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ABSTRACT

A series of samples of CaF, thermally evaporated onto oxide-coated Silicon substrates
with no intentional heating at a 70° oblique incident angle with respect to the substrate
normal resulted in three-dimensional nanostructures. X-Ray Diffraction pole figures
captured with an area detector enabled the analysis of the in and out-of-plane angular
dispersion with resolutions of 1° and 0.02° respectively. The incident flux rate varied
and the in and out-of-plane angular dispersion of the [111]<121> oriented samples
decreased from 32° to 23° and 15.85° to 10.71° respectively with increasing rates
between 4 and 42 nm-min™t. The tilt of the (111) poles with respect to the substrate
normal was also measured. The (111) direction tilted increasingly away from the flux as
the deposition rate increased. Specifically, the (111) tilt angle was -9.41° for the 4 nm-
min™ film and -14.90° for the 42 nm-min™ film. All three quantities followed a curve
with exponential nature. The experiment showed that all three of these physical
properties of three-dimensional nanostructures are related in their behavior with respect
to varying incident flux rate. An attempt was made to explain the physics of the result in
terms of surface diffusion for each successive incoming layer on the growing

nhanostructure.
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1. Introduction

1.1 Motivation

It is desirable to grow semiconductor thin films with quasi-single crystalline orientation,
whi ch have smal.l ang?l ad ig anc ourof-plane angutkra r i e s
di s per 4% These thio films @ave the potential to be substrates for modern devices
such as THz detectors and solar cells [1]. In order to be synthesized on disordered
substrates such as glass, a seed layer is needed to establish well-defined crystalline
orientation. Calcium fluoride does not interact with the environment; therefore the
epitaxial growth of a semiconductor layer is a simple process. Physical and chemical
properties of the Calcium Fluoride molecule are listed in Appendix A.4. In a 2009 study,
obliquely deposited calcium fluoride nanorods were grown to 800 nm and a 200 nm
capping layer was deposited at normal incidence to serve as a seed layer for germanium
(Ge) growth on amorphous glass. This resulted in the desired quasi-single crystalline
semiconductor film [1]. Through first-principles density functional theory (DFT)
calculation, it was also shown that the Ge films exhibited a type B epitaxial growth. This
means that there was twinning in the Germanium film, a phenomenon where the
crystallites rotate 180° in their growth direction during the deposition process [2]. Thus,
it is desirable to further optimize the growth of calcium fluoride nanorods in order to
further minimize grain boundary angle, minimizing its effect on carrier scattering.
Calcium fluoride (CaF,) has also been used as a buffer layer for the growth of compound

semiconductors such as cadmium telluride (CdTe) on amorphous substrates [3-5].

Oblique angle deposition (OAD) is a well-established phenomenon and the evolutionary
selection principle [6] combined with the shadowing effect [7] explains the fact that
isolated nanostructures with preferred orientations emerge in the films. Initially the
atoms nucleate randomly on the surface. Energetically favorable configurations grow
faster and some of the nucleation sites become taller (Figure 1-1). This leads to the
formation of isolated nanostructures. The CaF, nanostructures are particularly useful

because of the chemical robustness of the molecule [8, 9]. An extensive study of the



evolution of CaF, nanorod morphology with variations in incident angle, o, and substrate
temperature, Tsy, Was performed in 2010 [9]. However, the changes in the morphology
with relation to the incident flux rate (r) were unresolved elements. This is the essence of

the motivation for the following study.
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Figure 1-1: llustration of the shadowing effect

1.2 OQutline of this Thesis

In the following study, a series of CaF, nanorod samples were grown on the oxide-
coated surface of Si(111) wafers and the samples were characterized using X-ray
diffraction (XRD) and scanning electron microscopy (SEM). The following is a general

overview of the remaining chapters.

In Chapter 2, the experimental methods are described in detail. There is a complete
description of the thermal evaporator used to synthesize the samples. The process used
to create the ultrahigh vacuum (UHV) environment required for performing the thermal
evaporation experiments is given. The physics of XRD and the mechanisms by which

the particular diffractometer used in these measurements operates are described.

Chapter 3 displays the results of the experiment performed and reveals the trend that

emerged in the crystalline qualities of CaF, nanorods depending on the incident flux



rate. An argument is made for a possible explanation of the shape of the curve and

supporting literature is discussed.

Finally, Chapter 4 highlights the major conclusions that can be drawn from the
experiment and suggests future experiments that will make the study of the rate

dependence of CaF;, nanorod growth more robust.



2. Experimental Methods

2.1 Vacuum Technology

Thin film deposition experiments are conducted in UHV environments with pressures
ranging from 10 to 107 torr. These pressures are achieved by sealing a cavity off with a
system of pumps attached to the cavity. Depending on the pressures required for the
experiment, different combinations of pumps are used. The pumps have certain optimal

pumping conditions and thus a series of pumps is needed to create the vacuum.

The series always beginswi t h a Aroughingd pump, which i
The mechanical pump operates on the positive displacement principle. A compartment

of the pump is repeatedly expanded, closed off, and evacuated and this cycle removes

gas from the system. These pumps can bring the system to 10 torr pressure.

Once the system reaches this level, a secondary pump can be started to bring the system
to higher levels of vacuum. For example, a turbomolecular pump is one such pump that
can be used to bring a system from 107 torr to at least 10 torr, even up to 10™° torr [10]
depending on the nature of the system. A turbomolecular pump is also a displacement
pump, but it is much more powerful than a simple mechanical pump. The
turbomolecular pump is a series of rotors and stators spaced very closely together and
forced to rotate at an extremely rapid rate by a powerful motor. The blades at each level
are angled downward to force the gas particles down to the next level. The particles
move through the entire series of blades and exhaust to the mechanical pump, at which
point they are forced out of the system. Figure 2-1 shows the inner workings of a
turbomolecular pump [11] and Table 2-1 shows the operating pressures of various types
of pumps [10]. In some systems, turbomolecular pumps have a lower pressure limit of
about 10°® torr and to reach lower pressures a trapping pump is sometimes required. For
instance, in a particularly large chamber a turbomolecular pump may not be able to bring

the system to UHV levels. This may also be the case in a chamber that has sources of



slow leaks such as worn threading on bolts used to form the seal or deformations in the

copper gaskets used to connect flanges.
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Figure 2-1: Schematic of the inner workings of a Turbomolecular Pump [11]
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Table 2-1: Vacuum pumps and operating parameters [10]

One example of a trapping pump used in ultra-high vacuum systems is an ion pump (or

sputter-ion pump). An ion pump operates via sorption processes. Gas molecules from the



system are contained in a Penning cell in the pump cavity. There is a cylindrical anode
contained between two cathode plates. The anode is usually stainless steel and the
cathode is usually titanium. Upon the application of an electric field to the cathode,
electrons move through the cavity and are directed in a helical path by an applied electric
field along the axis of the anode. This increases the probability that the electrons will
collide with gas molecules in the cavity. When the electrons collide with the gas
particles, they become ionized. A voltage applied to the anode accelerates these ions and
directs them into the cathode where they are trapped and effectively removed from the
system. Under ideal conditions, an ion pump can bring the system from 10 to 10™ torr
[12]. However, this pump cannot be exposed to the chamber until pressures of 10 torr
are reached because the cathode can become saturated from trapping too many gas
particles. In order to ensure maximum efficiency, the mechanical pump and
turbomolecular pump are used to bring the system down to pressures of 107 torr before

the ion pump is activated by opening a gate valve.

An alternative method of reaching the pressures needed to conduct successful thermal
evaporation experiments is to start a mechanical pump, bring the system to 10 torr, and
then start a cryopump. The cryopump condenses the system gases onto a cold surface,

effectively pumping them from the system [10].

2.2 Oblique Angle Deposition

Oblique angle deposition (OAD) is a phenomenon that leads to the formation of isolated
nanostructures when material is deposited on a substrate with an incident angle a ©45°
with respect to the substrate normal. From early experimental evidence in typical thin
film growth the Atangent B=(2)tend whereceisthng e d |
incident vapor angle and 3 is the resulting column tilt angle [13]. Later experiments
disproved this relationship and showed that it was possible for some microstructures to

have negative b v awapf®mnstheancomiogdlix(Omfls t hat t i



2.2.1 Formation of Biaxial CaF, Nanorods

The principle of evolutionary selection developed by van der Drift determines the
preferred orientation (texture) of the films [6]. According to this principle, crystals
nucleate randomly on a vapor deposited layer in the very early stages of growth. The
orientations that lie in the fastest vertical growth direction are the only ones that survive

as the film grows past its initial stages.

The texture of a thin film refers to the regularity of the orientation of the crystallites.
When the crystallites are oriented randomly, the film is referred to as polycrystalline. If
there is a well-defined out-of-plane orientation and random in-plane orientation the film
is referred to as fiber textured. Biaxial texture is when the film has well-defined
orientations both in and out-of-plane. Finally, perfectly ordered crystallites both in and

out-of-plane are referred to as single crystal.

The formation of high-quality biaxial CaF; films on amorphous substrates was originally
accomplished by Li et al. in 2008 using a two-step process [8]. Nanorods were grown
with incident angle of 0=65° and a normally incident capping layer was then deposited to
create the film. The films take on a unique [111]<121> texture when deposited at an
oblique angle [8]. All of the films were deposited with approximate average rates of 15
nm-min™ but no attempt was made to optimize the rate. This study was extended much
further by Gaire et al. in 2010 [9]. The dependence of calcium fluoride nanorod
orientation on vapor incident angle, substrate temperature and film thickness were all
observed. Figure 2-2 shows the observed dependence of the out-of-plane texture on

incident vapor angle observed in the study.
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Figure 2-2: (a) Intensity versus 2d spectrum from X-ray diffraction of the CaF, deposited on
amorphous substrates from U = 0% 80° (b) Fraction of out-of-plane orientation calculated from
observed XRD peaks aoninantofientations at 0<80° and U>48° are (220)andd
(111), respectively [9]

The morphology of the nanorods evolves with vapor incident angle and at normal
incidence a [220] out-of-plane texture is observed. As the angle becomes increasingly
oblique, the films move from [220] to [111] out of plane texture. Furthermore, the
empirical At angent rul eo me nt i, dilme dA
counterintuitive quality of the films is the negative B angle observed until a = 70°, where
[ is the column tilt with respect to the substrate normal and is defined to be negative
when the columns tilt away from the incident flux. The often cited tangent and cosine
rules show a positive (3 angle for all values of a. The columns tilt away from the incident
flux until reaching 70° where they are almost vertical. However, all of these films were
deposited at rates of 13 nm-min™ and the rate dependence was not considered. This
study also showed that at normal incidence, CaF, films have a dominant [220] out-of-
plane texture at low temperatures (~100 °C) and [111] texture when there is enhanced
surface diffusion (=400 °C). This is explained by the fact that CaF, has a diamond FCC
structure [15] and the lowest energy plane is in the [111] direction [9]. Finally, the
biaxial texture formation as a function of film thickness was studied in the same paper.
Biaxial texture forms in films as thin as 20 nm, and as the thickness increases the out-of-

plane dispersion decreases slightly with lowest dispersion in 200 nm thick film, which

above



was the highest thickness studied [9]. For this reason, the targeted thickness of films in

the rate dependence study was about 500 nm.

2.3 Physical Vapor Deposition Experiment

The process used to synthesize all of the films was physical vapor deposition. Electrical
feedthroughs pass current through a tungsten evaporation boat. There was direct contact
between the calcium fluoride source and the tungsten boat. Calcium fluoride has a
melting point of 1423 °C [19] and sublimes with a measureable rate around 1200 °C. The
CaF, crystals used for all of the depositions were vacuum grade, 99.9% pure and
provided by the Kurt J. Lesker Company. All of the depositions were performed with an
oblique incident flux angle, a=70° and there was no intentional heating applied to the
substrates. This set the growth temperature at ~100 °C for all of the evaporation.
Originally, the targeted thickness for all samples was 500 nm. The thickness and the rate
were observed in-situ via Quartz Crystal Microbalance (QCM). The QCM crystals used
throughout the experiment were Inficon model QI1-8010 6 MHz Gold. The thickness and
rate were measured ex situ using a Zeiss Supra 55 SEM. The substrates were the native
oxide of Si [100] wafers. All depositions were performed with a base pressure of 1.0-2.0
x10” torr and an operating pressure of 2.0-4.0 x10™ torr. All substrates were cleaned ex
situ using dry N, gas to blow dust particles away. The evaporation chamber was a glass

bell jar. The composition of that system is detailed in the following section.

2.3.1 Bell Jar Thermal Evaporator

A schematic of the Bell Jar system used is shown in Figure 2-3. The pumping
mechanism is to bring the system down to millitorr level pressure using a mechanical
pump and then start a cryopump which brings the cavity to a pressure of 9 x10°® torr.
Each deposition was performed with a source to substrate distance of 20 cm. The
samples were affixed to a stainless steel plate with an attachment screwed in that formed

the 70° deposition angle. A metal clip was used to hold the substrates in place. Substrates



were cleaned prior to deposition using pressurized nitrogen gas. The QCM rested 20 cm

from the source directly next to the substrate holder.

| Substrate Holder

Mounting Posts |

W Evaporation

Boat

Al/

Electrical
Feedthroughs

To Cryo Pump

Figure 2-3: Schematic of the bell jar thermal evaporator used in the depositions

2.3.2 Rate Control

Controlling the deposition rate of CaF, proved to be one of the most challenging aspects
of this project. CaF, sublimes upon sufficient Joule heating, and it was discovered that
when randomly sized pieces of source were placed into the evaporation boat, there
would be sharp fluctuations in the rate from time to time when new crystals began to
sublime. Additionally, there would be sharp drops in the rate, indicating that a large
piece had just been used up. For this reason, some of the depositions were unsuccessful
because the rates fluctuated too violently to be considered controlled. Control was
established by using one large piece of source for the entire deposition or using smaller
pieces that were of uniform size. Another important experimental factor related to
controlling the rate was the cleanliness of the surface. For this reason, pressurized N, gas

was applied to the substrate prior to each deposition. During analysis of the samples the

~

term fAaverage deposition r &tmeasuredrby SEBIr r ed

divided by the total deposition time.
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2.3.3 Stainless Steel Chamber Evaporator Experiments

A study was also begun to attempt to confirm the reproducibility of the initial results
from the Bell Jar experiment. In the second experiment, a chamber composed of
stainless steel components sealed with copper knife-edge gaskets was used. This
chamber was pumped by an ion pump, a turbomolecular pump and a mechanical
roughing pump. The experiments were conducted under very similar conditions to that
of the bell jar. Base pressures were about 1.0-2.0 x107 torr and operating pressures
ranged from 3.0-5.0 x10 torr. The source to substrate distance was measured as 25 cm.
The source was different than the one used in the bell jar. A bare tungsten wire spiraled

into a basket in the middle made direct contact with the source.

2.4 X-Ray Diffraction

Prior to studying XRD spectra, it is important for one to develop a solid physical
understanding of the phenomenon. In general, diffraction is a wave interference
phenomenon that occurs when electromagnetic waves pass through an obstacle. An
intensity distribution arises based on changes in the wave vector of the incident wave
fronts as they pass through the obstacle. In the case of XRD, the obstacle is the
crystalline planes of a structure with long-range atomic order. The wavelength of X-rays
is smaller than the distance between planes, thus the waves scatter off the planes and
create an interference pattern which can be detected in various ways [15, 16]. The X-
rays have a penetration depth of about 2-3 & m, therefore they ar
studying bulk structure than electron diffraction methods which only yield information
up to about 10 nm from the surface [17]. The diffraction condition is determined by the
change in the wave vector using the following relation: qk=G where k is the wave
vector, and G is a reciprocal lattice vector. One must define the reciprocal lattice vectors
from the real space lattice vectors. A three-dimensional real-space lattice is defined
using three primitive vectors a;, a, and az that are defined in the context of the unit cell.
The primitive reciprocal lattice translation vectors are defined from the primitive real
space lattice vectors in the following manner:
"H H H H H " H H

morm N oworw N onorw
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The definition of the reciprocal lattice vector G is the following: G=hb;+kb,+lb; where
h, k and | are integers corresponding to the miller indices of a particular lattice plane
[16]. The phenomenon is illustrated in Figure 2-4 and can also be represented as the
f amous A B rdsing=gn Avthaewndis arinteger and d is the interplanar spacing
[15-17].

)
)

Incident "
ang wavep *
plane wave , Scattered s
S
! / % plane wave *
! ) "
| |

Figure 2-4: Basic representation of Bragg's Law for plane waves incident on a particular set of
crystal planes. The path length between two incident X-rays is 2dsind, thus 2dsind=ma-[18]

The wave vector k has units of nm™ and thus the diffraction pattern is a representation of
the reciprocal space structure of the lattice. The resulting real-space intensity of the
diffraction pattern is predicted by Fourier analysis of the basis. So long as the Bragg
condition is satisfied, the crystal consisting of N cells with have the scattering amplitude
givenby™O . _ Qa TA@P@Il . "Y where n(r) is the electron concentration
density and s is the structure factor. The concentration density can be decomposed. If
ni(r-r;) is the contribution of atom j to the electron concentration at r, then the total
electron concentration at r due to all atoms in the cell is the summation: &€ "I

B €& "I 7l . Then, the structure factor may be written in the following manner:
Y B AgD@dl_Qa "I T A@D@I "I . Assuming that n(r-r)) is a
constant atomic property, the atomic form factor can be defined as the constant "Q

.Qd A@D@D where y=r-rj. The structure factor for a particular basis is

12



Y B "QA @D "© Dl . The scattered intensity of incident X-rays is proportional to
S*Ss where Sg* is the complex conjugate of the structure factor [15,16]. CaF; is a
member of the Fm3m space group [19] which means that it has a Diamond Face-
Centered Cubic lattice. Calculation of the structure factor for the Fm3m space group
lattice shows that intensity is only expected for diffraction peaks for planes that have all
odd miller indices or all even miller indices with the sum h+k+I=4n where n is an integer
[16]. For CaF, samples and an X-ray source of Cu Ky with A=0.1541 nm, the diffraction
of the (111) and (220) planes occurs at 26 values of 28.29° and 47.05°, respectively [19].
Theref or e, t heastueedi?tbe arsa deteatoefmmesfa allsamples.

2.4.1 Bruker D8 Discover Diffractometer

An extensive XRD study was performed on the series of CaF, nanorod samples. The
system features the option of two X-ray targets with the one used here being a Cu target.
A monochromator composed of a multilayer mirror ensures that the incident X-rays are
high intensity, parallel to the line of sight, and composed of Cu Ky (A=0.1541 nm)

exclusively.

2.4.1.1 System Geometry

The geometry of the systemisafi f ecurr cl ed geometry. It

there are four rotational degrees of freedom (26 , Q,). Inpthe D& Discover
Diffractometer, the x arm only rotates through a total angle of 90°, enough to cover all of
the polar angles necessary for a texture measurement [20]. All measurements were taken
using a standard 6/26 geometry where the Q angle is kept at a value of 0 at all times.

Figure 2-5 shows a complete description of the system geometry.

2.4.1.2 Alignment and Calibration

The alignment of the sample is done using a laser spot which shines off the sample and
reflects into a camera lens that feeds to a personal computer. One moves the stage

position in the z-dimension as defined in the schematic in Figure 2-5. The system also
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has motorized, remote control of the seven degrees of freedom (26, Q, X, ® X, Y, z). The

movement of the sample stage in all dimensions is completely motorized.

Detector

Figure 2-5: The "Four-Circle' geometry utilized in the Bruker D8 Discover Diffractometer. Note
that the D8 only covers 90° in the G direction [21]

There are three types of calibration that are performed on the system. The first is a
spatial calibration for the X-ray source. An attachment with a sharp metal point is
affixed to the stage mount in place of the sample stage. The point is moved through X, y
and z until it reaches the center of the detection area as defined by the positions of the
digital camera and X-ray source. Once the point is in place, the mounting platform is
rotated 360° in @ and the movement of the point is observed. If the point does not stay in
the center of the camerads viewing area fc
not in the correct position relative to the X-ray source. In this case, the position of the
mounting platform is adjusted and the test is repeated again until the desired result is

achieved.
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The second part of the calibration process is what is called the detector flood calibration.
X-rays are shot directly into the flood grid that is fixed to the aperture of the Hi-Star area
detector. When the X-rays pass through the flood grid many intensity points are recorded
throughout the entire detection area. The purpose of performing this action is to observe
if the intensity distribution is warped in any way. This is indicative of an improper bias
being applied to the detector [22]. The bias dial is adjusted and the test is repeated until
the flood field image is as close to even throughout the detection area as possible.

The third and final part of the calibration process is the detector 20 calibration. A NIST
standard sample of polycrystalline Al,O3 is affixed to the properly positioned sample
stage. The intensity versus 20 scan is programmed into the collection software using a
three-stage process. Scans are collected with the center of the detector at 26 angles of
30°, 60° and 90° and the polycrystalline diffraction rings appear in the images collected
by the area detector. Each image covers the surrounding +15°in 26 from the center point.
The calibration function is selected in the software and the theoretical positions of the
corundum diffraction rings are superimposed on the corresponding diffraction image.
The presentation of the detector image is then adjusted using software controls until the
real diffraction rings are in line with the theoretical ones. This completes the monthly

calibration of the Hi-Star detector and ensures the proper identification of peaks.

2.4.1.3 HI-STAR Area Detector

The detector used in the collection of the X-ray data was an area detector referred to as
t he -SATEIAIRO det ector . Thi s pi ece wmiltiwiequi pme
proportional counter (MWPC). The MWPC is a series of wire grids which are biased to
act as an anode between two cathodes [23]. The wires in the cathodes are composed of
lithium-doped silicon. The detector is filled with an inert gas, usually argon (Ar). There
is a direct correspondence between the constructive interference of X-rays in the detector
and the ionization of the Ar atoms. Thus, in areas where are large amounts of X-ray
constructive interference events, a greater intensity is recorded. When the Ar atoms are

ionized, a high energy electron is released. Some of the electrons ionize more Ar atoms
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and the ions are directed towards the first cathode. The remaining electrons are directed
towards the anode where they pass through the first cathode and create secondary
ionization events. The new positive ions are directed towards the second cathode and the
collection of ions at the second cathode is recorded via analog methods and converted to
a digital signal [23]. Figure 2-6 is a schematic of the HI-STAR style detector. The
detector was set at a position about 15 cm away from the mounting platform that records
an area that covers about 30° of 20 and 40° of x per frame in the scans performed in this
study.

- X-ray
1 : photon
| l
I : X-ray
| i transparent ;
| ‘ window )
I » Xe — Xet+ ¢” absorption

! |
I cathode 1 v
l | Cathode 2 anode 1 multiplication
l Xe*+ e”

A cathode 2 '
Cathode 1

Figure 2-6: Schematic of the MWPC detector grid (Left) and principle of operation (Right) [23]

2.4.2 Angular Dispersion and Tilt Angle Measurements

Measuring the in and out-of-plane angular dispersion of a biaxially textured sample is an
appropriate way of determining how close the sample is to being single-crystalline. If the
angular dispersion is less than 4° in both planes the sample may be referred to as quasi-
single crystalline. To date, quasi-single crystalline films of CaF, on amorphous
substrates have not been shown in literature at this substrate temperature. However,
heating the substrates adds unwanted energy usage to the process. Thus, it is important
to optimize the angular dispersion when there is no intentional heating. Also, trends in

the average tilt of the nanorods are observed by measuring the tilt of the out-of-plane
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poles. X-ray diffraction methods are used to calculate angular dispersion in both

directions as well as the tilt of the (111) pole.

2.4.2.1 Out-of-Plane Dispersion and (111) Tilt by Frame Integration

The data received from a HI-STAR detector allows for a rapid measurement of the out-
of-plane dispersion because about 40° of tilt (X) is covered in one single frame in the
configuration used here. This process requires the integration of the intensity of a
diffraction ring from the preferred out-of-plane orientation. The integration is taken with
the smallest integration step size allowed by the general area detector diffraction
software (GADDS) package (0.02°). The full width at half maximum (FWHM) of the
integrated peak reveals the out-of-plane dispersion. In the Origin 7 software package, the
FWHM of a Gaussian peak is determined by taking the peak width (w) and multiplying

by a conversion factor. The following formula was used in the Gaussian fits:

&7 (- 0z ¢zl lg.

A visual example of the out-of-plane dispersion measurement is shown in Figure 2-7.
The tilt angle with respect to the substrate normal of the plane corresponding to the
integrated diffraction ring is also found using this method. The parameter X. in the
Gaussian fit illustrated in Figure 2-7 yields the tilt angle with respect to the substrate
normal of the (111) plane.
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Figure 2-7: Out-of-Plane Dispersion and [111] Tilt. The [111] ring (Left) is integrated (Right). The
parameter w gives the FWHM after conversion and the value X, gives the tilt of the [111] pole. This

sample was grown with a rate of 42 nm-min™

2.4.2.2 In-Plane Dispersion by Pole Figure Technique

The area detector pole figure technique is executed by selecting a single diffraction ring
from the film and focusing the detector on the desired area. Once the 26 axis is set the
sample is rotated through 360° in @ at three different x angles (12°, 42° and 72°) with 0° x
defined as the substrate normal. Each set covers ~40° in ¥, so from the three frames a
complete pole figure can be compiled. The theoretical construction of the pole figure is

shown in Figure 2-8.

When the sample is set to a X value of 12°, 45 frames are taken by rotating the sample
through 360° of @ in 8° steps. This covers the part of the pole figure that is closest to the
substrate normal, so large step sizes are taken because the out-of-plane dispersion
measurements are taken with higher resolution from a single area frame. However, the

center poles are still measured as a means to verify the tilt of the normal planes.
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X-ray o>
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Figure 2-8: a) A schematic of the X-Ray pole figure setup using an area detector. The X-ray source
and detector are fixed while the sample is rotated azimuthally ({i) and tilted (c) b) The Ewald Sphere
construction in XRD and a reciprocal space structure. The area detector in (a) catches the part of
the ring below the shadow edge in (b) [24]

Two more sets of frames are taken with the sample set at x values of 42° and 72°. These
are truly in-plane measurements, so the resolution is increased. For these two sets, the
frames are taken with step sizes of 1° in @, or 360 frames for each x value. The in-plane
dispersion is measured by integrating the intensity of one of these in-plane poles. The
intensity is plotted vs. ¢ and the FWHM of the Gaussian fit determines the in plane
dispersion with a resolution of +1°. Figure 2-9 illustrates the projection of Debye rings
for a constant 206 onto a two-dimensional stereographic grid. Figure 2-10 shows the
integration process performed through GADDS and used to generate the in-plane

dispersion measurement.
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Figure 2-9: a) Sample drawing of Debye rings in an area detector generated by a sample being
rotated around the (i axis b) Distribution of poles for a given (i angle ¢) Projection of hkl poles into a

two-dimensional stereographic projection [23]
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Figure 2-10: Area of pole figure integrated for calculation of angular dispersion (Left) and Gaussian
fit (Right). The parameter w provides the in-plane dispersion when multiplied by the conversion
factor. This is the (111) pole figure of the 42 nm-min™ CaF, sample. The small range of missing data

corresponds to the location of a diffraction spot from the Single Crystal Si substrate
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3. Results and Discussion

3.1 Out-of-Plane Dispersion

A trend emerged in the out-of-plane dispersion of CaF, nanorod films grown with good
control over the rate. Figure 3-1 shows the relationship that was found experimentally
between average growth rate and out-of-plane dispersion. The error bars are 0.03° or less
and are not pictured in the figure. As the source flux rate increases from 4 to 42 nm-min’
! the out-of-plane dispersion tends to decrease along an exponential curve. This can be
explained by making use of surface diffusion principles and basic physical logic. In the
initial nucleation stages, many random orientations form but the principle of
evolutionary selection dictates that the three-dimensional nanostructures emerge with the
orientation corresponding to the fastest growth direction [6]. The nanostructures are then
set in their out-of-plane and in-plane orientations and begin to grow past the nucleation
stages into three-dimensional nanostructures. When the flux rate is lower, the incoming
atoms have more time to diffuse on the surface of the previously deposited layer. This
presents the atoms with more times to deviate from the out-of-plane orientation
established in the initial nucleation stages. The data presented here appears to support
this conclusion because the angular dispersion of the (111) out-of-plane orientation
decreases along an exponential curve with respect to the incoming flux rate. Discussions
in literature [25, 26] regarding surface diffusion in thin films offer the following

suggestion for the solution for the surface hopping time of incoming adatoms on the

surface of a growing nanostructure: T —A @B— (s) where v is the lattice vibration

frequency, Ey is the energy required for a single hop, T is the film temperature and K is

Boltzmann's constant. The frequency of hops can be expressedas — " A @B— (s7).

One possible explanation for the exponential behavior is that as the flux rate increases,
the frequency of hops decreases exponentially because the energy per hop (E;) increases
due to the interaction of the adatoms with the increased frequency of atoms arriving at
the surface. The atoms in the newly deposited layer have fewer opportunities to hop
around the surface and disturb the orientation established in the initial growth stages.
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Figure 3-1: Out-of-plane dispersion as a function of average deposition rate as observed in the Bell
Jar experiment. The error bars are 0.03°or less than the size of the data points

It is clear from Fig. 3-1 that there is a trend emerging in this data, and that there was one
anomalous data point in this particular set (18 nm-min™). Attempts at fitting an
exponential function to this data were made. When the 18 nm-min™ sample is included,
the fits are rather poor (R? = 0.58 where R? is the statistical coefficient of determination
with values between 0 and 1, where 1 corresponds to a perfect curve fit and O
corresponds to no fit) and when the same point is excluded the first order exponential fit
is very good (R?*=0.96). Appendix A.1 shows attempts to fit all of the curves with and
without the 18 nm-min™ data point. The data regarding in-plane dispersion and the tilt of
the (111) pole as a function of deposition rate confirms the emerging trend and the
behavior of the data point corresponding to 18 nm-min™. This will be presented in the

following sections.
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3.2 In-Plane Dispersion

The in-plane dispersion data in Fig. 3-2 shows a similar trend relationship to that shown
in the out-of-plane dispersion data (Fig. 3-1). The in-plane dispersion decreases from
~32° to ~23° as the deposition rate increases from 4 nm-min™ to 42 nm-min™. For
comparison, the out-of-plane dispersion is 10.71° at the upper rate limit (42 nm-min™)
and 15.85° at the lower rate limit (4 nm-min™). This corresponds to a 32% decrease in
out-of-plane dispersion and a 28% decrease in the in-plane dispersion over the range of
rates studied. It is clear that the behavior of in and out-of-plane dispersion with respect
to varying deposition rate is quite similar. These measurements were made from the
(111) pole figures of the five samples. The trend of in-plane dispersion for all samples is
shown in Figure 3-2 and the pole figures for the two most extreme rates (4 and 42 nm-
min™) are shown in Figure 3-3. At the extreme low rate, the intensity indicated from the
color bar in (b) is clearly lower and the poles are extremely weak, which corresponds to
a weaker biaxial texture. The +1° error bar on the measurements is due to the data
collection procedure described in the previous chapter. The complete set of (111) pole

figures for the bell jar experiment is contained in Appendix A.2.
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Figure 3-2: In-plane angular dispersion as a function of average deposition rate
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o(ui)

Figure 3-3: The (111) pole figures for CaF, samples with rate (a) 4 nm-min™, (b) 42 nm-min™. The
horizontal line labeled 54.7° represents the angle between the (111) pole of the CaF, nanorods and
the (111) pole of the [100] oriented single-crystal Si substrate. The vertical lines represent the angle
between the substrate normal and the (111) plane in the CaF, sample. The angles are -9.41° and -
14.90° for (a) and (b), respectively

3.3 Tilt of the (111) Pole and Column Width

The trend in the tilt of the (111) pole with respect to the substrate normal is shown in
Figure 3-4 and SEM images are shown in Figure 3-5 to illustrate the difference in the
column tilt between the extreme highest and lowest deposition rate. Note the vertical
scale is in negative angle corresponding to a tilt angle away from the flux. The measured
(111) tilt angles follow a similar trend to that of the in and out-of-plane angular
dispersion. The XRD data shows that the (111) direction tilts increasingly away from the
flux as the average deposition rate increases. The study by Gaire et al.[4] showed that
the column tilt and the tilt of the (111) direction follow parallel curves, thus this data
indicates that the column angle tilt 3 changes with the deposition rate. The shape of the
curve is exponential in nature, much like the other crystalline characteristics measured
here. The average width of columns was measured on the samples and all samples have
an estimated average column width of 55 nm. There does not appear to be a change in
the average width from the SEM data. The attempt to fit the curve is shown in Appendix

A.1 and the complete SEM data set from all five samples is shown in Appendix A.2. The
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overall behavior implies that adatoms arriving at the surface of the growing three-

dimensional structure are diffusing less when the rate is higher.
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Figure 3-4: Tilt of the (111) pole vs. average deposition rate
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Figure 3-5: SEM cross section images of (a) 4 nm-min™ sample and (b) 42 nm-min™ sample. The

angles Uand b are displayed in (a)
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3.4 Stainless Steel Chamber Experiments

Several experiments were conducted to test the repeatability of the results. There were
three data points collected with reasonable control of the rate. The out-of-plane
dispersion was 12.37° at a rate of 65 nm-min™ and 15.24° at a rate of 8 nm-min™, which
is consistent with the result observed in the Bell Jar. The SEM and XRD pole figure
studies were not completed for these samples. The thickness and rate were monitored by
a fresh QCM crystal. The complete tables comparing all SEM thickness data points from
the two systems are included in Appendix A.3. The high resolution pole figure study was

not completed for these samples.
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4. Conclusions and Future Work

4.1 Significance of the Result

The most significant conclusion that can be made from these results is that the rate
dependence of out-of-plane dispersion, in-plane dispersion and column tilt for isolated
CaF, nanostructures are related. The shape of the curve is very similar for all three
properties measured. The anomalous result of the 18 nm-min™ sample is observed in all
three measurements. There also seems to be an exponential shape to the emerging curve,
but this conclusion suffers from the problem of having a small sample size. However, it
is clear that variations in the incident flux rate have an effect on the angular dispersion
and tilt of resulting nanostructures. There is also a strong indication that this
phenomenon is related to the ability of incoming adatoms to diffuse on the surface of the
growing nanostructure. This study also provides a clear picture of the typical in-plane
angular dispersion of biaxial CaF, because of the high resolution of the pole figure

measurement.

4.2 Future Work

There is a host of future work that would be worth performing as an extension of this
thesis. It would be worthwhile to grow another set of samples using the same conditions
in the same range of rates in order to confirm repeatability of the result. In addition, data
points should be taken in smaller steps and the range of rates should be expanded.
Studying the rate dependence of the growth of biaxial metallic films such as Mo would
be a valuable extension because metallic materials are more conducive to device-level
applications than insulators such as CaF,. As a result of what was discovered in the SEM
data (Appendices A.2 and A.3) it is necessary for the experiment to be repeated and for
the thickness to be better controlled. In this case, the data from the QCM did not agree
with the SEM thickness measurements. This may be due to an undetected error such as a
bad signal or defective crystal. Another potential project would be an accurate
measurement of the trend in the porosity of the CaF, nanorod samples as deposition rate

is varied. In conclusion, further rate optimization of isolated three-dimensional
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nanostructure growth would be beneficial towards the ultimate goal of creating quasi-

single crystal semiconductors through the use of the biaxial buffer layer method.
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Figure A-1: Exponential fits of XRD data with the 18 nm-min™ point included (left) and without the
same point (right)
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A.2  (111) Pole Figures and SEM Images

Figure A-2: (111) pole figures and corresponding SEM images for the Bell Jar experiment. The flux
direction and relative positions of the [111] family of poles are the same for (a)-(e). The vertical
white line indicates the tilt of the (111) pole with respect to substrate normal listed in Appendix A.3.

Rates: (a) 42 nm-min™ (b) 21 nm-min™ (c) 18 nm-min* (d) 10 nm-min-1 (e) 4 nm-min™
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A.3 Tables of Deposition Parameters and XRD Results

Sample Number Deposition Time SEM Thickness Average
Deposition Rate
101210 26 min 1100 nm 42 nm-min™
101310 39 min 830 nm 21 nm-min™*
101510 40 min 725 nm 18 nm-min™
101910 84 min 850 nm 10 nm-min™
102010 171 min 675 nm 4 nm-min™
Table A-1: Deposition parameters in the bell jar
Sample Average Out-of-Plane In-Plane (111)
Number Deposition Dispersion Dispersion Tilt Angle
Rate
101210 42 nm-min™* 10.71+0.02° 23+1° -14.90°
101310 21 nm-min’* 11.17+0.02° 25+1° -14.49°
101510 18 nm-min™ 15.72+0.02° 31+1° -9.97°
101910 10 nm-min™ 13.59+0.02° 29+1° -11.62°
102010 4 nm-min™ 15.85+0.02° 32+1° -9.41°
Table A-2: XRD results from the bell jar (continued)
Sample Number Deposition Time QCM Thickness Average

Deposition Rate

021811 15 min 458 nm 30 nm-min*
021111 35 min 500 nm 14 nm-min*
022311 93 min 495 nm 5 nm-min?t

Table A-3: Deposition parameters in the stainless steel chamber
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Sample Number Average Deposition | Out-of-Plane (111) Tilt Angle
Rate Dispersion

021811 30 nm-min™ 12.37+0.02° -8.19°

021111 14 nm-min™ 14.76+0.02° -7.37°

022311 5 nm-min™ 15.24+0.02° -9.92°

Table A-4: XRD results from the stainless steel chamber (in plane dispersion study was not
completed)

A.4  Physical and Chemical Properties of Calcium Fluoride

Molecular Formula CaF;

Molar Mass 78.07 g-mol™

Density Transparent crystals, white powder
Melting Point 1418 °C

Boiling Point 2533 °C

Space Group Fm3m

Lattice Constant 0.54631 nm

Table A-5: Properties of CaF, [19]
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