
Texture evolution of vertically aligned biaxial tungsten nanorods using RHEED surface pole

figure technique

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2010 Nanotechnology 21 325704

(http://iopscience.iop.org/0957-4484/21/32/325704)

Download details:

IP Address: 128.113.122.184

The article was downloaded on 19/07/2010 at 21:31

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0957-4484/21/32
http://iopscience.iop.org/0957-4484
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING NANOTECHNOLOGY

Nanotechnology 21 (2010) 325704 (7pp) doi:10.1088/0957-4484/21/32/325704

Texture evolution of vertically aligned
biaxial tungsten nanorods using RHEED
surface pole figure technique
R Krishnan1, Y Liu2, C Gaire2, L Chen2, G-C Wang2 and T-M Lu2

1 Department of Materials Science and Engineering, Rensselaer Polytechnic Institute,
110 8th Street, Troy, NY 12180, USA
2 Department of Physics, Applied Physics and Astronomy, Rensselaer Polytechnic Institute,
110 8th Street, Troy, NY 12180, USA

Received 28 May 2010
Published 19 July 2010
Online at stacks.iop.org/Nano/21/325704

Abstract
Vertically aligned biaxial tungsten nanorods with cubic A15 crystal structure were deposited by
DC magnetron sputtering on native oxide covered Si(100) substrates with glancing angle flux
incidence (θ ∼ 85◦) and a two-step substrate rotation mode at room temperature. These vertical
nanorods were grown to different thicknesses (10, 25, 50 and 100 nm) and analyzed for biaxial
texture evolution using a highly surface sensitive reflection high-energy electron diffraction
(RHEED) pole figure technique. The initial polycrystalline film begins to show the inception of
biaxial texture with a fiber background between 10 and 25 nm. Biaxial texture development is
eventually completed between 50 and 100 nm thicknesses of the film. The out-of-plane
crystallographic direction is [002] and the in-plane texture is selected so as to obtain maximum
capture area. In a comparison with 100 nm thick inclined tungsten nanorods deposited at 85◦
without substrate rotation, it is found that the selection of in-plane texture does not maintain
maximum in-plane capture area. This anomalous behavior is observed when the [002] texture
axis is tilted ∼17◦ from the substrate normal in the direction towards the glancing incident flux.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Oblique angle physical vapor deposition with no substrate
rotation has shown to be a reliable way to obtain
biaxially textured thin films [1–8]. Biaxial textured films
have a preferred out-of-plane and in-plane crystallographic
orientation. Such thin films find applications as substrates over
which several functional materials [9] can be epitaxially grown
with enhanced properties [10, 11]. A recent report showed
the formation of vertically aligned biaxial tungsten nanorods
of ∼390 nm thickness deposited by a glancing flux incidence
of ∼85◦ and a unique two-step substrate rotation mode [12].
However, only the final evolved biaxial texture was depicted
with the help of x-ray pole figure analysis. Since x-rays have
a much larger penetration depth, the constructed pole figure is
representative of the texture of the entire film thickness. On the
other hand, there have been previous reports of using reflection
high-energy electron diffraction (RHEED) to construct surface
pole figures [13–15]. Since RHEED is highly surface sensitive,

it gives surface crystal structure information from a few
nanometers [14, 15] of the growth front and is thus ideally
suited to study the evolution of texture as the film thickness
increases. The development of the out-of-plane texture in
thin films has been described to be a growth competition
between different possible orientations [16]. Normal incidence
films are generally fiber textured as they have only the out-
of-plane orientation fixed. For oblique flux incidence, the
incoming adatom has a biased diffusion path due to momentum
conservation and this fixes the in-plane orientation [17]. It has
been shown that generally the out-of-plane crystallographic
orientation corresponds to the geometrically fastest growth
direction. On the other hand, the in-plane texture corresponds
to the specific orientation that provides maximum in-plane
capture area to the incoming adatoms [17, 18].

Here we report the study of texture evolution in vertically
aligned biaxial tungsten nanorods. The flux incidence
angle was maintained at 85◦ away from the substrate
normal. Samples of varying thicknesses ranging from 10 to
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Figure 1. Cross-section scanning electron microscope (SEM) images
of vertical biaxial tungsten nanorods at thicknesses of (a) 10 nm,
(b) 25 nm, (c) 50 nm and (d) 100 nm. The black arrows in (a)
indicate the flux directions which are applicable for (b)–(d) as well.
(e) SEM image of 100 nm thick tungsten nanorods deposited on
native oxide covered Si substrate with no substrate rotation. The flux
direction is shown separately in this image as a white arrow and the
nanorods are tilted ∼45◦ from the surface normal towards the flux.

100 nm were prepared and each sample was analyzed using
RHEED technique. Surface pole figures were constructed
to study the evolution of texture from a completely random
(polycrystalline) state to the biaxial textured state. The
evolved texture was consistent with the generally accepted
out-of-plane and in-plane orientation selection mechanisms.
For comparison, we also studied a 100 nm thick tungsten
film deposited with no substrate rotation and glancing flux
incidence of 85◦. In this case, the texture selection mechanism
seems to be anomalous, as will be described later.

2. Experimental section

2.1. Deposition of tungsten nanorods

The W nanorods were grown by the technique of oblique
angle deposition (OAD) using DC magnetron sputtering. A
more detailed explanation of this technique can be found in
some earlier work [19]. All the depositions were performed
at near room temperature with no intentional substrate heating.
Si(100) wafer pieces of the size 2.5×2.5 cm2 with native oxide
were used as the substrate for deposition. The target used was

W (99.9%, Alfa Aesar, 3 inch dia.). The film was deposited
using a power of 200 W, an ultra-pure Ar working pressure of
2.3 mTorr, a deposition angle of 85◦ from the substrate normal,
a target to substrate distance of 15 cm and a two-step substrate
rotation mode. A control sample with no substrate rotation
and the same flux incidence angle of 85◦ was prepared, to see
the difference in texture selection mechanism. In the two-step
rotation mode, the sample was given a fast half rotation (or
180◦) at a speed of 90 rpm and made to stop after each half
rotation for a rest time of tr = 30 s. The deposition was carried
out using the exact conditions as reported in an earlier article
describing the two-step rotation mode [12]. Cross-section
scanning electron microscope (SEM) images of the vertical
biaxial tungsten nanorods at 10, 25, 50 and 100 nm as well
as tilted nanorods at 100 nm were taken using a Zeiss Supra
55 FESEM at 4 kV. Surface topography was imaged using an
XE-100 (PSIA Inc., Santa Clara, CA) atomic force microscope
(AFM). Line profiles were used to estimate the angles made by
the facets to the vertical direction.

2.2. RHEED characterization and surface pole figure
construction

Each of the as grown W samples was attached to a substrate
holder using conducting silver paste. The sample holder was
attached to an ultra high vacuum (UHV) compatible stepper
motor that was attached to a UHV manipulator. The sample
wobbling was minimized to less than 0.05◦ by using laser
assisted alignment. RHEED surface pole figure measurement
was carried out in a UHV chamber with a base pressure of
10−8 Torr. The energy of electrons used was 9 keV and the
electron incidence angle with respect to the sample surface was
less than 1◦. The RHEED pattern on the phosphor screen was
captured by a single-lens reflex camera with 12-bits dynamic
range and 5.5 × 5.5 μm2 pixel pitch. The images were stored
in the format of raw data which are direct intensity readings
from the camera sensor without any interpolation of pixels.
The phosphor screen that shows RHEED pattern emits green
light under high-energy electron bombardment. Thus only
the intensity from green channels of the Bayer pattern was
selected to form an intensity matrix after decoding the raw
image. For each sample, a total of 100 RHEED patterns
covering azimuthal angles in pole figures through 360◦ with
a step increment of 1.8◦ were recorded from the sample at
room temperature. Each RHEED image contains diffraction
patterns corresponding to two diametrically opposite azimuthal
angles in the pole figure. Before constructing a pole figure, the
information like azimuthal angle was written into the intensity
matrix for identifying individual images. The details of the
RHEED surface pole figure construction have been described
elsewhere [14, 15].

3. Results and discussion

3.1. SEM and AFM characterization

Figures 1(a)–(d) show the cross-section SEM images of the
vertical biaxial tungsten nanorods at 10, 25, 50 and 100 nm
thicknesses, respectively. The 10 nm film shows random
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Figure 2. (a) An AFM topographic image of 100 nm thick vertical tungsten nanorods. The flux direction is shown by the double arrow.
(b) Line profiles perpendicular to each other and ∼45◦ to the flux direction from (a) are plotted. The angles made by facets with the vertical
direction of a particular nanorod tip are estimated by a linear fit to the tangents forming the tip. The average angle between the vertical
direction and the facets is (36 ± 2)◦.

islands that are formed during the initial nucleation stage. At
25 nm, the nucleated islands seem to have grown larger in
size. However, there are still no visible nanorod structures
with well developed facets. At a thickness of 50 nm, we
begin to see the typical vertical nanorod structure with faceting.
The 100 nm thick nanorods seem to be completely developed
and look very similar to the ∼390 nm long tungsten nanorods
grown by a similar rotation mode as shown previously [12].
Figure 1(e) shows a cross-section SEM image of the 100 nm
thick W nanorods deposited with no substrate rotation. From
the image, it is clear that the nanorods are tilted towards the
flux (and away from the surface normal) by ∼45◦ as shown
earlier [12]. Figure 2(a) shows a 0.5 × 0.5 μm2 topographic
image of the 100 nm thick vertical tungsten nanorods taken
by AFM. Line profiles were plotted, as shown in figure 2(b),
and angles between the vertical direction and the facets were
estimated by linear fit to the profiles around the tip region.
The average angle was observed as (36 ± 2)◦. Within the
experimental uncertainty, this angle is close to 35.26◦, which
is the theoretical angle between the [002] and [112] directions.
This observation is consistent with the SEM analysis of (112)
crystal behavior reported earlier [12].

3.2. RHEED patterns

The tungsten nanorods exhibit a predominant A15 cubic crystal
structure. This is a commonly observed metastable phase
obtained during the sputtering of many BCC metals such as
W and Cr [20, 21]. Identification of the crystal structure
was confirmed by analyzing the radius of each arc profile
and matching the ratio of these radii with theoretical ratios
calculated from all possible plane configurations. Figure 3
shows the RHEED patterns for 10, 25, 50 and 100 nm
thicknesses of the tungsten nanorods grown by the two-
step deposition. These patterns are taken such that the flux
incident direction is either perpendicular (see figures 3(a)–
(d))) or parallel (see figures 3(f)–(i)) to the RHEED image
plane. The diffraction arcs are indexed in figure 3(c). For
the 10 nm sample, the continuous rings in the RHEED
pattern suggest that the sample is polycrystalline with no
preferential orientation. The 25 nm sample RHEED pattern

shows diffraction arcs with variations in the polar intensity
profile, thereby indicating the inception of texture formation.
At 50 nm, broken arcs in the diffraction pattern confirm
the presence of preferred orientation into which the different
crystallites align. Eventually at 100 nm, the RHEED pattern
shows a well developed biaxial texture. The out-of-plane
texture axis corresponds to the (002) diffraction ring and it
is normal to the substrate surface. The purpose of showing
the two RHEED images at 90◦ apart in azimuthal angle
for each sample is to detect any change of symmetry in
the diffraction arcs about the surface normal. In previously
reported biaxial films deposited by OAD without any substrate
rotation [13, 14], it was shown that the RHEED pattern
is generally symmetric when the electron beam is incident
along the flux direction, while the pattern is asymmetric
when the electron beam is incident perpendicular to the flux
direction. This is primarily due to the tilting of the out-
of-plane orientation of the nanorods. In a fiber textured
film, the texture axis is normal to the surface and there is a
random azimuthal orientation of the crystallites. This results
in symmetry of the RHEED pattern with azimuthal rotation
with respect to the electron beam incidence. On the other
hand, in the tilted biaxial textured nanorods, the texture axis is
clearly tilted towards the flux. This results in an asymmetry in
the RHEED pattern when the electron beam is perpendicular
to the flux incidence plane. For the vertical biaxial tungsten
nanorods deposited using a two-step substrate rotation, there is
negligible symmetry change as the electron beam is incident at
two different azimuthal angles. This symmetry is mainly due
to the vertical orientation of the texture axis which is obtained
only as a result of OAD with two-step substrate rotation. For
a comparison, we performed a RHEED study on a 100 nm
thick W sample with tilted texture. This was prepared with no
substrate rotation and OAD at 85◦. The patterns are shown in
figures 3(e) and (j). The RHEED pattern in figure 3(j) clearly
shows asymmetry when the electron beam is perpendicular
to the flux direction. The center of the (002) diffraction arc
is tilted ∼17◦ from the substrate normal towards the flux.
Thus two-step rotation prevents the texture from tilting towards
the flux and maintains a biaxial texture with an out-of-plane
orientation normal to the substrate surface.
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Figure 3. The RHEED patterns of W samples with thicknesses of 10,
25, 50, and 100 nm. (a)–(e) The W vapor flux, as indicated by the
head and/or tail of an arrow, is in the direction perpendicular to the
RHEED image plane. (f)–(j) The W vapor flux, as indicated by the
double arrow, is in the direction parallel to the RHEED image plane.
The angle in (j) shows that the out-of-plane direction tilts about 17◦
from the surface normal and towards the incident vapor flux
direction.

3.3. RHEED surface pole figure and texture evolution

In order to see the azimuthal distribution of crystallographic
planes and to analyze the biaxial texture, RHEED surface
pole figures were constructed. Figure 4 shows the (012)
(figures 4(a)–(d)) and (112) (figures 4(f)–(i)) pole figures
for 10, 25, 50 and 100 nm thicknesses of vertical tungsten
nanorods. The flux directions are indicated with arrows. The
pole figure of the 10 nm thick sample contains a uniform
intensity distribution indicating a polycrystalline nature. The
four (012) poles begin to form at 25 nm thickness. The (112)
pole figure consists of an almost ring-like arrangement of poles
with a higher intensity around two poles. At 50 nm, the (012)
poles show a clear four-fold rotational symmetry while the
(112) poles still have a random azimuthal arrangement with
two high intensity regions. Finally at 100 nm thickness, there
is a clear separation and formation of four individual (012)
and (112) poles. These pole figures are consistent with the
theoretical (012) and (112) poles projected along the [002]
direction of the cubic crystal. This was also confirmed by
looking at the (002) pole figure (not shown here). Thus the
biaxial texture of W nanorods evolves through different stages
as the film thickness increases. The initial polycrystalline
randomly oriented film (formed at a thickness of less than
10 nm) transforms into a weak biaxial textured film with
a fiber background (at around 25–50 nm thickness) which
subsequently transforms into the well developed biaxial film
with a normal texture axis at a thickness of around 100 nm.
We believe that the introduction of an intermediate fiber
background is seen due to the two-step substrate rotation. This
rotation mode adds a fiber effect in the initial growth stages
which gets self-corrected as the thickness of the film increases.
For the tilted texture tungsten film of thickness 100 nm, the
(012) and (112) surface pole figures were also constructed.
These are shown in figures 4(e) and (j), respectively. Firstly,
there is a noticeable tilt in the texture axis towards the flux.
We can see only three (012) and two (112) poles in these
figures. This is because the other poles are tilted towards
the flux and are not captured due to the limited polar angle
range in data acquisition. Secondly, there is an unexpected
45◦ rotation of the (012) and (112) poles as measured from
the flux direction with respect to the 100 nm vertical biaxial
tungsten film. Section 3.4 is devoted to discussing a possible
explanation for this phenomenon.

3.4. Texture selection mechanism

It has been reported earlier that the selection of in-plane texture
depends on the orientation that provides maximum capture
area [18]. Figure 5(a) shows the top view of a cubic crystal
with an in-plane orientation of β = 45◦. We calculated the
capture area A as a function of in-plane orientation angle β

using a model published earlier by Mahieu et al [18]. The area
was calculated using the following formula.

An(β) = An−1(β) + F |cos(45 − β)|√2An−1(β).

Here A0(β) = a2 and it was assumed that F/a2 = 0.1, where
F is the flux and ‘a’ is the lattice constant [18]. The value of n
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Figure 4. (a)–(e) (012) and (f)–(j) (112) surface pole figures of W samples at various thicknesses. The two opposite pointing black arrows
indicate the two incident vapor flux directions. Figures (e) and (j) correspond to the 100 nm W sample with tilted biaxial texture. The triangles
connecting poles in (i) and (j) show the 45◦ in-plane rotation with respect to the flux direction.

is taken to be a time step. It shows that over time, the capture
area increases since the crystal grows. Figure 5(b) shows the
plot of the normalized capture area. The maximum capture

area is clearly obtained for an in-plane orientation of β = 45◦.
The largest capture area is offered by the (11̄0) plane. Based
on the calculation of surface energies for different planes in
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Figure 5. (a) Schematic showing the top view of a cubic lattice with lattice constant ‘a’ and in-plane orientation β = 45◦. The out-of-plane
orientation here is [002] and the dashed line shows the (11̄0) plane as seen in a top view of the lattice. (b) Graph showing calculated
normalized capture area as a function of in-plane orientation β. Also shown are schematics of the cubic crystal lattice orientation with respect
to the flux for (c) vertical biaxial and (d) tilted biaxial tungsten nanorods. The in-plane texture in (c) is [11̄0] and that in (d) is [03̄1]. The
planes representing the in-plane texture have been shaded accordingly. Note that the cubic lattice in (c) is 45◦ rotated with respect to that
in (d).

the A15 cubic structure, the (100) yielded the highest surface
energy as reported earlier [22]. Thus the [002] texture axis is
the fastest growth direction as it has more bonding sites to offer
to the incoming adatoms. When tungsten is deposited with the
flux incidence at 85◦ and the two-step substrate rotation mode,
it is clear that the fastest growth direction remains normal
to the surface. Since the flux direction switches between
diametrically opposite ends every 30 s, the [002] texture axis
is prevented from tilting towards any direction and it gets
averaged into being normal to the surface. Under this situation,
it is seen that there is a 45◦ in-plane rotation in the texture to
obtain the maximum capture area of 1.414a2 as provided by
a [11̄0] in-plane texture. This configuration of the lattice is
shown in figure 5(c). When the flux is incident at a glancing
angle like 85◦ with no substrate rotation, the crystallographic
fastest growth direction is forced to tilt towards the flux.
Figure 5(d) shows the effective orientation of the crystal lattice
for the tilted texture as confirmed by the RHEED pole figure.
Since the lattice is tilted around 17◦ towards the flux direction,
the effective in-plane texture is [03̄1]. This is a random in-
plane texture that is selected as a result of the texture tilt.
The effective capture area is around 1.05a2, where a is the
lattice constant. Thus the behavior of in-plane texture selection
changes drastically between tungsten with tilted biaxial texture
and that with vertical biaxial texture. The mechanism of the
random in-plane texture selection at glancing angles with no

substrate rotation is not completely understood. In order to
obtain a maximum in-plane capture area of 1.414a2, the out-
of-plane texture axis should ideally tilt by 45◦, but we observe
only a 17◦ tilt. There could be two competing mechanisms
contributing towards this anomalous in-plane texture. In one
case, the [002] texture axis could be compelled to tilt towards
the flux to draw more adatoms since it is the fastest growth
direction. At the same time the initial orientation may already
offer an energetically favorable surface to incorporate more
atoms from the glancing flux direction. This could result in
a resistance to tilt by 45◦. The net result is a compromise
between these two competing effects giving rise to the resulting
texture. These key in-plane texture selection mechanisms
were revealed only on a closer examination with the texture
evolution study by RHEED and were not brought out clearly
in the earlier article reporting the two-step rotation mode using
x-ray diffraction [12].

4. Conclusions

In summary, we conducted a texture evolution study on
vertically oriented biaxial tungsten nanorods using a RHEED
surface pole figure technique. The study revealed that
the very initial growth stage yielded a polycrystalline film.
This eventually transformed to a weak biaxial textured film
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with fiber background which later transformed into the
observed biaxial textured film. The vertical biaxial texture
began developing after 50 nm of film thickness and was
completely developed at a film thickness of 100 nm under
our growth condition. The introduction of an intermediate
fiber background to the growth stage was due to the two-step
substrate rotation mode. We also observed a 45◦ in-plane
texture rotation in the vertical biaxial nanorods with respect
to the tilted texture tungsten nanorods. This phenomenon can
be explained by the concept of maximum in-plane capture
area. However, when the texture axis is forced to tilt towards
the glancing flux direction, the effective orientation does not
concur with a maximum in-plane capture area argument.
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