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Abstract

Two types of nanoridge domains oriented with each other with an angle ranging between 109° and 124° were
measured by scanning tunneling microscopy on the «-W film sputter deposited on an oxidized Si surface. Each domain
contains nanoridges with a period of 7.5 £+ 1.0 nm. No such domains were observed on the -W film surface. We argued
that due to the anisotropy of the W(1 10) surface, the impinging W atoms diffuse faster along the (111) directions on
the surface to form the nanoridge structure. There are two equivalent (111) directions, which give rise to two orien-
tational domains with an angle of ~110°. An isotropic f-W(100) phase has no preferred diffusion direction for the

impinging W atoms and therefore, no nanoridge domain structure was observed.
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Thin films of tungsten have been the subject of
intense research due to their importance in a
number of technological applications, for exam-
ples, diffusion barriers in semiconductor intercon-
nect structures [1,2], absorbing layers in X-ray
masks [3], and X-ray mirrors [4]. The physical,
mechanical and optical properties of the film
strongly depend on the film microstructure, which
in turn is determined by the experimental condi-
tions such as substrate temperature, substrate bias,
deposition power, Ar gas pressure, and oxygen
partial pressure in the chamber during the depo-
sition process. Depending on the experimental
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conditions, the resultant phase of the W film can
be the o-W, which has the equilibrium bce struc-
ture, or the 5-W, which has an A15 (cubic) struc-
ture, or a mixture of both phases [5-12]. It has
been shown that the lattice parameter of the f-W
phase monotonically decreases with increasing
sputtering time until the f-W phase becomes un-
stable and turns into the «-W phase [6]. Nano-
structures, including a ridge-like structure, were
reported on the stable «-W films by atomic fore
microscopy [10]. The nature of these nanostruc-
tures is poorly understood. In this letter, we report
a quantitative study of the nanoridge structure by
using scanning tunneling microscopy (STM) and
show that it contains two types of domains ori-
ented to each other with a measured angle between
109° and 124°. We suggest that an anisotropic
surface diffusion mechanism on crystalline W film

0039-6028/03/$ - see front matter © 2003 Elsevier B.V. All rights reserved.

doi:10.1016/S0039-6028(03)00728-3


mail to: singhj@rpi.edu

is responsible for the formation of such nano-
structures.

The tungsten films were deposited on polished
p-Si(100) (resistivity 12-25 Qcm) substrates in a
dc planar magnetron sputtering system using a
99.95% pure W cathode. The vacuum chamber
base pressure was 1.4 x 107 Torr during the film
deposition. The p-Si(100) substrate was RCA
cleaned [13] and mounted on a sample holder lo-
cated at a distance of 15 cm from the cathode.
After the RCA cleaning, the native oxide on the Si
substrate was examined by reflection high-energy
electron diffraction (RHEED). The diffraction
pattern with only one specular spot confirms the
amorphous nature of the top surface. In all the
deposition experiments, the power was kept at 200
W and the Ar gas pressure was 1.5 mTorr. The
maximum temperature of the substrate during the
65 min deposition was 80 °C. The thickness of a
film was determined by measuring the step height
between the masked and unmasked regions on the
substrate using a stylus-type profilometer. The
deposition rate was determined to be ~7 nm/min.
The X-ray diffraction (XRD) measurements were
performed using a Scintag diffractometer with a
Cu target operated at 50 kV and 30 mA to deter-
mine the o and f phases. The diffractometer was
calibrated with respect to the peak positions of a Si
calibration standard. The surface morphology of
W films was imaged by a homemade ultra high
vacuum (UHV) STM system [14]. The tip used was
made of Pt-Ir for its resistance against oxidation.
All the STM measurements were performed in a
vacuum chamber with a pressure better than
5x 107 Torr. The images were obtained in a
constant current mode with a set current of 1 nA
and a bias voltage of 0.5 V applied to the W film
surface.

The XRD spectra of W films are shown in Fig.
1. The thinner (~70 nm) film (Fig. 1(a)) was
identified to have (200), (210), and (400) reflec-
tion peaks of a simple cubic A15 -W structure.
The thicker (~410 nm) W film (Fig. 1(b)) was es-
sentially a bce a-W structure with (110), (211)
and (22 0) reflection peaks. The XRD spectrum of
the bee «-W film showed a strong (1 10) preferred
orientation. The lattice parameters calculated from
the corresponding preferred orientations from the
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Fig. 1. The XRD spectra of (a) ~70 nm and (b) ~410 nm thick
W films. The thinner film (a) shows the formation of the f-W
phase, whereas the thicker film (b) shows the a-W phase. A Si
substrate peak is also observed in the thicker W film because the
film was delaminating from the substrate due to the presence of
large compressive stress.

XRD spectra are 0.30 nm for the bcc o-W films
and 0.49 nm for the A15 f-W film, which are in
good agreement with the reported bulk values of
0.31 and 0.50 nm, respectively [6].

The STM topographic images of the o-W film
surface are illustrated in Fig. 2. The surface is seen
to have many grains and the grain boundaries
were not well delineated (see Fig. 2(a)). A single
grain having the nanoridge structure is shown in
Fig. 2(b). The average grain size estimated from
the STM images was 130 4+ 15 nm. More interest-
ingly, many individual grains contain two types of
nanoridge domains oriented with each other with
an angle (0) ranging between 109° and 124° as
shown in Fig. 3(a). Each domain has ridges with
an average height and period of 1.54+0.5 and
7.5+ 1.0 nm, respectively. These nanoridges were
observed on the «-W phase film surfaces irrespec-
tive of the film thickness. No such structure was
observed on the f-W film surface (Fig. 3(b)). The
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Fig. 2. (a) 400 x 400 nm? and (b) 200 x 200 nm? STM images of ~410 nm thick «-W film surface. A single grain having the nanoridge

structures is seen in (b).
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Fig. 3. The 100 x 100 nm? STM images of (a) ~410 nm thick «-W and (b) ~70 nm thick -W films. The «-W film surface shows the
formation of two types of nanoridge domains oriented with each other by an angle (0) that lies between 109° and 124°. The -W film

surface appears to have smooth grains with no ridge structures.

XRD results in Fig. 1 suggest that initially the film
grows in the f-W phase and eventually transforms
into the «-W(110) phase. This is consistent with
the results reported by previous researchers that
the f-W phase undergoes a structural transition
to the a-W phase with increasing sputtering time
or the thickness of the film [2,6]. In this regard,
Weerasekera et al. [6] have observed the decrease
in the oxygen partial pressure due to the gettering
of oxygen impurity into the freshly formed W film,
which leads to the f5- to «-W phase transition for
longer sputtering times.

The surface lattice structures of the a-W(110)
plane is shown in Fig. 4. Every atom in the top-
most layer has four nearest-neighbors and two
next-nearest-neighbors located at the distances of
V3a/2 and a in the topmost layer, respectively,

where a is the lattice constant of bcc a-W(110)
structure. The (111) directions (see Fig. 4) are
inclined at ~110° to each other. The anisotropy in
diffusion barriers along different directions is large
and therefore W adatom motion on the W(110)
plane should differ in different directions. Ehrlich
and Hudda [15] have done a detailed study of the
self-diffusion of W on W lattice by using field ion
microscopy (FIM). It was shown that the surface
diffusion not only depends on the plane index but
also on the crystallographic directions on a par-
ticular plane and can be anisotropic. Because of
this anisotropy, formation of one dimensional
chain structures and fractals on the surface were
reported in the literature [16-18]. For example, the
anisotropy in surface diffusion was observed for
the Cu growth on the W(110) plane [18]. The
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Fig. 4. A schematic diagram of W(110) surface lattice struc-
ture showing the crystallographic directions. A rectangular
primitive cell is also shown. The «-W(1 10) has a lattice con-
stant of 0.316 nm and the angle 6 between the (111) directions
is ~110°.

activation energy for diffusion Es depends on the
jump direction. The E; is equal to 0.3 eV for jumps
in the (111) direction and the E equal to 0.85 eV
for jumps in the (100) direction [18].

In the sputter deposition once the «-W phase is
initiated the sputtered W atoms impinge upon the
W(110) lattice have a preferred surface diffusion
along non-orthogonal (111) directions, the chan-
nels of high mobility, i.e. low potential barriers.
Turner et al. [19] have shown from their Monte
Carlo simulations that the impact energy of W
atoms can be as high as ~20 eV at 2 mTorr Ar gas
pressure. Therefore, the sputtered W atoms have
sufficient energies to overcome the surface diffu-
sion potential barriers along different directions on
the W(110) plane but will have an orientation
effect towards the high mobility (111) channels.
Since tungsten has a very high melting temperature
(Tm = 3683 K), the structures once created during
the film growth will be frozen in after the film
deposition. This leads to the formation of nearly
parallel nanoridges over the «-W(1 1 0) film surface
as observed in the STM images in Fig. 3. The
nanoridges were formed along the two (111) di-
rections oriented by an angle of ~110° with each
other, which leads to the formation of two types of
nanoridge domains on the «-W film surface. In a
recent study, Oh et al. [20] have shown that al-
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though the self diffusion of W on W(1 10) plane is
mainly along the (111) directions, the jumps along
(001) and (110) are still important and can give
significant atomic displacements. This may cause
the widening of the nanoridge structures.

The p-W is not an amorphous phase but a
disordered A15 cubic phase that consists of simple
cubic unit cells [5,7,11]. Therefore, there is no
preferred direction for diffusion of the impinging
sputtered W adatoms on the f-W film surface.
Thus, no ridge patterns were visible on the f-W
film surface (see Fig. 3(b)). Instead, the surface
topography shows the smooth and fine grain
structure. All the W film depositions were per-
formed on the native oxide of the Si substrate that
is amorphous in nature. Therefore, the formation
of nanoridge structures due to an ordered sub-
strate is ruled out. In the literature [8], these
nanoridge structures were not observed on very
thin W films (~10 nm) grown on SiO, by the
electron beam evaporation. This shows that the
formation of nanoridges is a result of the growth
of W on a crystalline W(110) and not a result of
the nucleation of W on SiO, substrate.

In summary, the STM topography images on W
films show the formation of two types of nearly
parallel nanoridge domains oriented with each
other on the «-W surface by an angle ranging be-
tween 109° and 124°, whereas no such patterns
were visible on the -W film surface. We interpret
that the anisotropic surface diffusion of sputtered
W particles over the «-W(1 1 0) surface leads to the
formation of nanoridge domains oriented in the
high mobility (111) directions. Whereas, an iso-
tropic f-W phase has no preferred diffusion di-
rection for the impinging sputtered W particles
and therefore, no nanoridge pattern was observed.
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