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Texture formation in sputter-deposited „Nb0.7 ,Ti0.3…N thin films
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We studied the properties of (Nb0.7,Ti0.3)N films deposited by reactive magnetron sputtering in an
atmosphere of argon and nitrogen at ambient substrate temperature, with a particular focus on the
technological factors that determine film texture. The texture in the nitrides of transition metals
determines many processes, including the wear resistance of tool coatings, diffusion in
microelectronic devices, and the rate of chemical etching. Thus, since our goal is to use
(Nb0.7,Ti0.3)N films in superconducting microelectronic devices, texture control is an essential
element of our technology. We find that increasing the total gas pressure, while keeping the film
chemical composition constant, results in a decrease in the ratio of the@200# and @111# x-ray
diffraction ~XRD! line intensities onQ–2Q Bragg–Brentano scans. Similar changes in XRD
patterns are observed as the nitrogen injection increases for a constant sputtering pressure. In
addition, XRD examination shows that some samples have in-plane texture developed due to
self-shadowing during growth. Transmission electron microscopy reveals that all of the films consist
of textured, elongated grains. Analyzing the experimental data, it is concluded that the
thermalization of the sputtering yield determines the process of texture formation in the experiment
with pressure variation, with an increase in adatom energy resulting in a change in texture from
@111# to @100#. However, adatom energy is not the only determining factor—the nitrogen
concentration in the sputtering gas also has a strong impact on the film texture. In particular, despite
the fact that an increase in nitrogen injection results in an increase in adatom energy, the film texture
is driven toward@111#. © 2002 American Institute of Physics.@DOI: 10.1063/1.1510589#
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I. INTRODUCTION

Interest in the analysis of texture formation
(Nb0.7,Ti0.3)N films is motivated by a need to develop
reliable production line for THz superconducting–insulato
superconducting mixers.1–8 Because reactive ion-etchin
rates depend strongly upon the crystallographic plane
posed to the plasma, this article focuses on determining
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technological factors that control texture formation. The m
terial of interest has a B1 rock-salt cubic crystal structure
class of material for which many researchers have obse
similar dependences of texture on growth conditions in
past.1–15 However, only a few manuscripts are dedicated t
detailed texture characterization and an analysis of the te
nological factors determining the texture. In this article, w
present a characterization of various factors contributing
texture formation in our films, and relate the results to ex
ing models.s,
9 © 2002 American Institute of Physics
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The question of whether a process reaches equilibr
or is instead limited by kinetics often arises in thin-fil
growth.10 In general, there are two contradicting concep
based on either a thermodynamic or a kinetic approa
which try to explain the formation of texture in the B1-typ
nitrides of transition metals.11

Pelleget al.12 propose a thermodynamic approach. Th
state that the degree of surface energy (Shkl) is S100,S110

,S111, while the degree of strain energy per unit volum
(uhkl), is u111,u110,u100. Thus, if one assumes that th
surface energy does not depend on film thickness and tha
strain energy increases with it, one can then determine
total of the surface energy and strain energy for a given pl
~hkl!. Due to the driving force to minimize the total energy
the system, it would then be expected that@100# texture is
preferred for relatively thin films, when the strain energy
less than the surface energy, with a change in texture w
increasing film thickness to@110# and ultimately to@111# as
the strain energy starts to play a more dominant role in
determination of the total energy. This theoretical predict
of the formation of strain-minimizing textures during film
thickening is supported by the recent experimental obse
tions of Oh and Je13 for 1.5 mm thick TiN films deposited by
reactive rf-magnetron sputtering in a pure nitrogen atm
sphere.

In contrast, Greeneet al.14 state that texture can be de
termined by kinetic effects such as incident particle distrib
tions, nitrogen overpressure, orientation-dependent sur
adatom mobility, etc.14 In particular, they have shown tha
the presence of strain and/or changes in the state of s
throughout the film thickness are not requirements for
taining changes in preferred orientation. We have propo
in previous work, that adatom energy may be a key para
eter of film growth in the case of magnetron sputtering
ambient substrate temperature.8 Petrov et al.15 associate
changes in the texture of rf-bias-sputtered TiN films with i
channeling. In this case, they explain a change from@111# to
@100# texture with an increase in ion assistance by the f
that the planes corresponding to easy ion channeling
lower sputtering yields have the highest probability to s
vive. Many researchers use an approach based on the ra
the growth rates of different facets.16–19 For example, for a
cubic lattice, an increase in the ratio of the$100% and $111%
facet growth rates results in a transition of texture from@100#
to @110#, and finally to@111#. ~It is interesting to note that the
texture evolution in this case is the same as in the ther
dynamic model.! Thus, a transition from@111# to @110# tex-
ture occurs via an abundance of@11g# textures, while the
transition from @110# to @100# texture occurs via an abun
dance of@1g0# textures, where 0<g<1. Despite the appar
ent simplicity of this approach, factors like crystallograph
defects, a lack of surface diffusion, or an instrumental fu
tion of the growth apparatus, etc., may hamper the growth
particular facets and cause the crystal habit and film tex
to differ from the one expected from the ratio of the$111%
and $100% facet growth rates.20 For example, a number o
experimental reports are dedicated to specific in-plane or
tations that are favored during thickening.21–24This phenom-
enon may take place in magnetron deposition if the prod
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of the sputtering pressure and substrate–target distanc
small. In this case, the trajectories of sputtered particles
almost ballistic, and the crystal facets facing the flux of t
particles grow faster.11 Finally, one of the most detailed stud
ies of film texture and its correlation with the intensity an
angle of incidence of the ion-beam bombarding the surf
of the growing film was performed by Albertset al.25 Their
study of biaxially textured films shows that none of th
aforementioned models can satisfactorily explain their
perimental data.

II. EXPERIMENT

Films of (Nb0.7,Ti0.3)N are deposited by reactive mag
netron sputtering in a Nordiko-2000 sputtering system wit
base pressure of 431025 Pa. This sputtering machine i
equipped with a cryopump and a throttling valve, which t
gether determine the process pressure, while the injectio
Ar and N2 gases is controlled by flow meters. In order
avoid the hysteretic sputtering regime, the pumping rate
fixed at a high value of 750 l/s for all experiments.26 Because
the nitrogen injection is more than ten times lower than
argon injection in all experiments, the target material is p
marily sputtered by argon atoms. A 99.8% pure alloy tar
with 30 at. % Ti and 70 at. % Nb is used. All films are spu
tered by 300 W dc power and have a thickness of 4
620 nm. Wafers are fixed to the copper chuck~maintained
at 20 °C! with diffusion pump oil to stabilize the substrat
temperature. A detailed description of the home-made 3
circular sputtering source used for film deposition is pu
lished in Ref. 8. Ion assistance produced by this sputte
source has only a moderate influence on the film proper
when compared with the changes caused by variation
sputtering pressure.8 Gas densities are measured by insert
a small sampling pipe~attached to an external pressu
gauge! between the sputtering source and the substrate.
details of this technique are discussed in the work
Rossnagel.27

Films are deposited on 2 in. oxidized Si wafers. T
center of the substrate chuck is located exactly below
center of the sputtering source and both the position of
substrate on the chuck and the area of the substrate w
measurements are made are carefully monitored to revea
influence of technological factors that are responsible for
plane texture formation. In all of the experiments describ
here, the center of the wafer is located 0.5 in. from the ch
center, unless specifically mentioned in the text. The cen
part of the wafer~approximately 1 in. in diameter! is used for
all measurements. Note that this method of substrate loa
allows us to determine the contribution of self-shadowi
effects to texture formation, as it is quite clear that se
shadowing effects will increase with increasing offset of t
substrate from the center of the chuck, and will have a
muthal symmetry with respect to the center of the subst
chuck.

The stress in the films is evaluated by measuring
deflection of the wafer before and after film deposition w
a profilometer. Assuming that the film thickness is much le
than the substrate thickness, the film stress is then calcul
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 1. Tc , intrinsic stress, ratio of
@200# and @111# XRD peaks, and gas
density between the sputtering sourc
and substrate, for films sputtered a
different pressures and maximum~8
cm! and minimum~4 cm! substrate–
target separation @~a!–~d!, respec-
tively#. Texture examination is carried
out for the samples marked p1–p4 o
the top right-hand side plot.
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using Stoney’s equation,28 with Young’s modulus and Pois
son’s ratio taken from Ref. 29. The transition temperat
(Tc) is evaluated from the dependence of film resistivity
temperature. Film chemical composition is measured by
therford backscattering spectroscopy~RBS! using a 1 MeV
He1 beam for sample irradiation, while phase identificati
is based on x-ray diffraction~XRD! scans using a Rigaku
D/max-Rc diffractometer. Texture measurements are
formed with a Bruker-AXS D5005 diffractometer. Sinc
most of our samples have a rotational symmetry of textur
simple C-scan procedure~a radial cross section of the po
figure space! is also used for texture characterization. Cro
sectional transmission electron microscopy~TEM! samples
are prepared by a standard technique—mechanical thin
down to 30mm, followed by ion milling using a Gatan Pre
cision Ion Polishing System. The specimens are exami
with a Philips CM200ST transmission electron microsco
operated at 200 kV. Further details of the RBS, XRD, a
TEM analysis methods are published elsewhere.6

A. Film properties versus sputtering pressure

We have optimized the nitrogen injection for a wid
range of total sputtering pressures in order to maximize
Tc of the (Nb0.7,Ti0.3)N films. The limits of the pressure
range used are determined by film degradation caused
destructive bombardment of the growing film by fast neutr
at low pressures, and high thermalization conditions at h
pressures.6 Figure 1 contains two sets of data for films d
posited at the minimum substrate–target distance~4 cm! and
the maximum substrate–target distance~8 cm!. The deposi-
tion rates are 180610 nm/min and 8065 nm/min, respec-
tively. XRD analysis shows that all of the films have a B
crystal structure and both sets of data show similar beha
Downloaded 21 Oct 2002 to 130.161.185.230. Redistribution subject to A
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versus sputtering pressure. In general, theTc of the films is
seen to have only a moderate dependence on the sputt
conditions, illustrating the well-known insensitivity of thi
value to structural defects in the B1 superconductors@Fig.
1~a!#. Compressive stress also shows a typical behavior
sus sputtering pressure for magnetron sputtering system
decreases significantly with increasing sputtering press
@Fig. 1~b!#. The variation in the intensity ratio of the@200#
and @111# XRD lines indicates a substantial changes in t
film structure @Fig. 1~c!#. Finally, gas rarefaction become
less pronounced at low pressures, since the hot particle
the sputtering yield have fewer collisions with the cold g
particles than at high pressures@Fig. 1~d!#. Furthermore, be-
cause gas cooling during sputtering is more effective at
minimum substrate–target distance~due to an instrumenta
function of the sputtering system!, gas rarefaction is weake
in this case. Note that RBS indicates that all films have
most stoichiometric composition, with a metal–nonme
concentration ratio of 160.03, and a ratio of Nb and Ti in
the deposited films that is the same as in the target.

B. Film properties versus nitrogen injection

In this second experiment, the nitrogen injection is v
ied, while keeping the total sputtering pressure fixed a
mTorr. The substrate–target distance is set to the maxim
distance~8 cm!, and the limits of nitrogen injection are de
termined by a requirement that a B1-type crystal structur
produced. The resulting deposition conditions and film pro
erties are illustrated in Fig. 2. As in the first experiment,Tc is
seen to have a moderate dependence on nitrogen inje
@Fig. 2~a!#. Compressive stress has only a moderate incre
with nitrogen injection@Fig. 2~b!#. This is presumably due to
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 2. Tc , intrinsic stress, deposition
rate, ratio of @200# and @111# XRD
peaks, gas density between the sputt
ing source and substrate, and chemic
composition of the films sputtered at
mTorr sputtering pressure for variou
values of nitrogen injection@~a!–~f!,
respectively#. The substrate–targe
distance is set to the maximum~8 cm!.
The data point marked as p3 on the to
right-hand side plot corresponds to
film sputtered under 6 mTorr sputter
ing pressure and maximum separatio
in the experiment with pressure varia
tion ~Fig. 1!.
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the fact that the fluxes of ions and fast neutrals bombard
the substrate surface are nearly independent of nitrogen
jection, so that a reduction in deposition rate results in
increase in the effective intensity of the fluxes respons
for Ar peening.@Note that Fig. 2~c! shows that the depositio
rate decreases with an increase in nitrogen injection, a
expected in reactive sputtering.# The most notable feature i
these results is that the ratio of the@200# and @111# XRD
peak intensities decreases strongly with increasing nitro
injection @Fig. 2~d!#, which is a clear indication that substa
tial changes in film texture also take place in this experime
Despite the fact that the deposition rate decreases with
increase in nitrogen injection, gas rarefaction does
change@Fig. 2~e!#, which is a clear indication that the pa
ticles of the sputtering yield become more energetic with
increase in nitrogen injection, causing the same gas rare
tion despite a reduction in numbers.30 ~Note that Rossnage
reports similar results27—he shows that the degree of g
rarefaction caused by the flux of hot sputtered particles
pends mainly on the applied power, and that the target
terial has almost no influence on this phenomenon.! Finally,
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it is found that increasing the nitrogen injection by a factor
2 results in only a moderate increase in the nitrogen conc
tration in the films@Fig. 2~f!#, indicating that we are operat
ing in the sputtering regime in which the target surface
coated with nitride, and changes in nitrogen injection res
primarily in a different depth of target nitridation.31,32

C. Film texture determination and analysis

Four samples, marked as p1–p4 in Fig. 1~c!, are selected
for texture examination in the experiment with sputteri
pressure variation and maximum substrate–target separa
Because samples p1, p2, and p4 have a rotational symm
of their texture, an illustration of only oneC-scan is suffi-
cient, and they will be discussed first. Sample p1 has a w
pronounced@100# texture @Fig. 3~a!#. @The peak in the 111
intensity curve at;50 ° corresponds with the angle betwe
the $111% and $100% planes in the face-centered-cubic~fcc!
lattice.# In contrast, sample p4 has a distinct@111# texture
@Fig. 3~d!#. ~The peak in the 200 intensity curve atC550° is
due to the same reason. Likewise, the peak in the 111 in
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 3. C-scans of samples p1–p4
@~a!–~d!, respectively#. C50 corre-
sponds to the direction perpendicula
to the substrate surface.
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sity curve at;70° is due to the fact that the angle betwe
$111% equivalent planes is 70.4°.! Sample p2 consists of
mixture of @100# and @311# textured grains@Fig. 3~b!#. ~The
intense peak atC530°, with a stretched shoulder towar
C580° on the 111 intensity curve is due to the merging
peaks of@311# textured grains atC529.5° and 58.5°, plus a
peak of@100# textured grains atC554.7°. Similar reasons
cause peaks on the 200 intensity curve atC520° and 70°.!

Sample p3 does not have a rotational symmetry of t
ture. For this reason, a pole figure of the@111# reflection of
sample p3 and its location on the substrate chuck are il
trated in Figs. 4~a! and 4~c!, respectively. It is seen tha
sample p3 has an in-plane texture that is oriented in the
rection of vectorR, which starts in the center of the chuc
and goes through the center of the measurement zone
order to verify the hypothesis that self-shadowing is
cause of this in-plane texturing, we have deposited sam
p3a under the same conditions as sample p3, but wit
larger off-center loading position@see Fig. 4~c!#. This sample
is found to show a more pronounced in-plane texture,
cause the sputtering yield flux is more oblique@Fig. 4~b!#.
Samples p3 and p3a have@211#(1̄11) texture, since they
have maximum intensities atC'20° andw'0°, C'60°
andw'110°, andC'60° andw'250°. Finally, in order to
illustrate the dependence of texture evolution on sputte
pressure, Fig. 3~c! shows aC-scan of sample p3. This
C-scan is made in the direction perpendicular to the rad
vector R, in order to minimize the contribution of the sel
shadowing effect. The peaks atC530° and 60° on the 200
intensity curve correspond with the angles between the$100%
and $211% planes. Reflections of@211# textured grains also
Downloaded 21 Oct 2002 to 130.161.185.230. Redistribution subject to A
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cause peaks on the$111% intensity curve atC520° and 60°.
The fact that we observe in-plane texture for sample

only in the experiment with pressure variation and a ma
mum substrate–target distance is attributed to a balance
tween two factors in this case. On one hand, the film rou
ness decreases with decreasing sputtering press
suppressing self-shadowing. This reduction in surface rou
ness can be observed by the naked eye: the film c
changes from dark to light yellow as the sputtering press
decreases, due to a different crystal habit of@111# and@100#
textured grains. Similar results are observed in compu
simulations and experimental investigations.17,33 ~Note that
the @100# textured grains have an almost flat surface in co
parison with the@111# textured grains.! On the other hand,
reducing the sputtering pressure makes the flux of the s
tered particles less diffuse, which facilitates self-shadowi
As a result of the balance between these two factors,
in-plane texture is only observed for the sample p3.

Although not shown here, a similar texture dependen
on sputtering pressure is observed at the minim
substrate–target distance. Likewise, examining the film t
ture versus nitrogen injection shows a similar texture evo
tion. In particular, a detailed examination of the texture
veals that the film deposited with the lowest nitrog
injection has a texture similar to the texture of sample
while the film deposited with the highest nitrogen injectio
has a texture similar to that of sample p3. In other wor
increasing the nitrogen injection affects the film texture
the same way as an increase in sputtering pressure.

A cross-sectional TEM image of the film sputtered und
a total pressure of 6 mTorr and 3 sccm nitrogen inject
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



ment

5004 J. Appl. Phys., Vol. 92, No. 9, 1 November 2002 Iosad et al.
FIG. 4. Pole figures of@111# reflections of samples p3@~a!# and p3a@~b!#, plus a schematic diagram illustrating the locations of the wafers and measure
zones on the substrate chuck@~c!#.
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~sample p3 in Figs. 1 and 2! is shown in Fig. 5. The cros
section is made in the same plane as theC-scan~Fig. 4!. A
selective area diffraction pattern is also shown in the inser
Fig. 5~a!, revealing also the presence of a weak texture in
cated by intensity variations in the diffraction rings. Th
@111# reflection from the grain marked with an arrowhead
Fig. 5~a! is used to make a dark-field image@Fig. 5~b!# to
illustrate the morphological texture. From the results in F
5, it is seen that the in-plane grain size increases with fi
thickness as a result of competitive growth.9,34 The image
illustrated in Fig. 5 is typical for all of the studied films. It i
interesting to note that, in contrast with the case of text
determined by competitive growth that is mentioned in
introduction, the change from@111# to @100# texture goes via
the abundance of@1gg# textures, where 0<g<1. In other
words, the system bypasses the@110# texture.

As seen from Figs. 1 and 3, an increase in compres
stress correlates with a change from@111# to @100# texture.
Thus, the thermodynamic model does not describe our c
since it predicts the opposite behavior. Furthermore, prev
work has shown that ion assistance is quite weak and h
Downloaded 21 Oct 2002 to 130.161.185.230. Redistribution subject to A
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very moderate impact on the properties of these films,8 al-
lowing us to exclude the ion-channeling approach as w
However, as seen in Fig. 1, the properties of films sputte
at a minimum substrate–target distance are almost equiva
to the properties of films sputtered at maximum substra
target distance and twice lower gas concentration. This
clear indication that the thermalization of the sputtering yie
is one of the determining factors in the process of text
formation~i.e., the energy of the adatom is a critical factor
this process!.35 Increasing the adatom energy causes
change in texture from@111# to @100# in the experiment with
pressure variation. This experiment also indicates that th
is no dependence of film properties on deposition rate
contrast with results reported by Deen.36 This means that
surface diffusion is not suppressed by increasing the ada
arrival rate.37 Finally, the fact that the system is driven to
ward @111# texture with increasing nitrogen injection, despi
an increase in adatom energy, shows that the chemical c
position of the film also plays a very strong role in textu
formation in these films.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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III. CONCLUSIONS

The texture of (Nb0.7,Ti0.3)N films is examined over a
wide range of technological parameters. Film chemical co
position, adatom energy, and crystal habit are identified
determining factors for texture formation and the contrib
tion of in-plane texturing due to self-shadowing is identifi
by off-center substrate loading. Varying the sputtering pr
sure for different substrate–target distances reveals tha
creasing the adatom energy results in a change of tex
from @111# to @100# for a constant chemical composition. Th
thermodynamic model, based on a balance of stress en
and surface energy, is not applicable in this case, since m
mizing the overall energy predicts a transition from@100#
texture to @111# texture as compressive stress increas
while our films show the opposite behavior. In addition, th
experiment indicates that deposition rate does not affect
film growth. However the process of texture formation is n
exclusively kinetically limited—despite the fact that an i
crease in nitrogen injection results in an increase in the a
tom energy, the system is driven towards@111# texturing.
TEM analysis shows that film texture is formed through
process of competitive growth. Furthermore, despite the
that adatom energy and film chemical composition are f
tors with different origins, their impacts on film texture ev
lution are the same. Finally, the transition from@111# to @100#
texture occurs via an abundance of@1gg# textures, where
0<g<1, while the classical model, based on competit
growth of $111% and $100% facets, predicts a transition from
@111# to @110# texture via an abundance of@11g# textures and
a transition from@110# to @100# via an abundance of@1g0#
textures. The origin of this difference is yet to be determin

FIG. 5. Cross-sectional TEM images in the bright@~a!# and dark@~c!#. fields
of sample p3. A selected area diffraction image is shown in the inset of~a!.
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