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Niobium films were deposited by physical vapor deposition~PVD! and ion-beam-assisted
deposition~IBAD ! using ion energies of 0, 250, 500 and 1000 eV, andR ratios~ion-to-atom arrival
rate ratio! of 0, 0.1, and 0.4 on~100! silicon, amorphous glass, and~0001! sapphire substrates of
thickness 50–1000 nm. Besides a$110% fiber texture, an in-plane texture was created by orienting
the ion beam with respect to the substrate. The in-plane texture as measured by the degree of
orientation was strongly dependent on both ion-beam energy and theR ratio. In fact, the degree of
orientation in the films followed a linear relationship with the energy per deposited atom,En . The
grain structure was columnar and the column width increased with normalized energy. The surface
morphology depended on both the normalized energy of the ion beam and the film thickness. All
films had domelike surface features that were oriented along the ion-beam incident direction. The
dimension of these features increased with normalized energy and film thickness. Surface roughness
also increased with normalized energy and film thickness, with the root-mean-square roughness
increasing from 1.6 nm for the PVD sample~100 nm thick! to 36.7 nm for the IBAD film~1000 eV,
R5 0.4, 800 nm thick!. Both the surface morphology evolution and in-plane texture development in
these films were the result of the different ion sputter rates among differently oriented grains.
© 1997 American Institute of Physics.@S0021-8979~97!09309-2#
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I. INTRODUCTION

Texture in thin films has been found to greatly influen
the performance of the materials in many applications s
as microelectronics and metal/ceramic multilayer structu
systems. In microelectronic applications, the different text
in aluminum thin films used as interconnects in integra
circuit ~IC! devices causes a difference in strength and
influence hillock formation and electron migration and, th
system reliability.1,2 In metal/ceramic multilayer systems,
textured metal layer affects not only the layer propert
~strength and ductility! but also the interface properties~ori-
entation relationships and interfacial toughness!. Both the
metal layer properties and the interface properties are
parameters that control the fracture toughness of
multilayer.3

Energetic ion bombardment during film deposition h
been found to have a pronounced effect on both the fi
texture and the in-plane texture,4 and there are several mod
els to explain the development of texture in ion-bea
assisted deposition~IBAD ! films. Dobrev5 and Van Wyk and
Smith6 both suggested that grains with easy channeling
rection aligned with the ion beam will remain coolest in t
thermal spike, serving as ‘‘seeds’’ for recrystallization of t

a!Electronic mail: hongji@umich.edu
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surrounding matrix. This model is based on experiments
high ion energy~tens to hundreds of keV! and assumes tha
ion-beam-induced grain growth occurs during deposition.
a result, equiaxied grains with larger grain size form in t
films, accompanied by a smooth surface. Bradleyet al.,7,8 on
the other hand, developed a model to explain the deve
ment of preferred orientation due to low-energy ion bo
bardment during film growth. This model is based on the f
that different crystallographic orientations have differe
sputter yields. In a polycrystalline film, grain orientation
with higher sputter yields are removed faster by sputteri
The newly deposited layer grows epitaxially on grains w
low sputter yield orientation, and these grains will eventua
dominate the film. Low-energy ion bombardment usua
causes a rough surface due to the difference in sputter r
for different grain orientations. It is obvious from both mo
els that the microstructure and surface morphology of
films will also change as the crystallographic texture is d
veloped. In applications specific to microelectronics a
multilayer structural systems described earlier, texture,
crostructure, and surface morphology are very important f
tors in the overall performance of the films. However, litt
work has been done to relate texture development to mi
structure and surface morphology in films deposited
IBAD.
81(10)/6754/8/$10.00 © 1997 American Institute of Physics
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The purpose of this work is to control the in-plane te
ture in the niobium films by ion bombardment during fil
deposition, to examine the effect of normalized energy of
ion beam and film thickness on the degree of texture, mic
structure, and surface morphology of the films, and to und
stand the mechanism that controls the development of b
the texture and surface morphology of thin films under
bombardment. Following is the approach for controlling
plane texture in niobium films.

For bcc films like niobium, a$110% fiber texture is gen-
erally observed with the close-packed planes parallel to
surface of the substrate to minimize the surface energy
illustrated in Fig. 1~a!, with ^110& parallel to the surface nor
mal, the two easiest channeling directions^111& and ^100&
make angles of 35.26° and 45° with the surface normal,
spectively. In the case of a 45° incident ion beam, gra

FIG. 1. Schematics of~a! crystallographic structure of niobium film with
$110% fiber texture and̂100& parallel to ion-beam direction, and~b! pole
structure of niobium films with strong in-plane texture as modified by
bombardment during film deposition.
J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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with ^100& channeling direction aligned with the ion bea
will dominate the film, and therefore, the^110& in-plane di-
rection is expected to be parallel to the ion-beam project
on the substrate. An ion-beam incident angle of 35.26°,
the other hand, will favor the growth of the grains with^111&
direction aligned along the ion beam, so that the^100& in-
plane direction is parallel to the projection of the ion bea
on the substrate. In this work, we chose an ion-beam incid
angle of 45° to produce an in-plane texture with the^110&
direction parallel to the ion-beam projection on the substra
However, the tilt angles from film surface normal~^110& di-
rection! for the ^100& and ^111& channeling are 9.74° apar
and the ion-beam source has a divergence of about
Therefore, an ion-beam incident angle of 50° was chose
avoid the mixed effect from̂100& and ^111& channeling.

As illustrated in Fig. 1~b!, films with strong in-plane
texture modified by ion bombardment at 50° should have
following features in their$110% and $200% pole figures:~i!
for the $110% pole figure, in addition to the center pole~fiber
texture!, there are four poles at a tilt anglef560° ~on the
30° ring! and the azimuthal angles between them are 70.
and 109.47°, respectively;~ii ! the $200% pole figure has two
poles with a tilt anglef545° ~on the 45° ring! that bisect
the 109.47° azimuthal angles on the$110% pole figures. On
the contrary, an absence of in-plane texture in films w
$110% fiber texture results in~i! a $110% pole figure with an
intensity maximum at the center and a second intensity m
mum on the 30° ring~tilt angle f560°! with uniform azi-
muthal intensity; and~ii ! a $200% pole figure with uniform
azimuthal intensity on the 45° ring. Here, the$200% pole
figure is used instead of$100% pole figure because the struc
ture factor of the$100% diffraction for a bcc crystal is zero.

II. EXPERIMENT

Niobium films were synthesized in an ultrahigh vacuu
~UHV! chamber by vapor deposition with simultaneous i
bombardment~IBAD !. The system~Fig. 2! consists of two 6
kw electron gun evaporating sources with a 15 cc wa
cooled copper hearth. The electron beam has steering
sweeping capability to control the e-beam coverage on
charge and, hence, the uniformity of the vapor source. T
Cryo-Torr 8° cryopumps provided a base pressure
2310210 Torr prior to deposition. An ion gauge and a r
sidual gas analyzer~RGA! were used to monitor the tota
pressure in the chamber as well as the partial pressur
various components. Argon ions were used in all IBA
depositions. The ion beam was provided by a 3 cmKaufman
source with ion energy up to 1000 eV. The angle betwe
the ion flux and the vapor flux was fixed at 45°. Argon g
flow was typically around 1.50 sccm, which corresponded
an argon partial pressure of 13105 Torr in the chamber,
controlled by a gas flow controller. The partial pressure
other components such as air, oxygen, and water were a
the low 10210 Torr range during deposition, which ensure
low contamination in the films. The deposition rates of t
two vapor sources were monitored and controlled by t
quartz crystal thickness monitors located directly above
hearths, respectively. The ion flux was measured by a F
day cup attached to the end of the copper block sam
6755Ji et al.
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holder. The angle between the substrate surface normal
the ion beam, hereafter referred as the ion-beam incid
angle, was varied by rotating the sample block. A load lo
pumped by a turbopump and a mechanical pump is separ
from the main chamber by a gate valve, allowing sam
interchange without breaking the vacuum in the main cha
ber.

Depositions were made onto~100! silicon, ~0001! sap-
phire, and amorphous glass. The substrates were cle
with acetone and methanol prior to introduction to the cha
ber. Samples used for the texture study were also spu
cleaned with a 500 eV Ar1 ion beam at a current o
160mA/cm2 for 6 min prior to deposition. The depositio
rate for all experiments was kept close to 0.5 nm/s. Exc
for one sample that was deposited without ion bombardm
~PVD!, all samples were bombarded with an Ar1 ion beam
with energy between 250 and 1000 eV and ion flux betw
4.83 and 193.0mA/cm2. The ion-beam incident angle wa
50° from the substrate surface normal. All depositions w
performed at ambient substrate temperature. Niobium fi
on different substrates with the same deposition conditi
~ion energy andR ratio! were deposited at the same time.

FIG. 2. Schematic of the UHV system used for IBAD.
6756 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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Thickness was monitored and controlled by quartz cr
tal thickness monitors during the deposition, and measu
using a Dektak3 profilometer. The thickness for all t
samples ranged from 50 to 500 nm. Rutherford backsca
ing spectrometry~RBS! was used to determine the compos
tion of the films. No impurity other than argon, incorporat
from the ion beam, was observed by RBS. The argon le
was zero in the PVD film and increased with ion-beam e
ergy andR ratio to a maximum of 5–6 at. % for the IBAD
film deposited at an ion energy of 1000 eV and aR ratio of
0.4. The oxygen content of the films was measured
nuclear reaction analysis~NRA! using the16O(d,p)17O re-
action with a detection limit of 700 at. ppm. The oxyge
level in all the films was less than 1 at. %.

Morphological features of the as-deposited surface
cross section of the niobium films deposited on~100! silicon
substrates were examined by a JOEL JSM-6400 FV fie
emission scanning electron microscope~FESEM! operated at
an accelerating voltage of 4 kV. Cross sections were
tained by cleaving the niobium films on silicon substra
along the ion-beam direction so that the cleaved surfac
parallel to the ion beam. Surface roughness was measure
films deposited on~0001! sapphire substrates by atom
force microscope~AFM! in tapping mode using a Digita
Instrument NanoScope III. The crystallographic texture
the niobium films on both~100! silicon and amorphous glas
was characterized by Schulz’s x-ray pole figure method.
ing CuKa radiation, the intensities of the$110% and $200%
Bragg diffraction peaks were measured at Bragg anglesu
5 38.2° and 2u 5 55.1°, respectively, over a range of ti
angle,f, from substrate normal to 70° from normal. The da
were taken over the full range of azimuthal angle,a, from 0°
to 360°.

III. RESULTS

A. In-plane texture

Table I summarizes the deposition conditions for t
samples used for texture study. Figures 3 and 4 show
$110% and $200% pole figures for niobium films deposited o
~100! silicon substrates under two different conditions: PV
~Fig. 3!, and IBAD atE51000 eV,R50.4 ~Fig. 4!. It should
be noted that the ion-beam incident direction was at a
angle of 50° from substrate surface normal and an azimu
angle of 0°.

Both PVD and IBAD samples have intensity maxima
the center of the$110% pole figures. Additional maxima ap
pear on the 30° ring as indicated in Figs. 3 and 4. For
TABLE I. IBAD deposition conditions of various samples used for texture study.

Sample
ID Substrate

Beam energy
~eV! R ratio

Normalized
energy~eV/atom!

Film thickness
~nm!

1 ~100! Silicon 0 0 0 490
2 ~100! Silicon 250 0.1 25 691
3 ~100! Silicon 500 0.1 50 737
4 ~100! Silicon 500 0.4 200 562
5 ~100! Silicon 1000 0.4 400 828
6 Glass 1000 0.4 400 828
Ji et al.



lly
ty
o
u
e
pa

ity
y
t
a

e

ro

it

um
am

e-
or-
res
V,
or

mon
di-

ure.
m-
osi-
en-
us

V,
am
the

re-

,
f
s of
es

n

t

t

os-
PVD sample, the intensity on this 30° ring is azimutha
uniform. The IBAD sample has four distinct intensi
maxima at preferred azimuthal directions on the 30° ring
the $110% pole figure. The azimuthal angles of these fo
intensity maxima are 47°, 117.5°, 227°, and 297.5°, resp
tively, corresponding to two different azimuthal angles se
rating the four intensity maxima, 70.5° and 109.5°.

The$200% pole figure of the PVD sample has an intens
maximum on the 45° ring. For the IBAD film, two intensit
maxima, identified as$200% poles, occur on the 45° ring a
azimuthal angles of27.5° and 172.5°. These two maxim
also bisect the two larger angles~109.5°! between the$110%
poles in the$110% pole figure. The results for IBAD niobium
film deposited on amorphous glass substrate are the sam
for the ~100! Si substrate, Fig. 5.

To measure the degree of in-plane texture, we int
duced a quantityD ~intensity ratio!:

D[I avg
30°/I 0°, ~1!

whereI avg
30° is the average intensity of the four$110% poles on

the 30° ring andI 0° is the intensity of the center$100% pole.
Figure 6 shows that the intensity ratio increased linearly w
the normalized energy of the ion beam.

B. Surface morphology and microstructure

The surface morphology of the as-deposited niobi
films varies with both the normalized energy of the ion be

FIG. 3. $110% and $200% pole figures for PVD niobium film deposited o
~100! silicon substrate.

FIG. 4. $110% and $200% pole figures for IBAD niobium film deposited a
1000 eV,R50.4 on~100! silicon substrate.
J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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and film thickness. Figure 7 shows that all films have dom
like surface features of increasing dimension with the n
malized energy and film thickness. The size of these featu
ranges from 50 nm for the IBAD film deposited at 500 e
R50.1 with a nominal thickness of 100 nm, to 400 nm f
the film deposited at 1000 eV,R50.4 with a nominal thick-
ness of 500 nm. These features are elongated with a com
orientation, which corresponds to the ion-beam incident
rection. It should be noted that for the 1000 eV,R50.4
sample, smaller structures are observed within each feat

The cross-section micrographs of Fig. 8 reveal a colu
nar structure for all the films deposited at the three dep
tion conditions examined. Films deposited at higher ion
ergy andR ratio have larger columns and more poro
structures. The 500 eV,R50.1 IBAD film has the finest
columnar structure. The IBAD film deposited at 1000 e
R50.4 has the columnar structure tilted toward the ion-be
incident direction. The angle between the columns and
substrate surface normal is about 30°.

The rms surface roughness measured by AFM is p
sented as a function of the normalized energyEn @Fig. 9~a!#,
film thickness t @Fig. 9~b!#, and the product of the two
En3t @Fig. 9~c!#. The PVD film with a nominal thickness o
100 nm has the smoothest surface with a rms roughnes
1.6 nm. For the IBAD films, the rms roughness increas

FIG. 5. $110% and $200% pole figures for IBAD niobium film deposited a
1000 eV,R 5 0.4 on amorphous glass substrate.

FIG. 6. Intensity ratioI avg
30°/I 0° from the $110% pole figures vs normalized

energy, indicating an increase in degree of texture in niobium films dep
ited on ~100! silicon substrates as increasing Ar1 ion bombardment.
6757Ji et al.



FIG. 7. Micrographs showing surface morphology of IBAD niobium films with different thicknesses deposited at different ion energies andR ratios on~0001!
sapphire substrates:~a! 500 eV,R50.1, 500 nm,~b! 500 eV,R50.4, 500 nm,~c! 1000 eV,R50.4, 500 nm,~d! 500 eV,R50.1, 100 nm,~e! 500 eV,
R50.4, 100 nm,~f! 1000 eV,R50.4, 100 nm, and~g! 1000 eV,R50.4, 50 nm.
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with both the normalized energy and film thickness. T
thickest film ~nominal t5800 nm! deposited at the highes
normalized energy (E05400 eV/atom) has the roughest su
face, rms roughness536.7 nm. A linear relationship is als
found between the rms roughness of the as-deposited
faces and the product of the normalized energy and the
thickness,En3t.

IV. DISCUSSION

A. Texture

The development of an in-plane texture in niobium film
using ion bombardment during deposition was achie
without altering the fiber texture. The pole figure data
PVD and IBAD films reveal that all samples have$110% fiber
texture, which is thermodynamically favored in vapor dep
ited bcc metals. The azimuthally uniform intensity of bo
$110% and$200% pole figures of the PVD sample indicate th
absence of in-plane texture in the PVD film. On the oth
hand, as expected, both$110% and $200% pole figures for the
IBAD sample show strong in-plane texture in the films
noted by the distinct intensity maxima at preferred azimut
directions. The angular relationship of these poles ma
with the crystallographic structure of niobium. Furthermo
the $200% pole is parallel to the ion-beam incident directio
and thus, thê 110& in-plane direction is parallel with the
6758 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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projection of the ion beam on the film surface. This in-pla
texture is a result of̂100& channeling. The same result is als
found in niobium films deposited on amorphous glass un
the same condition~1000 eV,R50.40!, implying that there
is no substrate effect. This suggests that the process of
ducing in-plane texture in the niobium films is mainly co
trolled by the ion beam, and does not result from epitax
growth.

In-plane texture control by ion bombardment durin
deposition has been found in several metal systems.
et al.9 used 200 eV Ar1 ion bombardment at an angle of 20
during sputter deposition of niobium films and observed
strong correlation between the ion-beam current density
the degree of orientation in the films. They proposed that
was a more efficient incident angle, since it allowed the
beam to align with one of the easiest channeling directi
^100& without disturbing the thermodynamically favore
$110% fiber texture in the films. Sonnenberget al.10 worked
with biaxially aligned cubic zirconia films and used IBAD t
show the pronounced effect of ion bombardment on text
modification. As pointed out by both groups, the ion-bea
incident angle had to be chosen carefully in order to obt
the desired texture.

The mechanism controlling in-plane texture develo
ment in niobium films during ion-beam-assisted deposition
Ji et al.



FIG. 8. Micrographs showing surface roughness and fractured cross section of IBAD niobium films deposited on~100! silicon substrates at~a! 500 eV,
R50.1, ~b! 500 eV,R50.4, and~c! 1000 eV,R50.4.
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channeling. When an ion beam channels, the sputter yie
reduced. Hence, sputter rate~sputter yield times ion flux! is
low for certain low index crystallographic directions~e.g.,
^111& and ^100& for bcc crystals! due to channeling.11 This
crystallographic dependence of channeling and sputtering
sults in a difference in the net growth rate for a particu
grain orientation compared to its neighbors. Ion bomba
ment helps the selective growth of grains that have chan
ing directions aligned with the ion-beam direction, beginni
in the early stage of film growth. Grains having their ea
channeling direction aligned with the ion-beam directi
~grain A in Fig. 10! grow faster due to the low sputter rat
On the other hand, the growth of misoriented grains~grain C
in Fig. 10! is suppressed because of a high sputter rate. S
owing by neighboring, faster growing grains augments
difference in growth rate. As a result, grains with either^100&
or ^111& directions parallel to the ion-beam direction gro
preferentially, and eventually dominate the films~Fig. 10!.
Given the $110% fiber texture in the film and the 50° ion
beam incident angle, in-plane texture developed in the fi
with the majority of grains having their̂100& direction par-
allel to the ion-beam incident direction.

According to this model of selective growth, ion-bea
parameters that affect the sputter rate will also affect the
growth rate, and hence, the degree of texture in films. In
energy range used in this study~0–1000 eV!, the sputter
yield increases linearly with ion energy,E.11 Ion flux is pro-
portional to theR ratio for a given deposition rate. Therefor
an increase in either the ion energy,E, or R ratio gives rise
to a linearly increasing sputter rate, resulting in a linea
increasing degree of texture. It is not surprising that since
J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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degree of texture increases linearly with the ion energyE
and R ratio, it should also increase with their produc
E3R5En . Since this mechanism for texture developmen
based on the different sputter rates of different grain ori
tations due to channeling and the selective growth of cer
grains by ion bombardment, no substrate effect is observ

B. Surface morphology and microstructure

We observed that the presence of energetic ion bomb
ment during film growth caused a rougher surface in
niobium films. The rms roughness of these films increa
with the normalized energy of the ion beam and film thic
ness. This observation is in agreement with the work by E
and Fenske on silver deposited by IBAD on aluminum ox
substrates.12 They found that high-energy~1000 eV! and
high R ratio (.0.16) ion bombardment caused substan
film porosity and surface roughening while high-energy, b
low R ratio or low-energy, ion bombardment produced mu
smoother surfaces. Similar results were found for other m
coatings produced by IBAD, such as chromium,13 niobium,14

and nickel.15 However, for iron disilicide~Ref. 16! and
Nb–Cr alloy ~Ref. 17! films deposited by IBAD, a drastic
reduction in surface roughness was observed with respe
those grown by standard deposition techniques. T
smoother surface of the IBAD Nb–Cr alloy film was b
lieved to be caused by the enhanced formation of a fin
structured intermetallic phase under ion bombardment.

The microstructure of niobium films is also affected b
ion bombardment during film deposition. As shown in Fig.
the niobium films with ion bombardment at 1000 eV
6759Ji et al.



it
th
i-
t
en
D

h
ood
b-
c
la-

m

on
tz
ro-
on
trate
-

n
w

the

the
gh-
t-
ce
igh
er in
de-

ne
also
cro-
e
an-
wn
ate
or-
di-

ith
a-
ses,
uc-
the

po

ture
ent
R50.4; 500 eV,R50.4; and 500 eV,R50.1 all have co-
lumnar structures. The width of the columns increases w
the normalized energy of the ion beam. The columns for
1000 eV,R 5 0.4 film are tilted towards the ion-beam inc
dent direction at 30°, although the ion beam was inciden
50°. This result follows the empirical relationship betwe
the column orientation and the deposition angle in PV
depositions for a deposition angle less than 60°:

tana52 tanb, ~2!

widely known as the ‘‘tangent law,’’18 wherea is the depo-

FIG. 9. The rms roughness of as-deposited surface of niobium films de
ited on ~100! silicon substrates as a function of~a! normalized energy,~b!
film thickness, and~c! the product of the two.
6760 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
h
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sition angle andb is the column orientation where bot
angles are relative to the substrate normal. It is also in g
agreement with the molecular dynamics simulation of o
lique deposition by Srolovitzet al.19 who used an energeti
vapor flux instead of the ion beam and found that the re
tionship betweena andb fit the ‘‘tangent law.’’

Voids and porosity are also observed in the niobiu
films. The films deposited at 1000 eV,R 5 0.4 have the most
porous structure and open boundaries. This is a comm
observation for metal films deposited by IBAD. Srolovi
et al.19 observed that the elongated voids and porous mic
structure formation in their molecular dynamics simulati
are dependent on the deposition kinetic energy and subs
temperature. Hsiehet al. studied the microstructure of nio
bium films deposited on 316LSS substrates.14 They found
the finest structure in the IBAD film with medium energy io
bombardment. IBAD films with both low-energy and lo
R ratio, and high-energy and highR ratio ion bombardment
produced structures containing much porosity. Although
formation of a porous structure at low energy and lowR ratio
can be explained by the film densification mechanism,
understanding of the formation of such a structure at hi
energy and highR ratio ion bombardment is not as straigh
forward. Both Erck and Hsieh attributed the rough surfa
and porous structure of films with ion bombardment at h
normalized energy to the cascade damage caused deep
the films and the formation of depleted zones where the
posited vapor could not reach.

We suggest that the mechanism controlling the in-pla
texture development described in the previous section is
responsible for the observed surface morphology and mi
structure of the IBAD films. Different grain orientations hav
different sputter rates under ion bombardment due to ch
neling, and thus, have different net growth rates. As sho
in Fig. 10, the growth of grains having a higher sputter r
~grain C! is suppressed under ion bombardment at high n
malized energy. Meanwhile, grains with their channeling
rections aligned with the ion-beam direction~grain A! grow
preferentially due to the smaller sputter rate. Grains w
higher net growth rate grow higher, receive the arriving v
por flux, and shadow their neighboring grains. In some ca
they coalesce with one another forming voids in the str
ture, and in other cases they leave open boundaries in

s-

FIG. 10. Schematic illustrating the texture development and microstruc
and surface morphology evolution in thin films under ion bombardm
during film deposition.
Ji et al.
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films. A rough as-deposited surface forms as a result of
different heights among grains due to the difference in
growth rate. Surface diffusion, which is important in th
growth process, when the deposition temperature is ab
one-third of the melting temperature of the metal, is ve
limited in this case. Given the fact that the depositions w
near ambient temperature (;100 °C), and that niobium ha
a high melting temperature~2468 °C!, it is understandable
that even the enhanced adatom mobility introduced by
bombardment is still insufficient for surface diffusion to a
fect the surface morphology.

The dependence of film surface roughness on the
beam normalized energy and the film thickness can be
derstood from the following analysis: Suppose that va
deposition occurs at a rater , sputtering for grain A at a rate
sA , and for a neighboring grain B~Fig. 10! with a different
orientation at a ratesB , and the total deposition time ist.
The height difference between grains A and B,Dh, can be
written as

Dh5~r2sA!3t2~r2sB!3t5~sB2sA!3t, ~3!

wheresA,B 5 YA,B 3 I . YA,B is the sputter yield for grains A
and B, respectively, andI is the ion flux. For the energy
range used in this work~0–1000 eV!, the sputter yield is a
linear function of ion energyE,11 so YA,B5CA,B3E and
CA,B is a constant for grains A and B, respectively, givin

Dh5~CB2CA!3E3I3t

5~CB2CA!3E3R3r3t

5~CB2CA!3En3hn , ~4!

whereR is the ion-to-atom arrival rate ratio andhn5r 3 t is
the nominal height of the film. With the assumption that t
major contribution of surface roughness comes from the
ference in the height of adjacent grains, it is evident from
~4! that the surface roughness of the as-deposited film
linearly proportional to the normalized energyEn , and the
film thicknesshn . Thus, the surface roughness of the a
deposited films is controlled by the same deposition par
eters~ion energy andR ratio! that control the in-plane tex
ture development in the films.

V. CONCLUSION

Ion bombardment during film deposition has a pr
nounced effect on the in-plane texture, the microstructu
and the surface morphology of niobium films. While a$110%
fiber texture is thermodynamically favored for vapor dep
ited niobium~bcc! films, a strong in-plane texture is deve
oped by selected angle ion bombardment. With an ion-be
incident angle of 50°, the niobium film texture has azimuth
orientation with^110& direction parallel to the projection o
the ion beam onto the substrate surface. The degree o
texture is a strong linear function of the product of the i
energy,E, andR ratio. All films studied have a columna
structure. Domelike surface features oriented along the
beam incident direction are observed on all as-deposited
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faces of the films. The dimension of these features correla
well with the rms roughness of the surfaces, which increa
linearly with the normalized energy, and the film thickne
The rms roughness is 1.6 nm for the PVD film with a nom
nal thickness of 100 nm and increases to 36.7 nm for the
nm thick IBAD film with normalized energy En

5400 eV/atom.
The mechanism controlling both the texture develo

ment and the microstructure and surface morphology mo
fication is differential sputtering caused by ion channelin
When the ion beam is aligned with one of the easy chan
ing directions in a grain, the sputter yield and, thus, the sp
ter rate, are reduced, resulting in preferential growth of t
grain. The results of the in-plane texture development a
surface morphology modification are a combination of t
preferential growth and shadowing effect. This work sho
that both film integrity and texture development can be c
trolled by optimizing the ion bombardment conditions.
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