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ABSTRACT 
Microstructure of a nanostructured film is not only of fundamental scientific interest but also an important 
subject from the practical point of view. In this paper we will discuss the formation of biaxially textured film 
under extreme shadowing during growth. Biaxially textured films are not single crystals, but they possess 
both the out-of-plane and in-plane preferred orientations. We will also discuss our newly developed reflection 
high-energy electron diffraction (RHEED) surface pole figure technique and how we employ this technique to 
capture the evolution of growth front texture.  
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INTRODUCTION   
The art and science of growing a single crystal film on a single crystal substrate, or the epitaxial film growth, have had a 
long history. The impact is well known. The engineering of “lattice matching” plays a critical role in the ability to grow 
high quality epitaxial films1. What happen if the substrate is not a single crystal but an amorphous surface where the 
atoms do not have a well-defined periodic arrangement? Obviously there is nothing to “epi” about and depending on the 
substrate temperature the film can be either amorphous or polycrystalline. Here we focus only on polycrystalline films.  

A polycrystalline film contains many crystalline grains with different orientations. When the grain size is in the 
nanometer regime, the film is called a nanocrystalline film. The distribution of crystalline grain orientation, or the 
texture, of polycrystalline or nanocrystalline film is a fundamental property that controls many important physical 
properties such as the optical, magnetic, mechanical, electrical, and electrochemical properties of the films2,3. In 
particular, catalysis and energy conversion devices depend very much on the crystal orientation of the films. Crystal 
orientation combined with reduction of crystal sizes holds promise for a variety of energy applications4. Well-controlled 
crystal orientation of a surface can also serve as a substrate or a buffer layer on which useful films with desired 
orientation can grow. Recent interests include the growth of biaxially textured films (both preferred out-of-plane and in-
plane orientations) as buffer layers for subsequent growth of highly oriented (also biaxial) high Tc superconductor5 and 
semiconductor films6,7.  

In general, texture evolution during polycrystalline film growth is very complex, and basic understanding of the 
phenomenon is still lacking8. Many effects such as surface diffusion, step barriers, shadowing, and surface energy can 
play important roles in texture formation9-15. On the theoretical side, there is still no computational tool which allows one 
to predict the formation of texture starting from initial to final stages of growth. One often starts with a seed of pre-
assumed crystal orientation and builds a computational growth model based on this seed8. On the experimental side, it is 
still a very challenging task to perform a detailed measurement of how the surface texture evolves at different growth 
stages.  

In this paper, we describe the various orientations that can occur in polycrystalline films and the use of shadowing 
technique to create a particular class of texture, namely, the biaxial texture. We also discuss our recently developed 
reflection high-energy electron diffraction technique to capture the evolution of growth front texture in thin films. 

 
BIAXIAL TEXTURE AND OBLIQUE ANGLE DEPOSITION 
Polycrystalline film texture and x-ray pole figure  
Polycrystalline or nanocrystalline grains in a thin film often have a certain preferred direction that is developed during 
growth. This preferred orientation of the crystals is called the texture. There are two extreme cases. In the random 
orientation case, the grains in the film have no preferred orientation, as shown in Fig. 1a (from Bauer9). If all the grains 
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are oriented in the same direction, both the out-of-
plane and in-plane directions with respect to the 
substrate, the film is basically a single crystal as 
shown in Fig. 1b. To grow a single crystal film, one 
typically requires a single crystal substrate (and 
perhaps at an elevated temperature). In between these 
two extreme cases, there are many other possibilities.  

The most common example is a fiber texture 
structure, or the one-degree orientation (I-O), as 
shown in Fig. 1c. One-degree orientation refers to a 
texture in which one crystallographic axis of the 
crystals points is in a particular preferred direction 
labeled as <hkl>. This direction is often the lowest 
energy plane in the crystal and is oriented normal to 
the substrate (out-of-plane) if the deposition flux is 
incident normally to the substrate. This one degree 
orientation is often not perfect in the sense that the 
<hkl> orientation need not be exactly normal to the 
surface but can have dispersion around the surface 
normal. The grains have no preferred orientation in 
the plane of the substrate (in-plane) and are completely random in the azimuthal direction. As we shall see later, if the 
deposition flux is incident upon the substrate with an oblique angle α with respect to the surface normal, one can have 
another type of texture called two-degree orientation (II-O), or biaxial texture. (See Fig. 2d). In this case, the two 
crystallographic axes point in two preferred directions labeled as <h1k1l1><h2k2l2>. The <h1k1l1> direction can be tilted 
away from the surface normal. The second direction, <h2k2l2>, is an in-plane preferred orientation. There are infinite 
possibilities for this second orientation direction.  

The most powerful technique for studying the texture of a polycrystalline or nanocrystalline film over a large area is 
by diffraction. In particular, the x-ray pole figure technique has been the most popular technique for film-texture 
analysis16. The x-ray can probe the bulk of the thin film, and the texture information obtained is an average texture of the 
entire film. A pole figure represents the intensity profile from a specific Bragg angle (one family of planes), as the 
sample is rotated azimuthally in the φ direction around the surface normal and tilted out of plane in the θ direction. 
Conventionally, a point detector is used and is parked at a specific Bragg angle for analyzing a particular (hkl) plane 
family. Usually a θ-2θ  scan is performed to identify the (hkl) plane before the pole figure measurements are taken16.  

Figures 2a, 2b, and 2c show schematic diagrams of some examples of the pole figures representing the textures 
described in Figs. 1a, 1b, and 1c, respectively. The pole figure of a biaxial texture would be in between Figs. 2b and 2c. 
The regions with a higher density 
of small circles indicate higher 
diffraction intensity. For more 
sophisticated textures, the pole 
figures are more complex and with 
detailed analysis one can obtain an 
average texture of the films. For a 
laboratory x-ray source, the 
measurement is typically slow and 
it takes a considerable amount of 
time to capture the entire pole 
figure. Also, one has to perform 
the complex sample rotation 
described above to obtain the 
entire pole figure. Recently two-
dimensional detector has also been 
developed to measure the x-ray pole figure of a sample17.  

 
 

a) Random orientation b) Single crystal orientation

c) One-degree orientation I-O d) Two-degree orientation II-O

a) Random orientation b) Single crystal orientation

c) One-degree orientation I-O d) Two-degree orientation II-O

Fig. 1 Various crystal orientations clockwise from top left: 
random orientation, single-crystal orientation, two-degree 
orientation or II-O, one-degree orientation or I-O. The 
curved double arrows indicate deviations from the preferred 
directions or dispersion. (From Bauer9).     

c) Fiber pole figure

With orientation parallel
to surface normal

a) Powder pole figure

Random intensity
distribution

b) Single crystal film pole figure

With orientation parallel
to surface normal
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φ

c) Fiber pole figure

With orientation parallel
to surface normal

c) Fiber pole figure

With orientation parallel
to surface normal

a) Powder pole figure

Random intensity
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Fig. 2. a, b, and c are schematic diagrams showing examples of the pole figures 
representing the texture orientation described in Figs. 2a, 2b, and 2c 
respectively. The regions with high density of small circles indicate higher 
diffraction intensity. 
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Oblique angle deposition 
During the conventional physical vapor 
deposition such as e-beam evaporation 
or sputter deposition, the incident flux is 
normal to the substrate. Typically one 
would generate a film with a fiber 
texture such as the one shown in Fig. 1c 
and 2c.  It has been argued that the out-
of-plane texture orientation is controlled 
by surface energy, because the mobility 
of deposited atoms is high on the plane 
with the lowest energy. The arriving 
atoms would spread quickly on this 
plane. This lowest energy crystal plane 
would receive the maximum flux facing 
the normal incident flux and would 
dominate the growth.  

What happen if the incident flux has an angle α with respect to the surface normal? First of all, due to the 
shadowing effect as shown in Fig. 3, isolated nanostructures can be formed provided that the surface diffusion is not 
severe18-20. Islands of different height are initially nucleated at the surface. Subsequently the incident flux of material that 
strikes the surface with an oblique angle α is preferentially deposited onto the top of surface features with larger height 
values. This preferential growth dynamic gives rise to the formation of well separated nanostructures. In fact, depending 
on the incident flux angle and the substrate rotation, all kinds of fascinating sculptured structures can be created. (When 
α is large, this technique is called glancing-angle deposition19.) Shadowing has a dramatic effect on the morphology of 
the film. What happens to the crystal orientation? Typically, the lowest energy crystal plane manifests itself as a faceted 
surface created during the deposition. The faceted surface would face towards the flux, but not exactly perpendicular to 
the flux. This faceted surface would define the out-of-plane orientation. In addition, the shadowing effect also defines an 
in-plane preferred orientation during growth21-25. This is achieved by selecting crystals with the azimuthal orientation 
that has the highest vertical growth rate13,24. This natural selection, or physical self-assembly, allows us to grow biaxial 
texture. 

 
Creation of biaxially textured CaF2 nanostructured films 

Here we use CaF2 as an example. Single crystal CaF2 
nanorods can be grown biaxially onto an amorphous surface (an 
oxidized Si surface).  Figures 4(a) and 4(b) show the scanning 
electron microscopy side view and top view images of a 750 nm 
thick nanorod film with the incident flux coming from the left 
(α~65o) indicated by the arrow. The deposition rate was ~15 
nm/min. These images show that the tip of the rods is faceted and 
the nanorod film has the similar roof tile structure reported in the 
literature for MgO films grown by oblique angle deposition26,27. 
Each CaF2 nanorod is a single crystal indicated by the spot 
diffraction pattern obtained using transmission electron 
microscopy (not shown here). The texture of the nanorod films 
was evaluated through x-ray pole figure analysis. Figure 4(c) 
shows the (111) pole figure of the CaF2 nanorods film deposited 
at 65o incidence angle. This pole figure neither resembles Fig. 2a 
for the random orientation case nor Fig. 2c for the fiber texture 
case. It is somewhat similar to Fig. 2b for the single crystal case, 
except that the spots are broadened in the in-plane direction. This 
well defined pole intensity concentration in the pole figure is a 
signature of the biaxial texture, i.e., it has not only an out-of-
plane preferred orientation but also a clear in-plane preferred 
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Fig. 4 (a) Cross sectional SEM view of CaF2 
films deposited on oxide/Si substrate at RPI 
(b) Top view of the same film (c) X-ray pole 
figure showing biaxial structure of CaF2 film 
(d) Schematic of the surface orientation of 
CaF2. 

Fig. 3. This figure illustrates the effect of shadowing during oblique-angle 
deposition. Islands of different height are initially nucleated at the surface. 
Subsequently the incident flux of material that strikes the surface with an 
oblique angle α is preferentially deposited onto the top of surface features 
with larger height values. 
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orientation. CaF2 is a cubic structure, the adjacent <111> directions are separated by 70.53o theoretically. In the pole 
figure, the angular distances between each two concentrated {111} pole positions are close to 70o, consistent with the 
theoretical calculation.  

For CaF2, the lowest surface energy plane is {111}. In the present case, the faceted surface facing the incidence 

flux is the (1
_

11) plane. This plane is equivalent to many other planes in the {111} family. Here a specific plane is used 
to facilitate the discussion. Because the mobility of deposited atoms is high on the plane with the lowest energy and they 
would spread quickly on this plane to dominate the growth. The center (111) pole indicates that the crystallographic 
direction of the film normal to the substrate is the [111] direction. As for the in-plane orientation, crystals with the 
azimuthal orientation having the highest vertical growth rate would survive13,24 and would define the in-plane texture. A 
schematic of the growth front of CaF2  nanorods is shown in Fig. 4(d) based on our x-ray pole figure analysis. It is 
concluded that the fastest vertical growth direction appears to be the <121> direction for CaF2 deposition. We use 
{111}<121> to label this biaxial structure.  

 
REFLECTION HIGH-ENERGY ELECTRON DIFFRACTION SURFACE POLE FIGURE 
ANALYSIS 
As mentioned above, x-ray penetrates deep into the film. The information obtained from x-ray pole figure measurements 
represents an average value of the film texture. Very often, texture changes during growth. It is therefore desirable to 
have a technique that can be used to monitor the texture evolution of the growth front. For growth-front texture 
evolution, electron diffraction such as RHEED is more suitable. Electrons interact with matter much more strongly than 
x-rays. The electrons used in RHEED have limited penetration and escape depths (nm) and are, therefore, surface 
sensitive. RHEED is well known for its ability to monitor layer-by-layer growth in molecular beam epitaxy28. This 
ability is achieved by following the “intensity oscillation” phenomenon, where each cycle of oscillation implies the 
growth of one monolayer. The thickness of the film can therefore be monitored quite accurately during growth in real 
time. For polycrystalline or nanocrystalline film growth, conventional RHEED diffraction patterns give only partial 
information about the surface texture. RHEED in-plane rocking curve has been developed to obtain additional 
information on the azimuthal angle orientation21. By recording multiple diffraction patterns around the surface normal, 
we have demonstrated the 
feasibility of a RHEED surface pole figure technique29-31, by which a complete characterization of the texture 
becomes possible. Despite multiple scattering of electrons compared with x-ray diffraction, RHEED has the advantage 
of fast data acquisition and is compatible with vacuum deposition of thin films. In RHEED, a two-dimensional detector 
such as a CCD camera is used to capture the diffraction pattern on a phosphor screen.  

Figure 5 shows a schematic of a RHEED diffraction configuration with an oblique-angle-deposition setup. It is a 
homemade system. The incident electron energy is ~9 keV. The incident angle can be adjusted and is less than 2o with 
respect to the substrate surface plane. The CCD 
camera and its software were installed using 
commercial components. This RHEED setup has a 
few advantages for in situ study: The 
measurement geometry prevents the glancing-
angle incoming electron beam from interfering 
with the evaporation flux, and data acquisition has 
a high temporal resolution in tens of millisecond. 

Figure 5 also shows the oblique-angle 
evaporation-source setup. To control the incident 
angle of deposition α, we can mount a 
semicircular track into the chamber. The source 
can slide along the track so that we can change the 
incident angle of deposition. Depending on the 
position of the source on the track, the incident 
flux angle α can be varied between 0o (normal 
incidence) and close to 90o (glancing angle). The 
substrate rotation controlled by a motor allows us 
to change the azimuthal angle of incident vapor 
flux during deposition. This substrate rotation also 
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Fig. 5. A schematic of the experimental setup for RHEED surface 
pole figure measurements. A UHV step motor is used to rotate the 
substrate in-plane to obtain different slices of the pole figure. The 
angle φ is the azimuthal angle around the substrate normal. The angle 
θ is the polar angle measured from the substrate normal. For in situ 
characterization, an evaporation source was added in the UHV 
chamber, as shown. The evaporation source can move along a semi-
circular track allowing the deposition angles to be varied.   
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allows us to obtain multiple RHEED patterns as a function of the in-plane angle to construct the pole figure from the 
growth front. The base pressure of the chamber after a bake out and continuously pumped by an ion pump is in the low 
10-10 torr. The chamber is pumped down from atmosphere pressure by a turbo pump backed up by a mechanical pump 
(not shown in Fig. 5). A heater can also be mounted in the sample holder and allows sample heating.  

In Fig. 6a, we illustrate the electron scattering geometry in a RHEED measurement of a nanocrystalline film. In this 
geometry, the electrons penetrate through crystallites, and a transmission electron diffraction pattern is formed. The 
schematic in Fig. 6b demonstrates the principle of using a two-dimensional detector to construct a pole figure from 
RHEED patterns. The grey sphere in Fig. 6b represents the reciprocal space structure of a family of crystal planes, for 
example the (hkl) family. This reciprocal sphere shows a random crystal orientation in the film, as assumed in Fig. 6a. In 
the measurement, the Bragg diffraction for the (hkl) plane can only be satisfied when the magnitude of the wave vector 
difference between ink

r
and outk

r
is equal to the radius of the (hkl) reciprocal sphere. Then the angle between ink

r
and outk

r
  

is equal to the specific Bragg angle 2θ(hkl). For a particular ink
r

, these points are distributed along a bold circle (Debye 
ring). From the figure, we can see that this circle almost covers a full range of the polar angle θ , from 0° to 90° at a fixed 
azimuthal angle φ. Using a two-dimensional detector such as the phosphor screen shown in Fig. 5, it is possible to record 
the whole (hkl) diffraction ring to construct the (hkl) pole figure. In the RHEED measurement, the scattered electron 
beam is confined in a small spatial angle, so the whole diffraction ring can be easily captured. The distribution of 
intensity along a particular ring in each diffraction pattern represents a “slice” of the RHEED pole figure, which is very 
much like the cut shown in Fig. 2c in the x-ray pole figure. Figure 6c demonstrates the relationship between a diffraction 
pattern and pole figure. By definition a pole figure is a stereographic projection that represents the variations of pole 
density distribution for a specific family of planes. If one projects the (hkl) diffraction ring in Fig. 6b to the equator plane 
highlighted by the dashed circle, it would then correspond to a slice of the corresponding (hkl) pole figure. This slice is 
represented as the bold straight line in Fig. 6c. If the film does not have a random orientation but has a texture, then the 
continuous ring will be broken into arcs and the projection of arcs will have discrete poles or a variation of pole density 
distribution. As the substrate is rotated azimuthally around the surface normal (as seen in Fig. 5) in a pre-determined 
interval within 360o in-plane rotation, different slices can be obtained to compose the whole pole figure. 

Figure 7 shows an example of the constructed RHEED surface pole figures from Mg nanostructured surfaces (see 
Fig. 7c) at different deposition times – 0.5 min (Fig. 7a) and 34.7 min (Fig. 7b) – during oblique-angle deposition at an 
incidence angle of 75o. The deposition rate is ~43 nm/min. During the deposition, the Mg crystal orientation is changed 
from a more or less completely random orientation at 0.5 min deposition time or ~22 nm thickness (Fig. 7a) to a biaxial 
orientation at 34.7 min deposition time or ~1.49 µm thickness (Fig. 7b). This initial work demonstrates the feasibility of 
the RHEED surface pole figure technique as an in situ tool for studying the growth front texture evolution.  

  
 
 
 
 

 Transmission 

Polycrystalline  
Fig. 6. (a) Electron scattering from a nanocrystalline film with islands. (b) A schematic to demonstrate the principle of 
using a two-dimensional detector to construct a pole figure. (c)  A schematic to demonstrate the relationship between a 
diffraction pattern and pole figure. The bolded straight line in (c) is the projection of (hkl) diffraction ring from (b). 
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SUMMARY 
We have discussed the use of 
shadowing effect during physical 
vapor deposition to create films 
(CaF2 and Mg) with a biaxial 
texture on amorphous substrate. 
Limited surface diffusion allows 
the formation of isolated 
nanostructures on the surface. On 
the other hand thermodynamic 
considerations such as surface 
energetic and anisotropic surface 
diffusion would define the 
crystal orientations on the 
surface. We also discuss the use 
of RHEED surface pole figure 
technique to monitor the texture 
evolution of growth front. 
Compared to x-ray pole figure, RHEED surface pole figure contains information on the growth front due to the limited 
penetration depth of electrons. However, this technique cannot be used to monitor the texture evolution of thick 
insulating films because of the electronic charging effect. 
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