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Surface pole figures by reflection high-energy electron diffraction
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The authors demonstrated that it is possible to construct a reflection high-energy electron diffraction
(RHEED) pole figure of a polycrystalline film by recording multiple RHEED patterns as they rotate
the substrate around the surface normal. Since electrons have limited penetration depth, the pole
figure constructed is a surface pole figure. It is in contrast with the conventional x-ray pole figure
which gives an average texture information of the entire film. Surface texture change, particularly
the evolution of multiple preferred orientations, in polycrystalline Ru films grown by oblique angle
vapor deposition has been observed using this RHEED surface pole figure technique. © 2006
American Institute of Physics. [DOI: 10.1063/1.2403916]

The preferred crystalline orientation, or texture, is a fun-
damental property of polycrystalline film and it directly con-
trols many important physical properties such as optical,
magnetic, mechanical, and electrical properties of the films.
Texture formation is a very complex phenomenon. To date,
the fundamental understanding of the atomistic mechanisms
on the texture evolution still remains as a challenging
subject.1 Many effects such as surface diffusion, step barri-
ers, sticking coefficient, surface energy, strain energy, and
shadowing effect'™® can all play roles in the formation of a
texture. To construct a realistic atomistic model, one requires
a detailed knowledge on how the surface texture evolves at
different stages of growth. This information is very often not
available mainly due to the lack of experimental techniques
that allow one to measure the surface texture quantitatively.
The conventional x-ray pole figure gives an average texture
of the entire thickness of the film since 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 pole figure analysis.
In this letter we report the use of a conventional reflection
high-energy electron diffraction (RHEED) technique to con-
struct a surface pole figure, which can reveal the surface
texture of polycrystalline films. The technique allows one to
extract information on the dynamics of surface texture
evolution.

RHEED has been a powerful technique for monitoring
the epitaxy film growth.&9 Recent studies showed that
RHEED can also be used to obtain information such as crys-
tal phase, orientation, and grain size and shape from the dif-
fraction patterns of polycrystalline films.'>"* In this case, the
electrons penetrate through small crystallites at the surface
and a transmission electron diffraction pattern is formed.
However, this RHEED pattern only gives partial information
of the crystal orientation. A complete texture including the
in-plane orientation may not be extracted from this pattern
alone. In the present work, we construct a surface pole fig-
ure, to obtain a complete description of surface texture,’ by
recording multiple RHEED patterns as we rotate the sub-
strate around the substrate normal. The use of a two-
dimensional area detector to construct pole figures has been
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reported in x-ray diffraction'”™"" and in transmission electron
microscopy (TEM) operated in both transmission and reflec-
tion modes.'® Compared with TEM, RHEED covers a larger
surface area of the thin film and is suitable for in sifu char-
acterization of thin film growth.

In our RHEED experiments, the electron gun was oper-
ated at 9 kV and 0.25 mA emission current. The incident
angle of electron beam on the sample is smaller than 1°.
During the measurements, the vacuum pressure was less than
7.0 107 Torr. RHEED patterns imaged on a phosphor
screen were acquired by using a charge-coupled device with
a 16 bit dynamic range. Using an UHV step motor to rotate
the substrate around the surface normal, the wobbling is
minimized to less than 0.05°. The step motor has a step size
of 1.8°. A total of 200 patterns covering azimuthal angle of
360° were recorded for the pole figure measurements. The
exposure time for each image was 5 s. The total data collec-
tion time was ~20 min.

The samples used in this work were Ru films composed
of either vertical or slanted nanorods. Figures 1(a) and 1(b)
are scanning electron microscopy (SEM) cross sections of
the vertical and slanted nanorods, respectively. These Ru
films were grown by the oblique angle deposition using a dc
magnetron sputtering system. The vertical nanorods were
formed by substrate rotation while the slanted nanorods were
formed with no substrate rotation during deposition. The de-
tails have been presented elsewhere.'® The shadowing effect
in the oblique angle deposition leads to these nanostructured
films. 2%

To illustrate the process of constructing a surface pole
figure through RHEED images, we use the film with vertical

FIG. 1. (Color online) SEM cross-sectional view of (a) a Ru film with
vertical nanorods (~340 nm thick) and (b) a Ru film with slanted nanorods
(~440 nm thick). Under oblique angle sputter deposition the vertical nano-
rods were formed with substrate rotation while the slanted nanorods were
formed with a fixed substrate. The scale bar is 100 nm.
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FIG. 2. (a) Ex situ RHEED pattern from the film with vertical Ru nanorods
(~340 nm). The image consists of many concentric arcs. O is the origin
point. The angle @ is the polar angle measured along the diffraction arc from
the substrate normal (vertical dashed line). (b) The normalized intensity of

the {1010} ring [white dashed ring in (a)] is plotted as a function of the polar

angle 6. This intensity profile represents a slice from the {1011} pole figure
at azimuthal angle ¢=0° (or 180°).

Ru nanorods (~340 nm thick) as an example. Figure 2(a)
shows a typical RHEED pattern. The absence of a specular
reflection spot indicates that this is a transmission pattern.
The image is composed of many concentric arcs. For a par-

ticular family of crystal planes, for example, the {1011} la-
beled in Fig. 2(a), the related arcs are distributed in a circle
(white dashed curve) having the same radius from the origin
point O. The polar angle 6 is measured along the arc. It is the
angle between the substrate normal and the direction con-
necting the origin and a point of interest on the arc. To con-
struct the pole figure, we first plotted the normalized inten-

sities of the {1010} as a function of the polar angle 6 along
the circle in Fig. 2(b). (The detailed procedure of the inten-
sity normalization is given in Ref. 23.) This intensity profile

represents one “slice” of the {1010} pole figure at a particular
azimuthal angle ¢, for example, ¢=0° (or 180°), shown in
Fig. 2(b). Physically, the intensity of the plot corresponds to
the distribution of orientation of crystalline grains. The width
of thl%_ i]ridividual peak reflects the dispersion of the texture
axis.

The sample is then rotated around the surface normal to
a different azimuthal angle ¢ to take another diffraction pat-
tern. Another slice of the pole figure is then obtained by
measuring the intensity distribution along the ring with the
same radius. The whole pole figure is then constructed by
combining different slices at various azimuthal angles rang-
ing from 0° to 360°. During the construction, the curvature
of the Ewald sphere is also considered. However, its effects
on the pole figure analysis are negligible.lo’11 The relation-
ship between the pole figure and crystalline orientations can
be illustrated in Fig. 3(a). In this figure the measured diffrac-
tion intensity of {1011} is distributed on a sphere. This in-
tensity distribution corresponds to the orientation distribution
of crystalline grains. The pole figure is actually a stereo-
graphic projection of the intensity distribution of the pole
sphere onto a planar surface, which is illustrated in Fig. 3(a).
Figure 3(b) shows the contour plot of the constructed {1011}
pole figure from these intensity profiles. It illustrates the azi-
muthal symmetry of vertical Ru rods well. The solid black
rings shown in Fig. 3(b) are calculated positions of the dif-
fraction intensity of the {1011} pole figure assuming a per-

fect {1010} fiber texture. This fiber texture has one degree
preferred orientation (I-O). The grains have no preferred ori-
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FIG. 3. (Color online) (a) Illustration of the stereographic projection of a
pole sphere to obtain the pole figure of the film with vertical Ru nanorods.
The angle ¢ is the azimuthal angle. Point A is the polar of the pole sphere.
The dashed lines indicate the projected directions. (b) The constructed

{1011} pole figure is shown in a contour plot and displays a good azimuthal
symmetry. The solid black rings are calculated intensity distributions of the

{1011} pole figure assuming a perfect {1010} fiber texture. The increasing
numbers indicates higher intensity in the bar graph.

entation in the plane of the substrate (in plane).
Unlike the film with vertical Ru nanorods, the film with
slanted Ru nanorods exhibit much more complicated crystal-

line orientations. The {1011} and {1010} RHEED pole fig-
ures at deposition times of 5 and 60 min are shown in Figs.
4(a)-4(d). From these figures we can see that the pole figures
do not have a ring structure but have discrete spots. This
implies that in addition to the out-of-plane texture, the films
possess in plane, or azimuthally, preferred orientation,
known as the II-O structure® (labeled as (hk,l;)}{hokols)).
The first notation represents the out-of-plane texture and the
second notation shows the preferred azimuthal orientation.
For a hexagonal-close-packed (hcp) structure, the notation of

{1011}

{1010}

Calculated m {1011}{10T0} ® {1010} {1120} A {0001} {1120}

FIG. 4. (Color online) (a) {1011} (b) {1010} pole figures from a Ru film
with slanted nanorods with 5 min deposition time (~33 nm thick). [(c) and
(d)] Similar pole figures were constructed for a Ru film with slanted nano-
rods with 60 min deposition time (~440 nm thick). The {1011}{1010} and
{1010}{1120} textures exist at both thicknesses. However, the {1010}{1120}

becomes stronger and additional {0001}{1120} texture appears in the thicker
film. The increasing numbers indicate a higher intensity in the bar graph.
The C, D, E, I, J, G, and H are the center positions of the poles from the
corresponding textures.
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Miller indices for lattice planes is more convenient to repre-
sent the preferred orientation. A number of arguments, in-
cluding shadowing and asymmetric surface diffusion, have
been presented in the literature to explain the azimuthal
angle selection.*”®" But a general theory to accurately pre-
dict the orientation selection has not emerged.

The {1011} and {1010} RHEED pole figures have the
symmetry with respect to the vapor incident plane indicated
by the dashed lines shown in Figs. 4(a)-4(d). This vapor
incident plane is also taken as the reference for determining
the II-O textures, in which most crystallites point in two
preferred directions within this plane. At 5 min deposition,
several strong poles already emerging, as shown in Figs. 4(a)
and 4(b), indicate that the II-O texture starts at an early stage

of growth. We selected points C, D and E in the {1011} pole
figure of Fig. 4(a), as examples to illustrate the texture ori-
entation. The coordinate (6, ¢) of these points are (26°, 0°),
(61°, 62°), and (62°, 297°). The angle between C and D
(52.0°) and the angle between C and E (53.3°) are both close

to the smallest angle (52.1°) between two {1011} family

planes, for example, (1011) and (0111). This suggests that
C, D, and E have originated from the same II-O texture. The

{1011} is one of the preferred crystalline directions in the
vapor incident plane, which is tilted toward the flux at an
angle y=(26+1)° with respect to the substrate normal.
Through similar analyses for Fig. 4(b) we also found the

texture of {1010}{1120} (y=(23+1)°) at this thickness. Also
shown in the figures are the calculated positions of the poles

from ideal {1011}41010} and {1010}{1120} textures. We can
see that the calculated patterns match the experimental data
very well.

The {1011}{1010} (y=(21%1)°) and {1010}{1120} (y
=(17+1)°) textures with slightly different tilting angles also
appear in the pole figures from 60 min deposited film [see
Figs. 4(c) and 4(d)]. These features were also qualitatively
observed in x-ray pole ﬁgures.19 This is not surprising in that
this thicker film is dominated by these two major orienta-

tions. However, the {1010}{1120} becomes stronger as indi-
cated from the cusp shape structures around positions G and
H. There are also two more distinct poles appearing around
points J and I in the RHEED surface pole figures Fig. 4(c)
which are not clearly resolved in the corresponding x-ray
pole figures. The angle between these two poles is ~58° and

it suggests a weak {0001}{1120} (y=(33+1)°) texture.

We show that very rich surface texture information such
as the II-O texture can be obtained from the RHEED pole
figures from the films composed of slanted nanorods. Armed
with this RHEED surface pole figure technique, one would
be able to study how the texture changes during different
stages of growth and also gain insights into factors that con-
trol the texture formation through atomistic models. The
quality of data collection and RHEED pole figure construc-
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tion can be further improved. For example, it would be de-
sirable to put an energy filter in front of the phosphor screen
to reduce the background intensity that comes from the in-
elastic scattering. In order to reduce the overlapping of adja-
cent diffraction rings, a medium energy electron beam can be
used to increase the angular separation between rings.
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(0506738). The authors thank T. Karabacak for providing the
samples and T. Parker for taking SEM images of the
samples.
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“The procedure of intensity normalization is as follows. To obtain the in-
tensity of a @ value from the diffraction ring, which is used for construct-
ing a pole figure, we first integrate the intensity across that ring at the
polar angle. The diffraction patterns usually have a diffuse background
due to the multiple and inelastic scatterings. Therefore, the integrated in-
tensity is followed by a linear background subtraction. Next, the intensity,
after background subtraction, is normalized by dividing the background
intensity (Ref. 12). The value used for the background division normally is
taken as the average of the linear background. But for the inner diffraction
ring ({1010}) the use of the background far from the shadowing edge gives
an angular relationship without distortions between crystalline planes in
the pole figures.
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