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Abstract

Chromium thin films are technologically important as underlayers for the deposition of cobalt-based magnetic films because of their good
lattice match and adhesion. The structural orientation and morphology of the chromium under layers control the magnetic properties of the
cobalt-based films deposited on them. Hence, optimization of the structure and properties of chromium under layers is essential for realizing
magnetic thin films with desired properties. In this paper, we report the structural variation observed in chromium thin films deposited on
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ilicon(1 0 0) substrates deposited using Ion Beam Sputter Deposition (IBSD) technique. The influence of process parameters,
eam current density, substrate temperature and the angle of incidence of the condensing species, on the structural transformatio
rientation to (2 0 0) orientation has been presented. The structural variation and morphological variations observed have been disc
n the growth models and the energetics involved in the process.
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. Introduction

The role of chromium (Cr) underlayers with tailored
tructure in controlling the structural and magnetic proper-
ies of cobalt-based thin films have been known since 1970
1]. As a result of this, deposition of chromium films have
ttained technological importance in the longitudinal mag-
etic recording field, where cobalt-based alloys are being
sed extensively. Being a bcc metal, Cr thin film prefers
1 1 0) orientation on the plane of the surface, which is the
lane of minimum energy. However, under certain process
onditions, it also forms (2 0 0) orientation, which is the plane
f better match for cobalt-based alloys. In the preparation of
r films, the structural transformation from (1 1 0) to (2 0 0)
rientation has been the subject of focus in the recent past,

n which the films were deposited by various techniques like
vaporation[2–4], sputtering with various geometries[5–9],
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ion plating[10], pulsed laser deposition (PLD)[11,12], etc.
In general, in the preparation of Cr films higher subst
temperatures have favored[13] the structural transformatio
from (1 1 0) to (2 0 0) orientation. Other process parame
like operating pressure[7], epitaxy[14], thermalisation dis
tance[6], substrate biasing[5], secondary ion assistance[12],
ion irradiation[3], nitrogen addition[15], etc., have also bee
found to influence the structural transformation in sev
ways, in addition to the substrate temperature.

The distribution of crystallographic orientations of
grains in polycrystalline films evolve through a numbe
kinetic processes[16]. The texture development in these fil
can take place during (a) pre-coalescence stage, (b) d
coalescence, (c) during thickening of continuous films
(d) during post deposition annealing. In the depositio
Cr thin films, the texture development has been observ
happen in the pre-coalescence stage[5,12,17]and based o
the experimental observations, models were proposed f
texture development. Parker et al.[18] have used the ev
lutionary selection model put forth by Van der Drift[19] to



explain the structural evolution. According to them, the dif-
ference in growth rates between different crystal faces of the
grains on the surface is the cause for the variation in structural
evolution. In another model, Feng et al.[5] have framed their
formalism based on the surface energy minimization princi-
ple at the time when the crystallographic texture develops.
According to them: (i) the crystallographic texture origi-
nates from the preferential orientations of islands, which are
nucleated on the substrate surface before a continuous film
forms and (ii) the crystallographic texture develops by the
faster growth of grains with certain orientation after the film
becomes a continuous film. They attributed the former mech-
anism to the (2 0 0) texture and the latter to the (1 1 0) texture.
Though these models match with the experimental observa-
tions, they are more of qualitative nature in the selection of
process parameters. The explanations for the structural vari-
ations are attributed to different parameters, such as substrate
temperature, pressure, deposition rate, etc., by different inves-
tigators. However, it is necessary to look at the influence of
all the process parameters and their overall effect on the evo-
lution process to have a better understanding of the structural
variation.

In this paper, we report the influence of process param-
eters on the structural evolution and transformation of ion
beam sputter deposited chromium films. Ion Beam Sputter
Deposition (IBSD) is known for its low pressure sputtering
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of 7 cm was mounted on a slotted base plate to change the
position accordingly. The films were deposited on Si(1 0 0)
wafers sliced to 1.5 cm× 1.5 cm dimension. The samples
were placed in three different positions, namely A–C with
different angles of incidence (Ψ ) 10◦, 20◦ and 30◦ measured
at the centre of the substrates with respect to the normal of
the target and the arrangement is shown inFig. 1. Films were
deposited with different process parameters like deposition
rate, film thickness, substrate temperature and angle of inci-
dence.

The crystallographic structure and the average grain size
of the deposited films were studied using a X-ray diffrac-
tometer with Cu K� radiation in theθ/2θ configuration. The
growth morphology was studied using cross-sectional scan-
ning electron microscope (SEM) and the surface morphology
was studied using scanning tunneling microscope (STM).
Thickness measurements were carried out using step pro-
filometer and were confirmed by SEM.

3. Results and discussion

Fig. 2 shows the XRD spectra of the films (position A)
deposited at different deposition rates varied by varying ion
fluxes for a fixed beam energy and deposition time. The depo-
sition rates were varied from 3.5 to 15 nm/min with a constant
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1× 10−4 mbar) with independent control over the ene
nd flux. The beam consists of a well-collimated mo
nergetic species where the angle of incidence of the
ver the target could be changed accordingly. This af
he spatial and energy distribution of the sputtered sp
onsiderably. Because of higher incident energy and ob
ncidence, high energy reflected neutrals and ions are
nevitable which can potentially modify the film properti
t is also important to note that the sputtering yield is a
ependent of the angle of incidence. These features

BSD to be different from the conventional sputtering te
iques[20].

. Experimental

A 3 cm Kaufman type dc ion source was used in
puttering of 5 cm diameter chromium target (Angstrom
nces) of purity 99.99%. The target was mounted on a rot

eed thorough with a holder that can hold multiple targ
21]. The ion source and the target assembly were ho
n a box type vacuum chamber evacuated using a cryo-r
ump combination. The chamber could reach a base pre
etter than 1× 10−6 mbar and the deposition was carried
t a pressure of 1× 10−4 mbar of argon (99.999%). The io
eam was incident on the target at an angle of 45◦ with a
eam energy of 1 keV at different ion fluxes. A 5 cm diam
esistive type heater that can go up to a maximum tem
ure of 850◦C was used to maintain the substrates at de
emperature. The heater, with a substrate to target dis
eposition time of 30 min. From the spectra, it is seen
lms corresponding toFig. 2(a and b) with lower depos
ion rates and lower thicknesses show an amorphous n
hereas films (c–e) with higher deposition rate and hi

hickness show a crystalline nature, with a peak corresp
ng to (1 1 0) plane showing up in XRD spectra. Since
eposition rate and thickness are changing simultaneou

he above case, the structural evolution observed might
een induced by either the deposition rate or film thick
r both. To understand the structural evolution process
learly, for further studies the deposition rate has been m
ained constant at 15 nm/min and films have been depo
ith different thicknesses.Fig. 3 shows the XRD spect

or the films deposited (position A) with thicknesses rang
rom 100 to 360 nm. Film (a) with lower thickness of 100
hows a crystalline nature with a peak corresponding to (1
rientation. As the film thickness increases (fromFig. 3(a–d))

he peak intensity increases indicating a better crystalliz
ature. Comparing the films ofFig. 2(a) of thickness 100 nm
ith a deposition rate of 15 nm/min and the same thick
lm in Fig. 3(a) deposited at a rate of 3.5 nm/min, it is clea
een that for the films of same thickness films deposit
igher deposition rate are of crystalline nature. This i
ates that it requires a critical deposition rate for reali
rystalline films whereas film thickness helps in improv
he crystallization nature of the deposited films.

Observations fromFigs. 2 and 3indicate that the depo
ition rates play a crucial role in the structural evolut
hen the deposition rates are low, the condensing specie

tarts nucleating have more time to reach surface energy



Fig. 1. Schematic of the sputtering arrangement and position of the samples. Inset shows the energy considerations in oblique deposition.

librium. However, the growth of nucleated islands depends
on the mobility of the adatoms on the substrate surface and
the kinetic energy of the condensing and bombarding par-
ticles. The low substrate temperature during the deposition,
limits the mobility of the adatoms on the substrate surface,
which prevent the islands from attaining equilibrium. In addi-
tion, the growing film may experience the bombardment of
high energy species, which may effectively break the struc-
tural bonds, formed in the initial stages of film growth[5].
If the deposition rates are sufficiently high, the nucleated
islands before attaining energy equilibrium start impinging
each other forming a continuous film growth. The crystal-
lization process starts after the impingement of the islands
in this case. This leads to the formation of (1 1 0) orienta-
tion on the surface of the deposited film. This is evident from
Fig. 3(a) where in the film with lower thickness shows a crys-
talline nature owing to its higher deposition rate compared to

F rates
w

Fig. 2(a) with the same thickness with low deposition rate.
A similar result has been reported for the films deposited
by PLD [12], in which this amorphous nature is seen to
exist in lower deposition rates even for substrate tempera-
tures as high as 200◦C. Hence, sufficiently high deposition
rates are needed for the Cr films to form crystalline structure
as observed.

Fig. 4 shows the XRD spectra of the films deposited
(position A) with a deposition rate of 15 nm/min at differ-
ent substrate temperatures ranging from 25 to 700◦C. From
the figure, it is seen that the (1 1 0) orientation peak observed
at 25◦C gets intensified with the increase in the substrate
temperature. For the film deposited at 700◦C, the XRD spec-
tra shows an intense peak corresponding to (1 1 0) orientation
with a narrow full width at half maximum (FWHM) indicat-
ing a good crystalline nature of this film. Using the Scherer
formula, the grain sizes have been calculated and they range
from 10 to 20 nm as the substrate temperature increases from

F /min
f

ig. 2. XRD spectra of the samples deposited at different sputtering
ith a beam energy of 1 keV and a deposition time of 30 min.
ig. 3. XRD spectra of the films prepared at a deposition rate of 15 nm
or different thicknesses at room temperature.



Fig. 4. XRD spectra of the films deposited at different substrate temperatures
with a deposition rate of 15 nm/min and for a time of 30 min.

25 to 700◦C. It is worth to note here that the Cr(1 1 0) orienta-
tion sustains even at temperatures as high as 700◦C and there
is no indication in XRD pattern to show the presence of (2 0 0)
orientation. From the above results, we observe that the depo-
sition rate, thickness and substrate temperature contribute to
the crystallization improvement of (1 1 0) orientation in the
deposition of chromium films by IBSD.

In general, in the deposition of Cr thin films, structural
transformation from (1 1 0) to (2 0 0) orientation has been
observed to occur above substrate temperatures of 250◦C
in magnetron sputtering[5] and 350◦C in the case of PLD
[12], however with the influence of other process parameters.
Here, for the films deposited at different substrate temper-
atures, which is shown inFig. 4, the (1 1 0) orientation is
observed to sustain even at substrate temperatures as high as
700◦C. As such the increase in substrate temperature helps in
increasing the mobility of the adatoms. This promotes the sur-
face diffusion[22] leading to the formation of island growth.
As the substrate temperature increases, the minimum size of
the critical stable nucleus also increases. At lower deposition
rates, these nucleated islands preserve its island like character
for higher thicknesses thus taking sufficiently longer time for
the formation of continuous film. Here, comparatively high
deposition rates have been used and this will basically favor
more number of nucleation centers in the initial stages of
growth. This may prevent the islands from reaching their sta-
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Fig. 5. XRD spectra of the samples deposited at different angles of incidence
with a substrate temperature of 500◦C and a deposition rate of 15 nm/min
at the target normal.

effectively break the islands is also to be considered for the
survival of (1 1 0) orientation even at higher temperatures as
is seen in low energy ion bombardments[12].

As substrate temperatures as high as 700◦C did not favor
the formation of (2 0 0) orientation, oblique incidence was
considered as a tool to modify the initial growth conditions
prevailing. In oblique incidence, the sputtered species con-
dense on the substrate surface at a specified angle. This
makes the condensing species to have higher mobility and
exhibit self-shadowing effect[22] leading to a change in
the film growth conditions.Fig. 5 shows the XRD spectra
of the films deposited at a substrate temperature of 500◦C
at three different positions A–C. From the XRD spectra, it
is seen that film A, which is close to the normal incidence
shows (1 1 0) as the preferred orientation, film B with an
angle of 20◦ shows a polycrystalline nature with (1 1 0) and
(2 0 0) orientations and film C with an angle of 30◦ shows
a preferential orientation of (2 0 0). Film thicknesses mea-
sured at the center of the films vary from 300 nm for the
near normal incidence to 150 nm for the film deposited at
30◦.

The concept of oblique deposition has long been used
in the deposition of magnetic thin films[23] in enhancing
their magnetic properties and self-shadowing has been found
to be the crucial parameter[24] in the development of thin
film growth morphologies as explained by Dirks and Leamy
[ ition
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le critical size before they form the continuous film. This
ead to the film growth with (1 1 0) orientation even at hig
ubstrate temperatures. It is also important to note that
allites corresponding to minimum surface energies will g
t the expense of crystallites with higher surface energ

his case, as the temperature increases, even the least
le formation of (2 0 0) oriented crystallites will get coales
ith the energetically favored (1 1 0) oriented crystallites
ddition, the effect of high energy reflected species tha
-
25]. This technique also called as glancing angle depos
GLAD) has also been used to deposit films of a new cla
ngineered columnar thin films[26,27]. Ableman and Lod
er [22] have reviewed the oblique evaporation and re

hat the surface diffusion altered by the surface mome



of the adatoms and self-shadowing determines the texture
formation and columnar inclination. In the oblique incidence
followed here in addition to surface momentum and self-
shadowing, the ejected particles show an angular distribution
making the spatial distribution to vary. With the angle of inci-
dence of the beam maintained at 45◦, the film thicknesses
show a decreasing trend as we move from the target normal.
But in the near normal incidence of the condensing species,
under this configuration film uniformity is preserved in an
area of 2 cm2, which however starts decreasing when moved
further away. Hence, the samples away from the near normal
incidence have lower deposition rate with higher momen-
tum available for the adatoms along the surface initially. At
higher substrate temperatures, these conditions favor the for-
mation of island growth and sufficiently longer time will be
available for the grains to reach their surface energy equilib-
rium leading to the formation of (2 0 0) orientation as seen in
sample C. In the case of film B, where the angle of impinge-
ment is 20◦ that is slightly away from the normal, one can
see the presence of peak corresponding to (2 0 0) along with
(1 1 0), indicating the enhancement in the structural orienta-
tion from the oblique incidence. The preferential orientation
of (2 0 0) planes seen in film C has however needed substrate
temperatures as high as 500◦C. It is also worth to mention
that the films deposited at lower deposition rates with higher
substrate temperatures at position A showed only (1 1 0) ori-
e n A.
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Fig. 6. Surface morphology as seen by STM for the films deposited at a
substrate temperature of 500◦C with different angles of incidence.

10◦ (position A). Here, the chromium film shows a columnar
morphology with uneven column structure and small column
tilt. At the interface near the silicon substrate the morphol-
ogy shows columns of smaller diameter, which increases in
size as the film thickness increases. The films deposited at
position A show a (1 1 0) orientation indicating that the crys-
tallization occurs after the coalescence of the islands, which
have formed initially. At higher substrate temperatures, even
if a (2 0 0) texture develops initially, as long as some grains
have the (1 1 0) orientation, the (1 1 0) orientation will win
out, as the film grows thicker[5]. Hence, broadening of the
columns with the increase in film thickness is expected. The
column tilt observed here should be considered as the effect
of self-shadowing, corresponding to the angle of incidence
of 10◦ [22].
ntation eliminating the role of deposition rate at positio
ence, the formation of (2 0 0) should be seen as the
ined effect of self-shadowing added with surface diffus

hat persist due to low sputtering rate, oblique deposition
igh substrate temperature.

To understand the influence of the angle of incidence
he surface morphology, STM was employed and the su
orphologies have been studied for the samples depos
00◦C with different angles of incidence. The surface m
hologies as observed for these films are shown inFig. 6.
or the film A, the surface morphology shows random g
rientation. Film B, with an angle of incidence of 20◦

, the
orphology shows a mixed nature with partial arrangem
f grains. In film C with (2 0 0) preferential orientation, t
orphology shows a ripple formation. The ripple topogra
bserved in the sample at position C should be consid
s the effect of energetic particle bombardment during
lm growth process. The bombarding energetic species
uces a collision cascade beneath the surface of the film
esputters a part of it. The surface is not smooth at the at
evel due to crystallization and resputtering. At the groo
f the surface, these collision cascades overlap with
ther and enhance the resputtering yield. On the other
t the cusps of the surface the overlapping is not as effe
nd the resputtering is lower and hence a ripple topogr

s observed at higher energy ion bombardment[20,21]. The
oughness of the films decreases from 10 to 4 nm as we
rom sample A to sample C.

Fig. 7 shows the cross-sectional morphology of
mCo/Cr/Si stack deposited with an angle of incidenc



Fig. 7. SEM cross-sectional view showing the columnar morphology of the Cr(1 1 0) in the SmCo/Cr/Si stack.

4. Conclusion

Chromium films have been deposited by IBSD technique
with varied process parameters. The energetics involved in
the process has been observed as the important criteria that
influence the structural evolution. Deposition rate has been
found to play a major role in the initial structure forma-
tion indicating the necessity of a critical deposition rate. It
has been observed that (1 1 0) orientation sustains even at
higher substrate temperatures as high as 700◦C. The struc-
tural transformation of (1 1 0) to (2 0 0) orientation occurs
when the process parameters favor the formation of island
growth, which was carried out using oblique incidence tech-
nique. With higher angle of incidence, the film shows (2 0 0)
preferential orientation, which is considered to be the plane of
better lattice match to Co-based alloys. The surface morphol-
ogy shows a ripple nature with comparatively lower surface
roughness. From the above investigations, it is clear that the
energetics of the process controlled by various factors, such
as deposition rate, substrate temperature and film thickness
associated with oblique incidence, plays the major role in the
structural transformation from (1 1 0) to (2 0 0) orientation in
Cr thin films.
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