity of the the macroscopic surface features are constant during film de-
fitted plots. Thea=17° curve is applied to the data from velopment. It has been shown experimentally that the fea-
the film grown on the flat substrater{z=23°). The uncer- tures on the mounded substrates increase in size by a factor
tainty of the data points is too small to account for the the-of ~2 but keep the same basic morphology as that found on
oretical plot, indicating that the predictions may be experi-the substrate. This sort of “mound competition” has been
mentally resolved. predicted for amorphous films deposited onto roughened
The modeled curves were within2° a4 to the actual  surfaces>'®* The modeling work done by Bales and
data in all cases. This is reasonable, as the actual rough sitangwill*® is relevant to the films grown in this experiment
faces were only approximations of the perfectly hemispheribecause we observe shadowing effects which take place as a
cal and faceted morphologies modeled. The 2° increase iresult of rough surface features which are much larger than
aq Observed for the MP case, however, may not be exthe nucleating and developing grains. Two levels of shadow-
plained using the ideas presented in this article alone. Furthéng occur: macroscopic effects due to the rough substrate
discussion of this increase in in-plane texturing will be foundfeatures and microscopic effects due to the roughness created
in future publications. by individual grain formation.
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1000 T In summary:

Well defined amorphous rough surfaces consisting of
hemispherical mounds or facets were created.

A decrease in the rate of in-plane texturing was pre-
dicted and observed in films deposited onto these surfaces as
compared to films grown under identical conditions onto flat
surfaces. The critical variant in the experiment was the
roughness of the cross section exposed to a full angular range
of adatom flux. Rough features limited the average angular

800

600

400

relative intensity (counts)

200
range of adatom flux, thereby decreasing the rate of in-plane
0 texturing.
-90 -45 0 45 90 If the elongated mounds were oriented parallel to rota-
o tion during deposition, the in-plane texturing rate was found

to increase. This phenomena is a subject for continued study
FIG. 13. Plot comparing the best-fit theory curves faf=17 and aqq and will be described in a later publication.
=23 with diffraction data collected from the tep17 nm of the experimen- The rounded substrate morphology was found to persist
tal film deposited onto the flat substrahere ae=23). through the thickness of the experimental films, though the
scale of these features was found to increase. No such be-
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