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The reflection high energy electron diffraction �RHEED� surface pole figure technique has been
applied to an in situ study of the biaxial texture evolution in the anisotropic film of Mg nanoblades.
These nanoblades were grown by thermal vapor under the shadowing effect using oblique angle
deposition. To compensate for the effects of the anisotropic morphology of the Mg film on the
RHEED surface pole figure, a method of intensity normalization has been employed. From the

normalized pole figures, we observed a development of �101̄0��0001� biaxial texture in the film
during the growth. When the film grows thicker the texture axes tilt more towards the incident vapor
flux. The variation of the azimuthal angle orientation is mainly around the �0001� axis during growth
and the azimuthal dispersion angle around the �0001� axis reduces. The change of texture axis tilting
angle has been correlated to the change of the nanoblade tilting angle. The azimuthal angle
alignment of the nanoblades is argued to be the result of maximizing the vapor flux capture cross
section by nanoblades during the growth. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2752131�

I. INTRODUCTION

The preferred crystalline orientation, or texture, is a fun-
damental property of a polycrystalline film. Many important
physical properties such as magnetic, mechanical, and elec-
trical properties of the film depend on the developed
texture.1–6 The textures have been divided into two catego-
ries, commonly known as fiber �I-O� and biaxial �II-O�
textures.7 For the fiber texture, one crystallographic direction
of crystallites is aligned parallel to the fiber axis or texture
axis. In the azimuthal angle direction around the fiber axis
the crystalline orientation is randomly distributed. If the azi-
muthal angle orientation is also confined, then the texture is
called the biaxial texture. The development of a biaxial tex-
ture has attracted significant interests in many areas8–12 since
the biaxial texture mimics the orientation of a single crystal.
For example,9 high temperature superconducting copper ox-
ides have been deposited on MgO biaxial films to minimize
high angle grain boundaries. In this case, a much higher cur-
rent density can be passed through the superconducting layer.
There are several evaporation methods to produce biaxial
textured films, such as ion beam assisted deposition �IBAD�
and inclined substrate deposition �ISD�, namely, oblique
angle deposition �OAD�. Due to the simplicity and low cost,
OAD has been recognized as an effective method to control
the thin film texture. However, the texture evolution under
OAD is complex. Different textures can be formed during
the various growth stages.13,14 To obtain a better understand-
ing of the formation of a biaxial texture, a complete charac-
terization on the dynamics of the surface texture evolution is
required.

The conventional x-ray diffraction pole figure analysis
has been used to characterize textures of thin films. It gives
an average texture of the entire thickness of the film since the
x ray penetrates into the entire film. As the texture of a film
very often changes during growth, information on the surface
texture evolution during growth is mostly lost in the x-ray
diffraction analysis. In contrast, the reflection high energy
electron diffraction �RHEED� technique has recently been
shown to be a powerful tool to reveal the surface texture of
polycrystalline films.13–18 Unlike x rays, electrons interact
strongly with materials. An electron beam has very limited
penetration and escape depths, and is therefore sensitive to
the growth front of a film. Even when the film is very thin,
the substrate does not contribute to the intensity in the
RHEED patterns. The analysis of a single RHEED pattern
has been used to determine a fiber or a biaxial texture.16–18

However, the diffraction pattern analysis for a biaxial texture
can be complicated.18 Moreover it is difficult to obtain quan-
titative information on the azimuthal angle orientation from
the pattern analysis, especially when the biaxial texture is
weak. A complete characterization of a biaxial texture, in-
cluding the azimuthal angle orientation, usually requires a
collection of multiple diffraction patterns.14,18 Brewer et al.18

has used a RHEED in-plane rocking curve to obtain the in-
formation of the azimuthal angle orientation. This rocking
curve is constructed by rotating the sample around the sur-
face normal and recording the maximum intensity for each
diffraction spot. More recently, we demonstrated the feasibil-
ity of a RHEED surface pole figure technique,14 by which
the complete characterization of texture becomes possible. In
this measurement, the polar intensity profile of a particular
family of crystal planes is first constructed from a single
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RHEED pattern. Then a combination of the intensity profiles
from different azimuthal angles gives a surface pole figure.

In this paper, we present an in situ study of the Mg
biaxial texture evolution by OAD using the newly developed
RHEED pole figure technique. Previously we reported that
the Mg film deposited at a high vapor incident angle is very
anisotropic and composed of many ultrathin nanoblades.19

Since the Mg film is very anisotropic a method of intensity
normalization has been used to compensate the effects of the
film morphology in the construction of the RHEED pole fig-
ure. By analyzing the pole figures after normalization, a de-

velopment of �101̄0��0001� biaxial texture from initial ran-
dom crystalline orientations was found during the growth.
The texture axes tilted more towards the vapor flux when the
film becomes thicker. The change of the texture axis tilting
angle is most dramatic at the early stage of growth. In addi-
tion, the variation of the azimuthal angle orientation is
mainly around the �0001� axis and the azimuthal dispersion
angle around the �0001� axis reduces during growth. Finally,
by combining in situ RHEED pole figure analysis and ex situ
scanning electron microscope �SEM� images the change of
the texture axis tilting angle is correlated to the competitive
growth among the nanoblades. This competitive growth re-
sults in the survival of nanoblades with smaller tilting angles.
The azimuthal angle alignment of the nanoblades is argued
to be the result of maximizing the vapor flux capture cross
section by nanoblades during the growth.

II. EXPERIMENTS

In our experiment, an ultrahigh vacuum �UHV� thermal
evaporation system was used to deposit the Mg film. The
substrates were p-type Si�100� with a thin layer of native
oxide residing at the surface. The vapor incident angle �
with respect to the substrate normal is �75°. The distance
between the evaporation source and the substrate holder was
approximately 10 cm. The source was resistively heated and
kept to a desired temperature of �600 K for evaporation.
The base pressure of the vacuum chamber was �4
�10−9 Torr. During the deposition the pressure rose to
�2.0�10−8 Torr. The RHEED gun was operated at 8 kV
and 0.2 mA emission current. A total of 200 RHEED pat-
terns covering the azimuthal angle of 360° with a step of 1.8°
were recorded for the pole figure measurements and took
�20 min. The detailed setup and construction process for the
RHEED pole figure measurement have been described
elsewhere.14 The Mg deposition was interrupted at 0.5, 4.5,
8.5, 13.7, 24.5, 34.7, and 49.7 min for in situ RHEED pole
figure measurements. The morphologies and structures of the
final Mg films were imaged ex situ by a field emission SEM.
The thickness of the Mg film obtained from the side view of
SEM images is �2.1 �m. The thickness refers to the vertical
distance between the substrate and the Mg film surface. The
growth rate was determined to be �43 nm/min using this
thickness divided by 49.7 min.

III. RESULTS AND DATA ANALYSIS

A. SEM images

Due to the very fast diffusion of Mg atoms, during OAD
the Mg film growth deviated significantly from the past ex-
perimental results for other materials using OAD and theo-
retical predictions.19 Figures 1�a�–1�c� show the SEM images
of the final Mg film deposited for 49.7 min at a vapor inci-
dent angle of 75°. From the top view �Fig. 1�a��, we can see

FIG. 1. �a� Top view SEM image of nanoblades with �49.7 min deposition
time ��2.1 �m thick�. The geometry of the RHEED measurement when the
substrate at the azimuthal angle �=0° �180°� is indicated. The incident
electron beam direction and incident flux direction are 90° with respect to
each other. Phi ��� is the azimuthal angle around the substrate normal. The
electron beam is parallel to the wider width direction of nanoblades. �b� Side
view SEM image of nanoblades viewed from the direction perpendicular to
the incident flux direction. Beta ��� is the nanoblade tilting angle measured
from the substrate normal. The thicknesses corresponding to various depo-
sition times are labeled by horizontal arrows. �c� A side view of the SEM
image viewed from the direction parallel to the incident flux direction that is
out of the page. The large surfaces of the nanoblade, facing away or towards
the flux, are �0001� planes. The upward growth direction of a nanoblade is

approximately along the �213̄0� axis.
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that the film is composed of many nanoblades. The thickness
of the typical Mg nanoblades along the incident vapor direc-
tion ranges from �15 to �30 nm, while the width perpen-
dicular to the incident vapor direction can be as wide as a
few hundred nanometers. The side view image in Fig. 1�b�
shows that the nanoblades tilt away from the incident flux.
This tilting of the nanoblades violates both the tangent and
cosine rules that relate the columnar tilting angle � to the
incident flux angle � during OAD.20,21 The thicknesses cor-
responding to various deposition times are labeled by hori-
zontal arrows, as shown in Fig. 1�b�. It is clear that the com-
petitive growth among the nanoblades occurs during
depositions, in which nanoblades with less tilting angle win
in the final film. From the SEM top view in Fig. 1�a�, we can
also see that the top surfaces of less tilted nanoblades have
brighter contrast, which shows that these nanoblades grow
taller and survive under the shadowing effect. Figure 1�c�
shows the SEM cross sectional image viewing parallel to the
incident flux direction that is out of the page. From this im-
age we can see that the shape of a nanoblade is polygon. The
very upper part of a nanoblade shows a combination of mul-
tiple partial hexagons and is highlighted by dashed lines.
This suggests that the large surfaces of the nanoblade, facing
away or towards the flux, are �0001� planes. Additionally, the
upward growth directions of nanoblades are approximately

aligned along the �213̄0� direction.19 The surface normal of

the �101̄0� plane, along the �213̄0� axis, is the other pre-
ferred crystallographic orientation. The analysis of SEM im-

ages indicates the formation of a �101̄0��0001� biaxial tex-
ture, which is consistent with the pole figure analysis to be
presented later.

B. RHEED patterns and pole figure analysis

1. RHEED patterns

In the RHEED pole figure measurement, the substrate is
rotated azimuthally with angle � around the substrate normal
while the directions of the vapor flux and electron beam are
fixed at 90° to each other. The geometry of the RHEED
measurement at the azimuthal angle �=0° �180°� is shown
in Fig. 1�a�, where we defined the azimuthal angle �=0°
�180°� parallel to the incident flux direction and the direction
of the incident electron beam is 90° with respect to the flux
direction or at �=90° �270°�. In this geometry the electron
beam direction is parallel to the wider width direction of
nanoblades. As the substrate is rotated, the � angle changes
with respect to the incident electron beam direction. This
also means that the wider width direction of nanoblades is
rotated with respect to the electron beam direction. Figure 2
shows the RHEED images at selected deposition times of
0.5 min ��22 nm thick�, 13.7 min ��589 nm thick�, and
49.7 min ��2.1 �m thick�. Figures 2�a�, 2�c�, and 2�e� are
patterns when the wider width direction of nanoblades is
parallel to the electron beam �substrate positioned at �=0°
�180°��. When the substrate is rotated to �=90° �270°�, the
wider width direction of nanoblades is perpendicular to the
electron beam direction. The corresponding RHEED images
are shown in Figs. 2�b�, 2�d�, and 2�f�. Figures 2�a� and 2�b�
show almost continuous and uniform diffraction rings ap-

pearing at the very initial stage of growth �0.5 min
��22 nm thick�, indicating a nearly random nucleation. With
more depositions the diffraction rings become sharper and
break into more parts as shown in Figs. 2�c� and 2�e�, which
indicate the formation of texture. At the later stage of
growth, we can also see that when the wider width direction
of nanoblades is parallel to the electron beam, the patterns
shown in Figs. 2�c� and 2�e� became asymmetric about the
substrate normal. This asymmetry resulted from the oblique
angle incident vapor. The ratio between the various radii of
the diffraction arcs in Fig. 2�e� is 1:1.14:1.45:1.72:1.87. This

ratio indicate that the diffraction arcs are from the �101̄0�,
�101̄1�, �101̄2�, and �101̄3� planes. The lattice constants a
and c measured from the diffraction pattern are 3.2±0.1 and
5.2±0.2 Å, respectively. These measured values are close to
the lattice constants of bulk Mg crystals, which are 3.21 and
5.21 Å, respectively. From the RHEED image analysis, we
can see that the �0002� diffraction arcs are missing. This

FIG. 2. RHEED patterns of Mg nanoblades when the electron beam is
parallel to the wider width direction of nanoblades �sample position at �
=0° �180°�� and perpendicular to the wider width direction of nanoblades
�sample position at �=90° �270°��. Phi ��� is the azimuthal angle around
the substrate normal. ��a� and �b�� Deposition time of 0.5 min ��22 nm
thick�, ��c� and �d�� deposition time of 13.7 min ��589 nm thick�, and ��e�
and �f�� deposition time of 34.7 min ��1.49 �m thick�. The normal of

�101̄0� planes and the �0001� axis are indicated by the white long dashed
lines with arrows in �e�. The short dotted line with an arrow in �e� represents

the normal of �101̄1� planes.
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could be due to the electron refraction effect originating from
the inner potential of a crystal. In our measurements, the
intensity of �0002� diffraction arcs mainly comes from the
electron beam parallel to the �0001� crystal surface. How-
ever, when the electron beam is nearly parallel to the crystal
surface the refraction effect becomes strongest.22 In fact, no
reflection is possible for which G�0002�

2 /4k2�� / P,22 where k
is the wave vector of an electron beam, G�0002� is the recip-
rocal wave vector of the �0002� plane, � is the inner poten-
tial, and P is the potential of an electron. Putting P
=8000 V, k=45.82 Å−1, and G�0002�=2.41 Å−1 into the
above inequality, we found that the inner potential of Mg
must be larger than 5.5 eV. We did not find a value of the
inner potential of Mg in the existing literature. However,
most of the metals have been shown to have a value of the
inner potential larger than 10 eV.23

2. Normalization of RHEED pole figure

From the SEM images, we can see that the morphology
of the Mg film is extremely anisotropic. This anisotropic
morphology can severely distort the RHEED pole figure,
which is constructed from the polar intensity profiles at dif-
ferent azimuthal angles. In this section, a method of intensity
normalization is presented to take care of this geometrical
effect. For RHEED, a typical wave vector of the incident
electron beam k is much larger than the interested reciprocal
lattice vector G; therefore the Ewald sphere could be ap-
proximated as a plane. Figure 3�a� shows a three-
dimensional �3D� diagram of the constructed reciprocal
space from the RHEED patterns of the Mg film deposited at
49.7 min ��2.1 �m thick�. Under the assumption that the
Ewald sphere is approximated as a plane, the RHEED pat-
terns at different azimuthal angles will have a common in-
tersection line along the substrate normal, namely, Sz axis.
Particularly the point A on the Sz axis is the cross point

between the �101̄0� arcs. Theoretically the intensity of point
A obtained from RHEED patterns at different azimuthal
angles should have the same intensity. However, from Fig.
3�b�, we can see that this intensity varied significantly with
respect to the azimuthal angles. The valley of the intensity
plot is around �=0° �180°�, while the peak intensity is
around �=90° �270°�. We argue that this intensity modula-
tion in azimuthal angles is due to the anisotropic morphology
of the film. From the SEM image we can see that the film is
composed of well aligned nanoblades with the wider surface
�face� perpendicular to the vapor flux. During the measure-
ment, when an electron beam is incident parallel to the wider
width direction of nanoblades, gaps between the nanoblade
rows are exposed to the incident electrons that allow more
electron channeling into the depth of the material. The chan-
neled electrons will be captured in the bulk or contribute to
the background, which results in a weak intensity at �=0°
�180°�. However, when an electron beam is perpendicular to
the wider surface of nanoblades, �=90° �270°�, the electrons
are perpendicular to the channeling gaps and the diffraction
intensity becomes strongest. Both arguments are consistent
with the observations from Fig. 3�b�.

For compensating the intensity modulation around azi-
muthal angles, shown in Fig. 3�b�, we normalize the intensity
of point A from different RHEED images to a constant value.

Figures 4�a� and 4�b� show the �101̄0� RHEED pole figures
of the film deposited at 49.7 min before and after normaliza-
tion, respectively. The intensity around �=0° �180°� indi-
cated by the dashed line was basically obtained from
RHEED images when the electron beam was incident paral-
lel to the wider surface of the nanoblades. Before normaliza-
tion, this intensity was significantly lower than the surround-
ings due to the intensity modulation described above. After
normalization a center pole clearly showed up along the
dashed line. The pole structure suggests the formation of a
biaxial texture. Through the analyses of the angles between
different diffraction poles,14 we found a formation of

�101̄0��0001� biaxial texture in the Mg film. The calculated
positions of the diffraction intensity for this biaxial texture
were superimposed on the top of Fig. 4�b� as solid squares.

FIG. 3. �Color online� �a� A 3D construction of the reciprocal space from the
RHEED patterns of the Mg film deposited for 49.7 min ��2.1 �m thick�.
Point A on the Sz axis is the cross point between the �101̄0� arcs. The polar
angle � is measured from the substrate normal Sz axis. Phi ��� is the azi-
muthal angle around the substrate normal. �b� The plot of the intensity of
point A vs the azimuthal angle �.
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The similar normalization process is also followed by the
construction of other pole figures. Figures 4�c� and 4�d�
show the �101̄1� RHEED pole figures before and after the
normalization, respectively. After normalization, the split
center poles shown in Fig. 4�c� are merged into a single pole
shown in Fig. 4�d�. The positions of the individual poles

match the theoretical positions of �101̄0��0001� biaxial tex-

ture very well. Since the diffraction intensity of the �101̄1�
diffraction ring is always strong during the texture evolution,

we will concentrate on the �101̄1� pole figure in our later
analyses.

3. Evolution of normalized RHEED pole figures

Figures 5�a�–5�d� show a series of normalized �101̄1�
RHEED pole figures at 0.5, 8.5, 24.5, and 34.7 min deposi-
tions. In the beginning of 0.5 min deposition the distribution
of intensity in the pole figure intensity is nearly even, which
indicates a random initial nucleation on the amorphous sub-
strate. With more deposition at 8.5 min, an intense band is
shown at the left side of the pole figure in Fig. 5�b�. Clearly
separated poles are revealed in the longer deposition time of
24.5 min ��1.05 �m thick�. The position of the poles in the
figures moves towards the flux as the film grows. This indi-
cates that the texture axes tilt more towards the flux. This
change of the texture axis can be quantitatively characterized
by the evolution of polar intensity profiles, measured from

RHEED images at �=0° �180°�. The plots are shown in Fig.
6�a�. We can see that at the deposition time of 8.5 min
��365 nm thick� the position of the peak with the maximum
intensity is around �=43° on the side at �=180°. As the film
grew thicker, the peak position gradually moves to the center.
At the deposition time of 49.7 min, the texture axis tilts to
�=1° on the side at �=0°. In the inset of Fig. 6�a�, we plot
the texture axis tilting angle ��101̄1�

� versus the deposition

time t. Here the minus sign means that the texture axis tilts
towards the incident vapor flux. From the curve, we can see
that the texture axis tilting angle changes most dramatically
at the early stage of growth.

In addition to the movement of the pole position, we can

also see that �11̄01�, �101̄1�, and �011̄1� poles lie on a cir-
cular band shown as the dashed curve in Fig. 5�d�. This
circular band indicates that the variation of the azimuthal
angle orientation is mainly around the �0001� axis. This is a
natural consequence if considering that the �0001� plane is
the major flux receiving surface. Figure 6�b� shows the in-
tensity versus the azimuthal angle around the �0001� axis or
��0001� at different deposition times. The ��0001� is around the

dashed circle which goes through �11̄01�, �101̄1�, and �011̄1�
poles and an example is shown in Fig. 5�d�. The center of the
circle will be the geometrical position of the �0001� axis.
This azimuthal plot is different from the ordinary azimuthal
plot which is around the center of the pole figure. Three
peaks in the azimuthal plots correspond to these three poles.
Due to the scattering from the particles present on the sur-
face, some RHEED images within a narrow azimuthal angu-
lar region are severely distorted.22 This results in the spike
observed in the center peak, which is most obvious in the

FIG. 4. �Color online� The �101̄0� RHEED pole figures of the Mg film with
a deposition time �49.7 min. �a� Before a normalization and �b� after a

normalization; �c� and �d� show the corresponding �101̄1� RHEED pole
figures before and after a normalization. The dashed line represents the
azimuthal positions, where �=0° �180°�. The �=0° means a direction to-
wards the incident vapor flux and the �=180° means a direction away from
the incident vapor flux.

FIG. 5. �Color online� Normalized �101̄1� RHEED pole figures at deposi-
tion times of �a� 0.5 min ��22 nm thick�, �b� 8.5 min ��365 nm thick�, �c�
24.5 min ��1.05 �m thick�, and 34.7 min ��1.49 �m thick�. The positions
of poles in the figures move towards the incident vapor flux as the film
grows. The intensity of the azimuthal plot is around the white dashed circle

which goes through �11̄01�, �101̄1�, and �011̄1� poles, as shown in �d�. The
center of circle is the geometrical position of the �0001� axis.
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curves of the early stage of growth labeled by arrows. How-
ever, the side peaks clearly show the shrinkage of the peak
width from �44° to �27° during the film growth. This in-
dicates that the azimuthal angle orientation around the
�0001� axis becomes more confined.

IV. DISCUSSION

A. Texture axis tilting angle

The pole figure analysis shows that the texture axes tilt
more towards the incident vapor flux as the film grows. A
similar change in the texture axis orientation was also ob-
served in a CdS film by OAD.24,25 The hexagonal shape of
the nanoblades indicates that an individual nanoblade has a

single crystal structure. This single crystal nature was also
confirmed by transmission electron microscopy �TEM�
analysis �not shown here�.19 Therefore, the variation of the
texture axis tilting angle can be correlated to the change of
the nanoblade tilting angle. This is consistent with the obser-
vations in the morphology of the final deposited film. From
the SEM side view in Fig. 1�b�, the competitive growth
among nanoblades is more clearly revealed. At the early
stage of deposition, nanoblades obviously tilted away from
the substrate. For the nanoblades having large tilt angles, the
growth directions would significantly deviate from the sub-
strate normal, and therefore their vertical growth rates de-
crease and eventually stop growing.19,26 As a consequence
the texture axes would begin to tilt more towards the incident
vapor flux during the growth. Actually, considering the thin
blade structure, the tilting angle of the nanoblade � can be

assumed equal to the tilting angle of the �101̄0� texture axis
��101̄0�

� . The ��101̄0�
� can be related to ��101̄1�

� through ��101̄0�
�

=��101̄1�
� +28.7°. The 28.7° is the angle between the crystal-

line �101̄0� and �101̄1� planes. The final value of ��101̄1�
�

obtained from Fig. 5�a� is −1. Therefore the final value of
��101̄0�

� �−1° +28.7° =27.7°. The final tilting angle of nano-

blades measured from Fig. 1�b� is ��22±6�°, which is com-
parable with the ��101̄0�

� of 27.7°. In addition, the �0001� tex-

ture axis is tilted from the surface normal by �−�1°
+61.3° �=−62.3°, where the value of 61.3° is the angle be-

tween the crystalline �101̄1� and �0001� planes. Here the mi-
nus sign means that the texture axis tilts towards the incident

vapor flux. The normals of �101̄0� plane and the �0001� axis
are labeled as long dashed lines with arrow heads in the
RHEED pattern of Fig. 2�e�. The short dotted line with an

arrow head in �e� represents the normal of �101̄1� plane.

B. Alignment of azimuthal angle orientation

A number of arguments, including crystal
geometries,13,26 flux capture cross section �received flux�,10

and asymmetric surface diffusion,27 have been presented in
the literature to explain the azimuthal angle selection in films
deposited by OAD. But a general theory to accurately predict
the orientation selection has not emerged. In our case, there
are two extreme cases in the alignment of azimuthal angle
orientation around the �0001� axis, as shown in Figs. 7�a�
and 7�b�. We simplify the nanoblade as a hexagonal shape
crystal and view along the �0001� axis. One is with the

�101̄0� axis along the vertical growth direction of the crystal

�Fig. 7�a��; the other is the �213̄0� axis along the vertical
growth direction of the crystal �Fig. 7�b��, which is observed
in our experiment. The �0001� axis is tilted away from the
substrate normal under OAD. The first case has a sharp tip
pointing up. By a geometrical consideration, the growth

along a sharp tip, namely, the �101̄0� axis, will have a faster
growth rate than the direction perpendicular to a crystal

edge, namely, the �213̄0� axis.13 However, this is opposite to
our experimental observation. The inconsistency can be re-
solved if we consider the difference between flux capture

FIG. 6. �a� The �101̄1� polar intensity profiles at �=0° �180°� of Mg nano-
blades deposited for 8.5 min ��365 nm thick�, 13.7 min
��589 nm thick�, 24.5 min ��1.05 �m thick�, 34.7 min ��1.49 �m thick�,
and 49.7 min ��2.1 �m thick�. The �=0° means a direction towards the
incident vapor flux and the �=180° means a direction away from the inci-
dent vapor flux. The peak position with the maximum intensity moves to-
wards the incident vapor flux as the film grows thicker. This trend is indi-

cated by a dashed arrow, which corresponds to the movement of the �101̄1�
pole positions. The inset of �a� is the plot of the texture axis tilting angle
��101̄1�

� vs the deposition time t. �b� The intensity vs the azimuthal angle

around the �0001� axis ���0001�� at different deposition times. Flat intensities
on both sides of the curves represent the regions beyond the shadowing
edges in RHEED patterns, which have zero intensity. The spikes at the
center peaks labeled by arrows are due to the particles presented on the
surface. The base lines of intensity profiles in �a� and �b� have been shifted
for clarity.
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cross sections of these two geometries.10 Due to the shadow-
ing effect, only the very upper part of crystals, for example,
the shaded regions above the dashed horizontal lines, will be
considered in the calculation of the received flux. In this case
the crystal in Fig. 7�b� will have a much larger vapor flux
capture cross section than that of the crystal shown in Fig.
7�a�. Since the received flux is transported to the side faces in

the thin blade structure, those crystals with the �213̄0� axis
along the vertical growth direction can have a higher vertical
growth rate and survive. As an example, we calculate the
capture cross section when the cut off position of the vapor
flux is indicated by the dashed horizontal lines, as shown in
Fig. 7. The distance from the highest point of the crystal to
the dashed line is l /2, where l is the crystal side length. The
calculated flux capture cross section areas �the shaded re-
gions� are ��3/4�l2 and �2+1/�3/4�l2 in Figs. 7�a� and 7�b�,
respectively. The area in Fig. 7�b� is �1.49 higher than the
area in Fig. 7�a�.

V. CONCLUSION

In summary, we studied the surface texture evolution of
the Mg nanoblade growth under OAD in situ by using the
RHEED surface pole figure technique. Due to the anisotropic
morphology of the Mg film a method of intensity normaliza-
tion has been applied to compensate for the effects of the
anisotropic morphology of nanoblades in the RHEED pole
figure. Based on the normalized pole figures, we observed a

development of �101̄0��0001� biaxial texture during the
growth. The texture axes tilt more towards the incident vapor
flux when the film becomes thicker. In addition, the variation
of the azimuthal angle orientation is mainly around the
�0001� axis and the azimuthal dispersion angle around the
�0001� axis reduces as the film grows thicker.
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FIG. 7. Schematics of views along the �0001� axis of the crystals with the

azimuthal angle orientation when �a� the �101̄0� axis is along the vertical

growth direction of a crystal and �b� the �213̄0� axis is along the upward
growth direction of a crystal. The two shaded regions above the dashed
horizontal line are used as examples to calculate the flux capture cross
sections in the two different azimuthal angle alignments. The side length of
a crystal is l. In the final film, the �0001� axis is tilted away from the
substrate normal under OAD.
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