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ABSTRACT 

High mobility single-crystalline-like Ge thin films have been demonstrated on 

inexpensive polycrystalline metallic substrates buffered with oxide buffer layer. Doped films of 

p-type and n-type were fabricated using radio frequency magnetron sputtering on flexible 

epitaxial templates produced by ion beam assisted deposition (IBAD). Ideal conditions for 

fabricating p-type and n-type Ge thin films have been optimized based on their structure and Hall 

mobility. As defect density in Ge is directly related to the CeO2 buffer, the effect of CeO2 layer 

thickness and quality has been evaluated. A structural design of a p-i-n junction is proposed for 

solar cells on our flexible substrate based on electrical and crystal properties of Si and Ge thin 

films fabricated. In order to achieve an efficient harvesting of photo-generated free carriers, 

fabrication of substrates terminated with epitaxial conductive layers is studied. 
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CHAPTER 1  INTRODUCTION 

1.1 PHOTOVOLTAICS 

1.1.1 PHOTOVOLTAIC SOLAR POWER OUTLOOK 

According to the Annual Energy Outlook 2012, world energy consumption is expected to 

increase by 47 percent from 2010 through 2035 [1]. U.S. total primary energy consumption is 

projected to grow by 10 percent from 98.2 quadrillion Btu in 2010 to 108.0 quadrillion Btu in 

2035. The fossil fuel share of energy consumption is expected to fall from 83 percent of total U.S. 

energy demand in 2010 to 77 percent in 2035. Growth in energy use is linked to population 

growth through increases in housing, transportation, goods and services. Fossil fuel combustion 

can result in increasing CO2 levels and poor air quality. Approximately 25 TW of primary power 

will be required in the world by 2035, at which point a minimum of 10 TW of carbon-free energy 

will be needed to stabilize the atmospheric CO2 concentrations at the historically unprecedented 

level of 550 ppm [2]. Clean, renewable energy sources currently provide less than 1 TW of 

energy. By contrast, there is 120,000 TW of solar energy that is available on the earth’s surface. 

Solar PV (Photovoltaic) systems can effectively deliver three to five hours of peak power per day 

at roughly 107 W/m2 [ 3]. In 2012, the European Photovoltaic Industry Association (EPIA) 

predicted that around 100 GW of photovoltaic systems could be connected to the worldwide grid, 

and the 350 GW could be reached in 2016 [4

1

].  U.S. solar capacity is projected to increase by an 

average of nearly 10 percent per year over the next 25 years [ ].  

Today only a small fraction of U.S. electricity (under 0.1% in 2009) [5] is supplied via 

solar PV power largely due to its historically higher cost than conventional energy sources. The 

average electrical power produced by a solar cell in a year is about 20% of its peak rating. A price 

of $1 per peak watt translates to a unit electrical cost of about $0.05 per kWh over the 30-year 

lifetime of a typical solar cell [6]. Since the start of 2011, the price of PV solar power has been 



2 
 

dropped to $1.2–1.5 per peak watt [4], close to the average electricity tariff of USA. Over the past 

decade, limited and inconsistent solar policies made U.S. solar deployment lag behind 

deployment in European and Asian countries which instituted strong solar-promoting policies [7

7

]. 

However, in recent years more and more agencies of the United States government have gotten 

involved in promoting solar energy policy, such as the U.S. Department of Energy (DOE) which 

launched “SunShot Initiative” in 2011 [ ]. Under the stimulation of market and solar-promoting 

policies, a strong, coordinated effort is being made to improve solar energy technologies. 

Furthermore, the time and expense required to install a fully operating solar system has been 

shortened by the experience accumulated in research and development (R&D). Thus, solar power 

is projected to play a large role in the future U.S. energy mix.  

1.1.2  THREE GENERATIONS OF SOLAR CELLS 

A solar cell or photovoltaic cell is a device that converts solar energy into electrical 

energy in the form of current and voltage. Five basic steps are needed for photovoltaic energy 

conversion: (1) the light absorption process causes a transition in the absorber from a ground state 

to an excited state; (2) the excited state creates (at least) a negative- and a positive-charge carrier 

pair; (3) the free negative-charge carriers arriving at the cathode result in electrons, and the free 

positive-charge carriers move to anode; (4) electrons lose their energy while traveling through an 

external path; (5) after arriving at the anode, electrons combine with an arriving positive-charge 

carrier to return the absorber to the ground state. A typical device is a crystalline silicon wafer-

based solar cell which consists of a silicon p-n junction sandwiched between a metal electrode 

and glass coated with a conductive transparent electrode, as shown in Figure 1.1 [8].  

Energy conversion efficiency of a solar cell is defined as 

                                                              η= Pm

E×Ac
 ,                                                     (1) 
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where Pm is its power output (watts) at its maximum power point, E is the input light intensity 

(W/m2), and Ac is its area collecting photons (m2) under standard test conditions (STC). STC 

specifies a temperature of 25°C and an irradiance of 1000 W/m2 with an air mass 1.5 (AM1.5) 

spectrum. 

 

Figure 1.1 A silicon-based solar cell and its working mechanism [8

Solar cells based on expensive single-crystal silicon wafers, account for about 85% of PV 

devices sold today. Several new solar cell or photovoltaic technologies have been researched in 

the last few years, with respect to finding an effective alternative to silicon-based solar cells. At 

present solar cells are classified into three generations. Research and development in this area 

generally aims to provide higher efficiency and lower costs per watt of electricity generated. 

Efficiency versus cost for the three generations of solar cells is shown in Figure 1.2 [

].  

6]. The 

horizontal lines show the theoretical upper limits of the efficiencies (from bottom to top) of a 

standard solar cell, an advanced cell exposed to unconcentrated sunlight, and an advanced cell 

subject to sunlight concentrated by a factor of 46200 – the maximum possible. The dashed 

diagonal lines are loci of constant cost per unit power, measured in dollars per peak watts. 
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Figure 1.2 Efficiency versus cost for the three generations of solar cells [6]. 

The most-represented solar cells in commercial production today are so-called first-

generation cells, which consist of large-area and high purity silicon single junction devices. Four 

types of silicon based cells (monocrystalline silicon cells, multicrystalline silicon cells, 

amorphous silicon cells and hybrid silicon cells) are currently used in the production of solar 

panels. The current highest independently confirmed efficiency of monocrystalline silicon cells is 

25.0% [9], and that of multicrystalline silicon cells is 20.4% reported by National Renewable 

Energy Laboratory (NREL) [10

Thin-film solar cells, made from layers of semiconductor materials only a few 

micrometers thick, are so-called second-generation solar cells. A combination of using less 

material and lower cost manufacturing processes is possible. Examples of second generation 

materials include amorphous silicon (a-Si), micromorphous silicon，copper indium gallium 

selenide (CIGS) and cadmium telluride (CdTe).  

]. Generally, silicon-based solar cells are relatively efficient and 

long lasting, but its technologies involve high energy and labor inputs because of the high costs of 

purifying, crystallizing and sawing the single silicon wafer. 
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The efficiency of a-Si solar cells remains relatively low, compared to that of other 

second-generation solar cells. In 2012, LG Electronics recorded a power conversion efficiency of 

13.4% [11

The record for single-junction solar cell efficiency has been held by III-V solar cells. A 

world-record efficiency of 28.8% has been measured at the NREL in a 1 cm2 thin film gallium 

arsenide (GaAs) single junction device fabricated by Alta Devices [

], which is a new world record, with an amorphous thin film solar cell.   

12 ]. Chalcopyrite 

semiconductors based on elements from IB-IIIA-VIA groups [(Cu, Ag)(Al, Ga, In)(S, Se, Te)2], 

are especially attractive for thin film solar cell applications because of their versatile electrical 

characteristics and high optical absorption. NREL reported a 19.9%-efficient 

ZnO/CdS/CuInGaSe2(CIGS) solar cell with 81.2% fill factor in 2008 [ 13

Compared with other thin film solar cells, CdTe can be significantly inexpensive in 

production. CdTe is an efficient light-absorbing material for thin film solar cells because of its 

nearly ideal bandgap of 1.44eV. Because films of CdTe can be manufactured using low-cost 

techniques, it is very suitable for large-scale production. In 2011, First Solar [

]. Because 

approximately 70% indium currently produced is used by the flat-screen monitor industry, the 

availability of indium may limit the production of CIGS cells. 

14

The primary limit of these second-generation devices is their structural defects that make 

them less efficient than their single crystal counterparts. The general trend is promising for 

second generation solar cells, but considering the balance of systems cost of installed modules, 

only photovoltaic devices with higher efficiency are likely to become promising long-term 

alternatives to hydrocarbon-based power. 

] fabricated a 1 

cm2 CdTe single junction cell with 17.3% efficiency, which is a world record. However, tellurium 

is an extremely rare element, and if CdTe were to be used to provide a signification proportion of 

worldwide energy consumption, tellurium availability could be a problem.  
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To further improve the efficiency, focusing the sunlight is one option. The number of 

electron-hole pairs is proportional to the rate of incident photons. Because the output voltage of a 

p–n junction increases logarithmically with the current, concentrating the sunlight yields higher 

power output and therefore higher efficiency.  

Another approach is stacking multiple cells, allowing the device to absorb photons in a 

much wider range of wavelengths than a single junction cell. An efficiency of 35.8% at AM1.5 (1 

sun concentrated) is reported for an InGaP (1.88 eV)/GaAs/InGaAs (0.97 eV) triple-junction solar 

cell fabricated by Sharp [15

A further option is to convert some of the excess photon energy into useful energy, not 

heat. Quantum dots solar cells can create multiple electron–hole pairs from each incoming photon 

and result in a higher voltage than in a standard cell. The so-called quantum well solar cell is an 

alternative third-generation device that also takes advantage of quantum confinement techniques. 

The quantum wells adjust bandgap of existing materials so that solar cells can capture a greater 

fraction of the spectrum of photons striking the cells. Barnham and colleagues at Imperial College 

London [

].  

16

Third-generation solar cells that are based on organic or plastic materials do not rely on 

the large built-in electric field of a p-n junction to separate the electron and holes created. These 

cells are made by sandwiching a layer of organic electronic materials between two metallic 

conductors, typically a layer with high work function and a layer of low work function metal. The 

active region is the layer of organic electronic materials which consist of an electron donor and an 

acceptor. The separation between the highest occupied molecular orbital (HOMO) and the lowest 

] have recorded efficiencies of up to 27% in a quantum well cell by sandwiching 50 

slices of the semiconductor indium gallium arsenide, which has a relatively low bandgap, with 

each slice just a few nanometers thick, between slightly thicker pieces of gallium-arsenide 

phosphide, which has a higher bandgap.  
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unoccupied molecular orbital (LUMO) is considered the bandgap of organic electronic materials. 

The bandgap is typically in the range of 1–4 eV. The organic solar cell is a popular emerging cell 

which can lead to low-cost manufacturing. Other advantages include their low specific weight, 

mechanical flexibility, tunable material properties and high transparency. Scientists and 

researchers are now working on improving their relatively low efficiencies of below 10%. 

Sumitomo Chemical [17] reported an improvement in efficiency to 5.2% for a 295 cm2 organic 

cell module. The improvement over the previous record from the same company came as a result 

of greatly increased fill factor. UCLA (University of California, Los Angeles) [18

1.1.3  FUNDAMENTAL AND PRACTICAL LIMITS TO PHOTOVOLTAIC 

EFFICIENCY 

] fabricated a 

small area 0.1 cm2 organic thin film cell of 10.6% efficiency. This cell is much smaller than the 1 

cm2 size required for classification as an outright record. Third generation solar cells are also 

being made from other new materials, such as nanowires, nanotubes, and light-absorbing dyes 

(DSSC).  

NREL [19

The efficiency of solar cell depends on the device design and means of fabrication. To 

further improve the solar cell efficiency, it is important to understand the fundamental and 

practical limits to photovoltaic efficiency. 

] summarized the record efficiency of various photovoltaic technologies as a 

function of year in Figure 1.3. The efficiencies of solar cells and Si solar technology are relatively 

stable, while the efficiency of solar modules and multi- junction technology are progressing.  

One of the fundamental physical limitations on the performance of a photovoltaic cell 

arises from the principle of thermodynamics. As a result of illumination, part of the electron 

population’s electrochemical potential energy is increased, and thus the total potential energy of 

the solar cell is raised. To maintain a steady state, the solar cell emits photons and phonons to its 
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surroundings by spontaneous emission by which an atom in an excited state undergoes a 

transition to a state with a lower energy. Spontaneous emission results in an unavoidable loss. 

That is, absorbed solar radiant energy can never be fully utilized by the solar cell. 

 

Figure 1.3 Historical milestones in peak solar cell efficiency, showing the efficiency records and 
their holders by technology type [19]. 

Additionally, the efficiency depends on the bandgap of the absorbing material and the 

incident spectrum. Photon energy in excess of the cell operating point is lost, further limiting 
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efficiency. Photovoltaic materials are unable to absorb sub-bandgap photons, while photons with 

energy above the bandgap generally lead to the formation of hot carriers. Additionally, there is an 

optimum bandgap at which efficiency has a maximum for any spectrum. A single bandgap solar 

cell with around 1.4eV bandgap can yield the maximum efficiency of about 33% at the standard 

AM1.5 solar spectrum.  

The fundamental limitations described above apply to ideal materials and real materials 

alike. However, efficiency of a real cell is often limited by other factors which are as follows. 

1. Incomplete absorption of the incident light. Photons can be reflected from the front 

surface or from the contacts or pass through the cell without being absorbed. High optical 

depth is required for high absorption of light and necessitates very high demands of 

material quality and device design. 

2. Non-radiative recombination of excited charges. Photogenerated carriers are trapped by 

defects that are formed during growth of the material. Additionally, the increased majority 

carriers on each side of the junction can lead to increased free-carrier absorption. 

3. Series resistance or current leakage. The material around the junction should be highly 

conducting and make good Ohmic contacts to the external circuit. 

4. Load resistance mismatch. To offer enough voltage output, several cells are connected 

in series into a module and parallel into a larger array for most application. In practice the 

load resistance should be matched with the maximum power point of the array, rather than 

the cell.  
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1.2 APPLICATIONS AND BASIC PROPERTIES OF SILICON AND GERMANIUM 

THIN FILMS 

The highest-efficiency single junction solar cell was made with a bandgap of 1-2 eV [20

Table 1.1 Material Properties of bulk semiconductors. 

]. 

Si, InP, GaAs, CdTe and AlSb are the known materials which possess bandgap within 1-2 eV. 

Table 1.1 shows the bandgaps of Si, Ge and GaAs without quantum confinement.  

Material Lattice 

constant 

(nm) 

Band 

Gap 

At 300K 

(eV) 

Density 

(g∙cm-3) 

Thermal 

Exp. Coeff.  

(K-1) 

Electron 

Mobility 

(cm2∙V-1∙s-1) 

Hole 

Mobility 

(cm2∙V-1∙s-1) 

Si 0.54310 1.124 2.329 2.6×10-6 1450 500 

Ge 0.56579 0.664 5.323 5.5×10-6 3900 1800 

GaAs 0.56533 1.424 5.318 5.5×10-6 9200 400 

 

 

Figure 1.4 Diamond cubic structure [21

Si has a diamond cubic structure, as shown in Figure 1.4 [

]. 

21]. It is very abundant and has 

a well established technology for processing in the microelectronics industry. The drive for high 
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cell efficiency at lower cost has stimulated research into thin film Si technology coupled with low 

cost substrates, such as soda-lime or borosilicate glass.  

Since single crystal Si has a long minority carrier diffusion length, the thickness of 

monocrystalline Si cells can be maximized for increased absorption. A single crystal solar cell 

has a better photovoltaic performance than multicrystalline or amorphous solar cells.  

Defects result in low diffusion lengths in multicrystalline Si thin films.  Leakage currents 

can be caused by the impurities segregating at grain boundaries in multicrystalline Si thin films. 

Thus grain sizes must be at least on the order of the layer thickness.  

Amorphous Si thin film is appealing for its low cost. Amorphous Si absorbs solar 

radiation 40 times more efficiently than single crystal Si, so 90% of the usable light can be 

absorbed by amorphous Si films only about 1 𝜇m thick. Another economic advantage is that 

amorphous Si can be deposited on low cost substrates such as plastic, glass, and metal.   

Ge thin films are widely used in transistors and various other electronic devices. The first 

decade of semiconductor electronics were entirely based on Ge. Later, the production of Ge for 

such use has been largely replaced by ultra-high purity Si because of its relatively low cost. In 

recent years, the major end uses of Ge are fiber-optic systems (35% of worldwide end use) and 

infrared optics (30% of worldwide end use) [22]. The high index of refraction of germania (GeO2) 

makes it especially useful for microscopy, wide-angle camera lenses, and for the core part of 

optical fibers [23

23

]. Because Ge is transparent in the infrared, it is used as the infrared optical 

material for passive thermal imaging and for hot-spot detection in military [ ]. Silicon-

germanium alloys are utilized to replace Si in circuits because of their high-speed properties [24

22

]. 

Germanium-on-insulator substrates are also seen as a potential replacement for Si on miniaturized 

chips [ ]. Ge thin films are also used in electronics including phosphors in fluorescent lamps and 
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Ge-based solid-state light-emitting diodes (LEDs) [25

22

]. Other uses of Ge are polymerization 

catalysts, on metallurgy and on chemotherapy [ ].  

1.3 APPLICATIONS OF GALLIUM ARSENIDE (GaAs) AND SUITABLE 

SUBSTRATES USED FOR ITS HETEROEPITAXIAL GROWTH 

The bandgap of GaAs is 1.43 eV, as shown in Table 1.1. Unlike Si cells, the PV 

performance of GaAs cells is stable at high temperature owing to its wider bandgap. The wide 

direct bandgap also makes GaAs highly resistant to radiation damage. This makes GaAs desirable 

for space electronics and optical windows in high power applications. These properties have led 

to the applications of GaAs in satellite communications, mobile phones and high frequency radar 

systems.  

Zhores Alferov [26

Traditional single-junction cells have a maximum theoretical efficiency of 34%, which 

can be improved in the multi-junction solar cells. Each junction is tuned to a different wavelength 

of light, causing the cell to absorb electromagnetic radiation over a large portion of the solar 

spectrum. The materials are carefully chosen and designed to absorb over nearly the entire 

spectrum. GaAs-based multijunction devices are the most efficient solar cells to date, reaching a 

record high of 43.5% efficiency under solar concentration and laboratory conditions [

] created the first GaAs heterostructure solar cells in 1970. GaAs 

based solar cells can be only a few micrometers thick to absorb sunlight, considering the high 

absorptivity of GaAs. A cell with a GaAs base can have several layers of slightly different 

compositions. Compounds made from GaAs and phosphorous, aluminum, indium, or antimony, 

have characteristics that are complementary to those of GaAs. For example, GaAs and AlxGa1-xAs 

have almost the same lattice constant, the layers induce very little strain, which allows them to be 

grown almost arbitrarily thick.  

19]. 

Tandem solar cells based on gallium indium phosphide (GaInP2, the top layer), GaAs (the middle 
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layer), and Ge (the bottom layer) p-n junctions, as shown in Figure 1.5 [27

 

], were developed as 

the basis of a triple junction solar cell.  

Figure 1.5 The structure of a tandem solar cell and its spectral irradiance vs wavelength over the 
AM0 solar spectrum, together with the absorption for every junction as a function of the 
wavelength [27]. The tandem solar cell consists of four important types of layers: anti-reflective 
coating (ARC), p-n junctions, tunnel junctions, and metallic contacts.  

 

Figure 1.6 Zinc blende structure of GaAs [28

Since the use of GaAs single crystal substrates are very expensive, researchers have been 

working on developing perfect heteroepitaxial growth of GaAs on suitable substrates for more 

than 20 years. GaAs (zinc blende structure, Figure 1.6 [

]. 

28]), Ge (diamond cubic structure, Figure 
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1.4) and Si (diamond cubic structure, Figure 1.4) have same cubic structures. GaAs and Ge have 

similar lattice constant, as shown in Table 1.1. The lattice mismatch is calculated from 

                                          𝑓𝑚 = al−as
al

,                                                             (2) 

where 𝑓𝑚 is the lattice mismatch, as is the lattice parameter of the substrate, and al is the lattice 

parameter of the layer.  

The lattice mismatch between GaAs and Si is 4.1%, and the thermal expansion 

coefficient difference is 50%, as shown in Table 1.1. Such an excessive mismatch leads to a large 

threading dislocation density during growth, reported to be around 1×109 cm-2, as shown in 

Figure 1.7 [29].  The threading dislocation density has been improved to 3×106 cm-2 in GaAs 

grown on Si (100) using molecular beam epitaxy (MBE) [30

 

]. However, the dislocation density 

of each of the layers should be as low as 105 cm-2 to obtain high efficiency solar cells. Also, the 

use of MBE limits the scalability of this process for the commercial fabrication of GaAs cells. 

Figure 1.7 GaAs growth directly on Si substrates resulting in a high threading dislocation density 
[29]. 

Ge is a suitable substrate for GaAs heteroepitaxal growth, because lattice mismatch 

(within 0.1%) and thermal expansion coefficient difference are small. Furthermore, Ge exhibits 
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higher carrier mobilities than Si [31], as shown in Table 1.1. Another advantage is that Ge can be 

processed at low temperatures and is thus a very suitable substrate candidate. Due to the low 

natural abundance of Ge, the price of raw Ge is higher than Si, making the use of Ge wafers 

expensive. Ge substrates are more brittle than their Si counterparts, so have to be manufactured 

thicker so as to avoid damage when they are handled. Ge has a higher atomic mass than Si and 

when combined with an increased substrate thickness, the Ge substrates could become 

prohibitively heavy, especially for the larger 500 mm and 450 mm wafers. In order for the 

semiconductor industry to take advantage of the properties of Ge, heterogeneous growth of Ge 

thin films on other substrates must be possible since using bulk Ge is not viable. To integrate low 

defect density Ge on Si substrates, compositionally graded epitaxy has been used to create 

substrates with Ge/GexSi1-x/Si structures to solve the issue of large mismatch (4.17%) between Ge 

and Si. The structures of Ge/GexSi1-x and Ge/GexSi1-x,/Si have been shown to be suitable for use 

as heteroepitaxial templates for GaAs growth [32-34

1.4 RADIO FREQUENCY MAGNETRON SPUTTER DEPOSITION  

]. Other suitable substrates for the growth of 

Ge thin film will be discussed in section 1.6. This thesis is primarily focused on fabrication of Ge 

thin films on flexible and low cost substrates by Radio Frequency Magnetron Sputtering.  

In the microelectronics industry, a variety of epitaxial growth methods have been 

developed, such as vapor phase epitaxy (VPE), liquid phase epitaxy (LPE), molecular beam 

epitaxy (MBE), metal organic chemical vapor deposition (MOCVD), atomic layer deposition 

(ALD), and sputtering. Among these methods, sputter deposition is the most widely used 

Physical Vapor Deposition (PVD) technique for thin-film deposition, etching and analysis. Even 

materials with very high melting points can be used as the source materials of sputter deposition. 

An important advantage of the sputtering process is its capability to convert materials into a vapor 

phase while largely preserving their chemical composition. Sputtering simplifies the deposition of 

thin films with uniform thickness over large substrates using large-size targets. Thin films with a 
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good adhesion on the substrate can be achieved by sputter deposition, while that may be 

problematic or impossible for other methods.  

The sputtered atoms have high kinetic energy. It is difficult to avoid the diffuse transport, 

which is an issue for combining sputter deposition with a lift-off technique.  Efficient control of 

layer-by-layer growth is also difficult because the sputtered atoms can diffuse through the layers. 

Additionally, some substrate materials such as organic solids are easily degraded by ionic 

bombardment.  

1.4.1 SPUTTERING MECHANISM 

Sputtering systems require a high vacuum (1×10−4 Torr to 1×10−9 Torr) before starting the 

sputtering process. After an appropriate vacuum has been achieved, a controlled flow of an inert 

gas such as argon (Ar) is introduced. When a voltage is first applied, a small number of ions and 

electrons is accelerated along the produced electrical field [35]. The charged particles produce 

more charged particles by collisions with the electrodes (secondary electron emission) and with 

neutral gas atoms [36]. Eventually, an avalanche occurs. When the number of electrons generated 

is enough, the discharge is self-sustaining [37]. The argon ions (Ar+) will be attracted to target 

(negative polarity) and collide with atoms at the target surface. If the energy transferred to a 

lattice site is greater than the binding energy, the target atom is knocked out by an Ar+ ion 

[38

In DC sputter systems, positive charge accumulates on the cathode (target) surface and 

thus 1012 volts is needed to sputter insulating targets [

].With a high velocity, the target atom can hit and attach to the substrate surface strongly; that 

is the reason why the sputtered film has a good adhesion with the substrate.  

36]. However, such high voltages will 

readily cause arcing and harm the target source and the produced film, limiting the application of 

sputter deposition of insulating materials. In 1955, Wehner [39] applied an alternate voltage of 

13.5MHz (radio frequency) in DC system, laying the foundation for RF sputter deposition. With 
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alternative characteristic, the cathode can sustain a high voltage difference since the positive 

charge will not accumulate on the target surface. It has been demonstrated that an applied ac 

signal (above 50 kHz) can reduce the dependence of the discharge on secondary electron 

emission and lower the breakdown voltage [40

 By adding a magnetic field in the system, the electron will move in a spiral path. This 

will significantly increase the ionization density of argon gas and opportunity for collision [

], because electrons oscillating in the glow space 

acquire sufficient energy to cause ionizing collisions. Furthermore, in RF sputter deposition the 

targets are no longer required to be electrical conductors since an RF voltage can be coupled 

through any kind of impedance.  

36]. 

Therefore, the deposition rate can be increased. This also means that the plasma can be sustained 

at a lower operating pressure.  

 In some cases, gases or gas mixture other than Ar are used. Usually this involves some 

sort of reactive sputtering process in which a compound is synthesized by sputtering a metal 

target in a reactive gas (such as O2 or Ar-O2). Reactive sputtering is also used to replenish 

constituents of compound targets lost by dissociation [36].  

The deposition rate is influenced by target voltage, system geometry, power, sputtering 

gas and gas pressure. Deposition rates are linearly proportional to power and decrease with 

increasing target-substrate separation [ 41 ]. The optimum pressure must be determined 

empirically [42

1.4.2 STRUCTURE AND MORPHOLOGY OF THIN FILMS  

]. 

Deposition conditions must be carefully controlled, since they will influence grain size, 

preferred orientation and crystal polymorphs of thin films [43]. Thus it is important to understand 

the nucleation and growth of thin films.  
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First, incident atoms transfer kinetic energy to the lattice of the substrates and become 

loosely bonded "adatoms" [44

44

]. These adatoms then diffuse over the surface of the substrates, 

exchanging energy with the lattice and other adsorbed species, until they either become trapped at 

low-energy lattice sites or are desorbed [ ]. After the former, stable nuclei start to form and 

grow. Finally the islands coalesce into a uniform film, and the incorporated atoms readjust their 

positions within the lattice by bulk diffusion processes.  

The activation energies for surface and bulk diffusion, and the sublimation energies of 

deposited materials are proportional to their melting points [45

45

].Thus various basic processes can 

be expected to dominate over different ranges of T/Tm, where T is the substrate temperature and 

Tm is the deposited material’s melting point [ ]. The pressure in the sputtering influences the 

experience of sputtered particles before arriving at the substrate, and thus governs the energy 

distribution with which atoms impinge on the surface of the growing film [46,47

In 1974, J. A. Thornton [

]. 

48

48

] proposed a structure zone model, which has come into 

increased use in interpreting how sputtering parameters influence microstructures of sputtered 

thin films. It predicts four structural forms or zones as a function of gas pressure and T/Tm. Based 

on J. A. Thornton’s model and experimental results [ - 52], André Anders [53

1.5 THREE GROWTH MODE OF THIN FILMS 

] proposed an 

approximate and simplified structure zone diagram as a function of the generalized temperature 

T*, the normalized kinetic energy flux E*, and the net film thickness t*. 

Grain boundaries can be described as having both out-of-plane and in-plane 

misorientation known as tilt and twist, respectively. The degree of tilt and twist in a thin film 

grain boundary population reflects the crystallographic texture of the film. Both types of 

misorientation result in defect densities that lead to recombination, reducing both diffusion length 

(DL) and the solar cell open circuit voltage (VOC) [54].  
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In homoepitaxy, the lattice constants of epilayer and substrate are same, and one can 

ideally grow very high quality films without dislocations. For example if one grows epitaxial Ge 

on an underlying Ge substrate, the resulting growth will be high-quality single crystal Ge. 

Heteroepitaxy is a kind of epitaxy obtained with materials that are different from each other. The 

requirement of lattice matching of the different materials has limited the applications of 

heteroepitaxial growth. The lattice constant of the epitaxial film can deviate only slightly from the 

lattice constant of the underlying substrate before misfit-induced strain causes the formation of 

dislocations, which allow the relaxation of that strain [ 55

There are two predominant dislocations in heteroepitaxial growth. Misfit dislocations are 

introduced to relax the lattice mismatch between the deposited film and the substrate [

]. These strain energy reducing 

structures can include threading dislocations, surface undulations, or even island growth.  

56]. They 

relax the lattice mismatch between the layers and the substrate. Threading dislocations are the by-

product of the introduction of misfit-dislocations. In heavily-strained (>1%) epitaxially grown 

semiconductors of interest to photovoltaic devices, the films are sufficiently thick, on the order of 

several microns, that the formation of threading dislocations is the dominant form of stress 

relaxation. These dislocations are electrically active, leading to decreased minority carrier 

lifetimes and mobility and therefore diminished cell performance [57

To better understand grain boundaries and defects, there is a need to introduce the 

epitaxial growth mechanism. As a result of the activation barrier, three heteroepitaxial growth 

modes exist. These are island growth mode or what is called Volmer-Weber growth (VW), layer 

growth mode or Frank Van der Merwe (FVM), and Stanski-Krastanov (SK) growth (a 

combination of layer and island growth) [

]. 

58]. Each growth mode can be described by theory in 

terms of free energies and of the surface energies by using the assumption of thermodynamic 

equilibrium.  
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In the FVM model, the atoms are more strongly bound to the substrate than to each other, 

the first atoms to condense form a complete monolayer on the surface, which becomes covered 

with a somewhat less tightly bound second layer. The VM mode displays the opposite 

characteristics. Small clusters are nucleated directly on the substrate surface and then grow into 

islands of the condensed phase. This happens when the atoms (or molecules) of the deposit are 

more strongly bound to each other than to the substrate. The S-K model is an intermediate case. 

After forming a few monolayers, subsequent layer growth is unfavorable and islands are formed 

on top of this “intermediate” layer.  

Which growth mode will be adopted in a given system will depend on the interfacial free-

energy terms and on the lattice mismatch. In lattice-matched systems, island formation is driven 

by high interface energy, γls, and high epilayer surface energy, σl. The formation of islands can 

reduce the value of γls + σl, making it smaller than the substrate surface energy, σs. Changes in 

γls + σl  can only drive a transition from FVM to VW: The epilayer either wets the substrate or 

does not. For a strained epilayer there is the additional possibility that island formation may allow 

the system to introduce misfit dislocations underneath the islands to relax epilayer strain. For a 

system with small interface energy but large lattice mismatch, initial growth is layer by layer, but 

a thicker layer has large strain energy and can lower its total energy by forming isolated thick 

islands in which the strain is relaxed by interfacial misfit dislocations: Thus, SK growth occurs in 

strained systems. It has been shown that the condition for SK growth is  3% < 𝜀 < 7%   where ε 

is the mismatch [59

As is typical for semiconductor heteroepitaxy, the epilayer has low interface energy but a 

substantial lattice mismatch, thus SK growth occurs. The islanding can occur as a means of 

reducing the elastic strain energy of the film [

].  

60]. This leads to rough surfaces unsuitable for 

device applications. The detailed growth of semiconductor films primarily depends on the growth 
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temperature [ 61]. Fewer dislocations and less formation of islands are found in the layers 

obtained by high temperature deposition [62,63

1.6 SUBSTRATES USED FOR SILICON (Si) AND GERMANIUM (Ge) GROWTH 

].  

1.6.1 BIAXIALLY-TEXTURED SUBSTRATES FABRICATED BY ION BEAM 

ASSISTED DEPOSITION (IBAD) 

The cost of electricity produced by crystalline Si panels is still higher than the cost of 

today’s grid power ($0.06 per kWh) [1]. This has motivated research into thin film crystal PV 

solar cell fabricated onto a low-cost substrate. However, the efficiency of inorganic thin film solar 

cells is fundamentally limited by the fact that the active layers are polycrystalline and therefore 

contain defects [64,65

65

]. Grain boundaries in polycrystalline Si films work as electron traps that 

act as recombination centers that reduce minority carrier lifetimes [ ]. Recombination has been 

seen to be a strong function of grain boundary defect density [66

The properties and grain structures of thin films are functions of grain boundary 

misorientations. Boundaries between crystals of the same structure may be considered as arrays 

of dislocations [

].  

56]. If two grains differ only slightly in their relative orientation, it is easy to 

derive a simple expression that larger the angular rotation of one crystal relative to the other, the 

closer is the spacing of the dislocations in the boundary [56]. In other words, small-angle grain 

boundaries are desired for the transport of free carriers since the dislocation density is lower in 

small-angle boundaries. Grain boundary misorientations consist of tilt misorientation and twist 

misorientation. In the former case the rotation axis is parallel to the boundary plane, in the latter 

case the misorientation occurs around an axis that is perpendicular to the boundary plane. Most 

boundaries are mixed-type, containing the two types of misorientations. It is found that the 

presence of macroscopic texture has a dramatic effect in modifying the grain boundaries 

misorientation distributions [67- 70]. More low-angle boundaries and less high-angle boundaries 
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are observed in thin films with better macroscopic textures, and misorientation angle decreases 

with the improvement of macroscopic texture [ 71

71

]. Biaxial texture, which has a preferred 

crystallographic direction for both out-of-plane and in-plane directions, can decrease both tilt and 

twist misorientation between grains. The misorientations decrease greatly with even a weak 

biaxial texture [ ]. 

One way to develop biaxial texture is application of an ion beam during the initial stages 

of nucleation of a thin film. Yu [72] has demonstrated that off-normal incident ion bombardment 

applied during thin film deposition can have a strong effect on crystallographic orientation, 

significantly restricting the azimuthal distribution of the crystallographic orientations in the 

deposited thin film. Ion beam assisted deposition (IBAD) is a proven technology for growing thin 

films with biaxial texture, similar to single crystals [73- 78]. A schematic representation of IBAD 

is shown in Fig. 1.8. The ion beam is aligned along a particular crystallographic direction at an 

oblique angle to the desired out-of-plane growth direction. The ion beam sputters away 

unfavorably oriented crystallites and allows favorably oriented crystallites to survive and grow. 

This phenomenon is called anisotropic resputtering [ 79

In the IBAD approach, yttria-stabilized zirconia (YSZ) [

]. If the correct channeling angle is 

selected then bi-axial textures can be developed.  

80] and magnesium oxide (MgO) 

[81] have been widely explored as a substrate. IBAD has been very successfully developed for 

fabricating high temperature superconducting materials [82,83], such as YBa2Cu3O7-x (YBCO). 

This thin template uses a quite complex layered structure with a typical five-layer stack of 

LaMnO3/homoepitaxial-MgO/IBAD-MgO/Y2O3/Al2O3 in order to achieve superconductor with 

high performance. 
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Figure 1.8 Schematic of Ion Beam Assisted Deposition (IBAD) process. 

IBAD titanium nitride (TiN) has been used for the growth of well-textured YBCO films 

on electropolished polycrystalline Hastelloy substrates [84

1.6.2 IBAD MAGNESIUM OXIDE (MgO) TEMPLATES USED FOR SILICON (Si) 

AND GERMANIUM (Ge)  

]. As an alternative biaxially-textured 

material, TiN provides advantages of high conductivity, good environmental stability, and rapid 

texture evolution.  

Choi [ 85 ] used an IBAD MgO template layer, optimized for high-temperature 

superconductor coated conductors, as a template layer for the deposition of polycrystalline Si. Si 

films deposited on this template layer have reduced grain boundary misorientation and increased 

carrier mobilitiy [86

A schematic of the single crystal-like substrate architecture based on IBAD template that 

has been developed for PV thin films is shown in Figure 1.9 [

]. 

87]. Si and Ge thin films included 

in this thesis were fabricated on the same MgO template. The base substrate is Hastelloy C-276 

which is 12mm wide and 50 μm thick. After being electropolished, its surface roughness is better 
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than 1 nm as measured by atomic force microscopy (AFM). The first and second layers are 

amorphous films of alumina (80 nm) and yttria (7 nm) which are deposited on the polished 

Hastelloy substrate, at room temperature by reactive magnetron sputtering using metal targets. 

The alumina serves as a diffusion barrier to elements in the Hastelloy substrate. Yttria functions 

as a pristine surface for the nucleation of the IBAD MgO film. The third layer is MgO about 10 

nm thick, deposited by ion beam sputtering with Ar ion assist. Next, a homo-epitaxial MgO film, 

about 30 – 50 nm thick is deposited on the IBAD MgO by reactive magnetron sputtering. This 

multilayer structure, as described above, is called MgO template in this thesis. X-ray diffraction 

(XRD) pole figure measurements of the (111) planes on the homo-epitaxial MgO film showed an 

in-plane texture of 6-7° full-width-at-half-maximum (FWHM) [87]. 

 

Figure 1.9 Schematic of the multilayer architecture used in this work on growth of biaxially-
textured semiconductor films on MgO templates [87]. 

LaMnO3 (LMO), whose structure is shown in Figure 1.10 [88], has been previously 

successfully employed as a cap layer on MgO templates for growth of high performance oxide 

superconducting films [89]. The lattice parameters in the basal plane of orthorhombic perovskite 

structure LMO are a = 0.555 nm and b = 0.571 nm. LMO of about 30-50 nm thickness was 

deposited by radio frequency sputtering on MgO templates using an alloy target LaMn. One 

primary disadvantage of LMO is that it decomposes easily in the subsequently high temperature 

deposition of CeO2 and Ge. 
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Figure 1.10 Orthorhombic perovskite structure of LaMnO3. The blue spheres are O2-, the red 
ones are Mn4+, and the green ones are La2+ [88]. 

Replacement of LMO by strontium titanate (SrTiO3) also works well for achieving 

textured YBCO [90

 

]. SrTiO3 (STO) has a cubic perovskite structure with basal plane lattice 

parameters of a=b=0.520 nm, resulting in a lattice mismatch of ~7.3% (with MgO) which is 

comparable with that of LMO. The crystal structure of STO is shown in Figure 1.11.  

Figure 1.11 Perovskite structure of SrTiO3. The red spheres are O2-, the blue ones are Ti4+, and 
the green ones are Sr2+ [91

CeO2 has a fluorite structure with atoms in the eight tetrahedral interstitial locations, as 

shown in Figure 1.12. The projection of the atomic locations in the basal plane of CeO2 matches 

perfectly with that of the atomic locations in the basal plane of the diamond structure of Ge, while 

]. 
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such a structural match is not present between MgO, LMO, STO and Ge. Considering that CeO2 

has a relatively small mismatch with Ge (Si) and with MgO, LMO and STO templates available, 

it has been chosen as a buffer layer for Ge (Si) films. 

 

Figure 1.12 Fluorite structure of CeO2 in which the green sphere is Ce4+ and the white sphere is 
O2- [92

Deposition of biaxially-textured MgO films and CeO2 onto both metallic and quartz 

substrates using IBAD has been investigated in our group to further improve the substrates used 

for the growth of Si and Ge [

]. 

93

93

]. The effects of assist ion beam current and deposition time on 

the texturing of IBAD MgO and IBAD CeO2 have been studied [ ]. It has been found that IBAD 

MgO only needs about 10 nm thickness for achieving the optimal biaxial texture, while the IBAD 

CeO2 needs about 2000 nm to achieve  texture, which is still however below optimal [93]. 

Ge was found not to grow epitaxially directly on MgO, LMO and STO, even though the 

lattice mismatches between Ge and perovskite substrates (LMO and STO) are in the range of 1-2% 

[94

87

]. This result is believed to be attributed to the structural incompatibility between Ge and the 

underlying layer. Our earlier study demonstrated growth of Ge films on the CeO2/LMO template 

with a good degree of epitaxial quality, in spite of a 4.5% lattice mismatch [ ]. This result is 

believed to be due to the good structural match between diamond Ge and fluorite CeO2. XRD 

pole figure measurements showed a good in-plane texture value of 6.6° FWHM in the epitaxial 

Ge film deposited at 600°C [94]. A XRD θ-2θ scan performed on this Ge is shown in Figure 1.13. 

An intense peak of Ge (400) demonstrates epitaxial growth of Ge thin film on textured CeO2. A 



27 
 

transmission electron microscopy (TEM) image of a 5.8 𝜇m thick Ge film on CeO2/LMO 

template is shown in Figure 1.14 [94]. It is seen that the threading dislocations are mainly located 

near the Ge/CeO2 interface, and are effectively retarded from propagating into the upper Ge layer. 

In order to decrease the defect density caused due to the lattice mismatch, bismuth oxide (Bi2O3) 

was chosen as an alternate layer in place of CeO2, for the epitaxial growth of Ge. Good epitaxial 

growth of Ge, exhibiting a grain size of around 100 nm was found when deposited at 350°C on 

Bi2O3 buffered IBAD templates [94]. However, the thermal instability [94] of Bi2O3 (δ phase→ β 

phase→ α phase at temperatures above 400°C) limits further improvement of the epitaxial Ge 

grown on it. It is worth mentioning that these experiments of sputter deposition were conducted in 

a lab-scale sputter deposition system, in which the continuing research on the deposition of buffer 

layers and semiconducting materials were conducted in this thesis. 

A study on fabrication of Si and Ge films CeO2/LMO template has been conducted in a 

dual chamber sputtering system [93] in which two different materials can be deposited in 

sequence in one run. The influence of substrate temperature, gas flow rate and film thickness on 

the texturing of different layers was investigated. It was found that high substrate temperature, 

high Ar and O2 flow rates, and large thickness help to refine the c-axis alignment of the buffer 

layer [93]. In-plane texture values of 4 to 5° FWHM have been found in each layer as measured 

by Φ-scans from the pole figures [93]. High-quality, biaxially-textured Ge films are epitaxially 

grown on CeO2 buffered IBAD MgO templates on both metallic and quartz substrates in this 

system. It was found that an excellent epitaxy can be achieved in the Ge films on CeO2 surfaces 

at high temperature, indicated by the increase of the fraction of (400) to (111) oriented crystallites 

with increasing temperature [93]. The in-plane texture values of 2.5° and 4.5° FWHM were 

obtained for Ge films deposited at 825°C onto metallic and quartz substrates respectively [93]. 

However, electron mobility values of n-Ge deposited in this system were relatively low, and 

carrier concentrations were extremely high (1 × 1021- 1 × 1022cm-3).  
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Figure 1.13 XRD θ-2θ Ge film on deposited at 600°C on CeO2/LMO template. The peaks 
marked “X” belong to Hastelloy substrate. 

 

Figure 1.14 TEM images of a 5.8 𝜇m thick Ge film on CeO2 buffered IBAD template. [94] 

In the dual chamber sputtering system SiGe graded layers were deposited onto 

CeO2/LMO templates using magnetron co-sputtering [93]. XRD analysis confirmed that the SiGe 

layer was c-axis dominant. Raman spectroscopy analysis indicated a better crystallization at 

higher deposition temperature [93]. 
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1.6.3 OTHER IBAD TEMPLATES USED FOR SILICON (Si) AND GERMANIUM (Ge) 

GROWTH 

Calcium fluoride (CaF2) has been shown a suitable material for the IBAD process and 

useful as a template layer for the subsequent deposition of heteroepitaxial Ge and Si with low 

angle grain boundaries associated with biaxial crystallographic texture [95]. CaF2 has a good 

lattice match with Si with lattice parameters of 0.5451 nm and 0.5431 nm, respectively. Using the 

IBAD CaF2/fused silica template and an epitaxial Ge buffer, an epitaxial thin film Si solar cell 

using hot-wire chemical vapor deposition (HWCVD) has been demonstrated [ 96

Cube-textured metal substrates [

]. The 

intermediate Ge layer is included because Ge is known to be compatible with heteroepitaxial 

growth of both CaF2 and Si, though direct Si growth on CaF2 may also be possible. 

97], where the substrate itself is biaxially-textured, have 

also been explored for use for Si and Ge growth. C. Gaire [98] reported an approach to grow 

biaxially textured Ge films on CaF2 seed layers deposited on cube-textured Ni (99.9%) foils. 

These substrates are 50 𝜇m thick rolling-assisted biaxially textured substrates, and contain 20–50 

mm grains. Silicon solar cells have been demonstrated on single-crystal Al2O3 substrates, and also 

on large-grained, cube-textured NiW metal foils coated with Al2O3 [99

1.7 OBJECTIVE OF THIS WORK 

]. 

This work builds on previous research in our group to develop Ge and Si templates on 

biaxially-textured substrates for photovoltaics [93, 94]. In order to achieve efficient solar cells 

using these templates on inexpensive flexible metal substrates, this research was focused on 

heteroepitaixal growth of Si, Ge and SixGe1-x thin films with high carrier mobilities and 

controllable carrier concentrations, on biaxially-textured MgO templates. Si, Ge, SixGe1-x and 

immediate layers (oxide, metal, silicide) were deposited by reel-to-reel RF magnetron sputtering 

under various conditions. 
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Suitable intermediate layers (between semiconductor layer and MgO templates) are 

critical to achieve good structural and lattice match in the multilayer structures. The influence of 

the oxide buffer layer on electrical properties and crystalline texture of the Ge layer was studied. 

Three templates with different buffer layers (i) Ge/CeO2/MgO (ii) Ge/CeO2/LMO/MgO (iii) 

Ge/CeO2/STO/MgO were fabricated for this comparison, and the mechanisms of heteroepitaxial 

growth involved should be further studied. The effect of CeO2 layer thickness and deposition 

temperature was investigated. The depositions of p- and n-Ge layers on oxide buffer layers were 

optimized based on electrical properties and crystalline textures. Further, trial fabrications of Si 

and SixGe1-x thin films were conducted. Practical and effective designs of p-n structure are 

proposed, and fabrications of p-n junctions and Al metal contact were investigated. 

To achieve an effective collection of photo-generated free carriers in the p-n junction, we 

worked on development of a suitable conductive buffer layer and fabrication of semiconducting 

materials on it. The effect of annealing processes on the texture of conductive buffer layers was 

also investigated. 
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CHAPTER 2 FABRICATION AND CHARACTERIZATION OF BUFFER LAYERS, 

SILICON AND GERMANIUM THIN FILMS 

2.1 RADIO FREQUENCY SPUTTERING 

The semiconductor layers and buffer layers described in this work were fabricated using 

a reel-to-reel radio frequency (RF) magnetron sputtering system. The system setup is shown in 

Figure 2.1, and consists of two spooling chambers (SP1 and SP2), a deposition chamber, the RF 

power circuit (power source and matching network), a roughing mechanical pump and a 

turbomolecular pump. The deposition chamber consists of a target assembly, a three-zone heater, 

a susceptor and feedthroughs for the pump, thermocouples and process gas.  

 

Figure 2.1 Schematic of RF sputtering system 

Both SP1 and SP2 are connected to the deposition chamber, which is directly connected 

to a turbomolecular pump. The turbomolecular pump is backed by a rotary vane vacuum fomblin 
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pump which is called a mechanical pump in this thesis. The samples (substrate tape) are loaded 

into SP1 by spot welding with bare Hastelloy tape (leader tape). To control the movement of the 

tape precisely, an encoder is connected to the spool in the SP2. A certain tension between two 

spools is maintained using two motors to drive the tape and keep the tape flat during deposition.  

Once the samples are loaded, the rough valve is opened to allow the mechanical pump to pump 

down the chamber to about 80 mTorr. A convection gauge is used to measure the pressure from 

atmospheric to about 50 mTorr. The roughing pump is then isolated from the chamber by closing 

the rough valve and a turbomolecular pump is used to pump down the chamber to less than 5×10-

5 Torr. This pressure is measured by an ion gauge working in an ultra-high vacuum (UHV). When 

the turbomolecular pump is working, the foreline valve should be opened to connect the 

turbomeolecular pump and the mechanical pump.  

To control the temperature of the substrates in the deposition process, the tape is arranged 

to move through a heater. This heater includes 13 infrared radiation (IR) heat lamps. These lamps 

are uniformly distributed. The heater consists of a preheating zone (Zone 1 in Figure 2.1), a 

deposition zone (Zone 2 in Figure 2.1) and a post-deposition zone (Zone 3 in Figure 2.1). The 

preheating zone heats the substrates to the desired temperature. The deposition zone is exposed to 

plasma, providing an area for deposition. The post-deposition zone offers a short time annealing 

process to the sputtered film. A susceptor made of inconel alloy, attached with three K type 

thermocouples corresponding to each zone, is placed under the heater to monitor the temperature, 

as well as to keep the tape flat during deposition. The signal (temperature) from the 

thermocouples and the power-outputs of IR lamps are included in a feedback circuit. The 

temperature ramping rate is controlled by the computer using labview software RF 1.5.1. Lamps 

transfer heat to the susceptor by radiation. Then the heat is conducted from the susceptor to the 

substrates. An interlock is used to make sure that the heater is turned on only after the pressure of 

the chamber is lower than 5 mTorr. 
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The target assembly, located under Zone 2 of the heater, consists of a magnet with a 

copper plate at the top, a target 7.62 cm in diameter and water cooling circuit inside. The magnets 

confine the plasma discharge in order to increase the deposition rate. The target is mounted on the 

copper plate by using Ag compound paste which can stand high temperatures. This paste serves 

as a good conducting media, since it has high thermal conductivity and high electrical 

conductivity. A cylindrical shield is used to cover the target assembly. It has an opening releasing 

the sputtered atoms. A gap of 4 mm is maintained between the target surface and the shield. The 

target assembly, powered by an RF electrical source, acts as a cathode in the sputtering process. 

The presence of a matching network between the RF power and the target is used to optimize the 

power dissipation in the discharge.  

The gas used in the deposition of metallic or semiconductor thin films is argon forming 

gas (mixture of 4% H2 and 96% Ar, Matheson Tri-gas), whereas for oxide thin films, Ar 

(99.999%, Matheson Tri-gas) and O2 (99.999%, Matheson Tri-gas) are utilized. For nitride 

deposition, additional nitrogen (N2) is used to replenish the N constituent of the nitride target lost 

due to dissociation. Argon and argon forming gas flow are controlled by a mass flow controller 

connected to a four-channel readout. Both O2 and N2 are each connected to a single-channel 

readout. 

After outgassing at 800°C for five hours, a sufficient vacuum (5×10-6 Torr or better) is 

obtained in the deposition chamber. Ar and other required gases are passed into the deposition 

chamber with a controlled flow rate. A Baratron capacitance manometer is used to measure the 

pressure of the gas mixture in the range of 1 to 100 mTorr. The opening of the throttle valve and 

the Baratron capacitance manometer is included in a feedback circuit to maintain the desired 

pressure in the chamber. The gas mixture is ionized by RF power and then plasma forms. Once 

the plasma is stabilized, the tape is moved through the heater zones. In the deposition zone (Zone 

2), a thin film is deposited on the tape. The thickness of the deposited thin films is determined by 
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the deposition rate and deposition time. The deposition rate is primarily related to power, pressure 

and target material. The deposition time is controlled by the tape speed. TEM image of the cross-

section of our multilayer structure indicated that the actual thickness of deposited films was very 

close to the estimated thickness based on calucations. 

All films prepared in this study were grown in this reel-to-reel RF sputtering system. 

Reel-to-reel systems provide the benefit of multiple deposition conditions in a single run, thus 

exploration of a large range of process parameters can be expedited. 

2.2 FURNACE ANNEALING 

Annealing is widely used in recover and recrystallization [100- 103]. The driving force 

for recrystallization comes from the stored energy of cold work. The recrystallized grain size 

depends upon the amount of deformation given to the samples before annealing [104

The furnace setup consists of an Ar forming gas, a single-channel flow meter, a furnace 

in which the upper-limit of temperature is 1200°C and a rotary vane vacuum fomblin pump, as 

shown in Figure 2.2. The sample is placed inside a 0.635 cm diameter quartz tube with KF metal 

fittings on either end.  

]. The rate 

of recrystallization is dependent upon temperature of annealing and amount of deformation.  

Figure 2.2 Schematic of furnace annealing system 

After pumping for two hours, a sufficient vacuum (lower than 10 mTorr or better) is 

obtained in the quartz tube. Ar forming gas (20 sccm) is passed through the tube to prevent the 
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oxidation of samples in the annealing process. Then the heater is turned on and the ramp-up rate 

of temperature is 10°C/min. The samples are heated at temperatures ranging from 500-900°C. 

After annealing at a desired temperature for a certain time, the heater is turned off at a ramp-down 

rate of 10°C/min. After the furnace is cooled down to room temperature, the Ar forming gas 

regulator and pump are closed.  

2.3 INTERMEDIATE BUFFER LAYERS USED IN THIS WORK 

Biaxially-textured multilayer substrates available in our lab are MgO template, 

LMO/MgO template and STO/MgO template. Such substrates have been successfully used for 

the production of superconducting tapes over long lengths [ 105

94

]. For convenience, the 

LMO/MgO template is named as the LMO template, and the STO/ MgO template is named as the 

STO template in the following. Our previous work has shown that biaxially textured Si and Ge 

thin film cannot grow directly on those substrates due to structural incompatibility [ , 93]. 

Focusing specifically on the issue of a lattice match between Ge (Si) and the underlying oxide 

layer, intermediate buffer layers are investigated between Ge (Si) and those biaxially textured 

multilayer substrates. Thus, the basic requirements in choosing a suitable intermediate buffer 

layer are: (1) the lattice mismatch between the chosen buffer material and the biaxially-textured 

substrate used is sufficiently small (<8%); (2) the lattice mismatch between the chosen buffer 

material and Ge (Si) is also sufficiently small, keeping in mind that the rotation of basal plane 

lattices may result in a small mismatch. The intermediate buffer layers investigated in this work 

are classified into: (1) metal buffer layers, (2) oxide buffer layers, (3) nitride buffer layers and (4) 

silicide buffer layers.  

2.4 OXIDE BUFFER LAYER GROWTH 

The basic properties of oxides investigated in this work are shown in Table 2.1. 
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Table 2.1 Material properties of oxide involved in this work 

Material Lattice 

Const. 

(nm) 

Density 

(g∙cm-3) 

Melting 

point 

(°C) 

Thermal expansion 

(µm·m−1·K−1) (25°C) 

MgO 0.419 3.65 2800 13.8 

STO 0.552 5.11 2080 9.4 [106] 

CeO2 0.540 7.22 2400 10.7 

 

An epitaxial STO layer was deposited on MgO template at 730°C by sputtering of STO 

target. The gas used in the deposition is a mixture of Argon (99.999%) and O2 (99.999%), with 

flow rates equal to 6.66sccm and 1.14sccm, respectively. XRD measurements on STO films (50 

nm) confirmed heteroepitaxial growth with an in-plane texture of 5.81° FWHM.   

Considering that CeO2 has a relatively small mismatch with Ge (Si) and with the MgO, 

LMO and STO templates available, it has been chosen as a buffer layer for Ge (Si) films. CeO2 is 

at its most stable phase at room temperature and under atmospheric conditions. Under reducing 

conditions, a large amount of oxygen vacancies within the CeO2 can be formed. Some of the 

CeO2 is reduced to Ce2O3, which consequently increases the electronic conductivity of the 

material. CeO2 exhibits several defects depending on the partial pressure of oxygen. The primary 

defects of concern are oxygen vacancies [107

Excellent heteroepitaxial growth of Ge has been achieved on CeO2/LMO templates [

]. 

87]. 

However, the defect densities were of the order 108 cm-2, making it necessary to improve the Ge 

layer. To address this issue, investigation of the effect of the CeO2 layer on Ge growth is included 

in this research.  

http://en.wikipedia.org/wiki/Melting_point�
http://en.wikipedia.org/wiki/Melting_point�
http://en.wikipedia.org/wiki/Coefficient_of_thermal_expansion�
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Three different CeO2 terminated buffers have been prepared and used for Ge deposition 

to study the defects created due to lattice mismatch. MgO, STO and LMO templates have been 

used as buffers for CeO2 layer growth. Also, as the lattice misfit dislocations annihilate with an 

increasing thickness of film, the effect of the CeO2 thickness on the CeO2 texture have been 

evaluated.  

Epitaxial CeO2 has been deposited to make the three different buffer architectures of (1) 

CeO2/LMO/MgO, (2) CeO2/STO/MgO and (3) CeO2/MgO. Oxygen gas of 17% in argon was 

used as process gas with flow rates of 8 sccm. The optimum temperatures for growth of CeO2 on 

STO, LMO and MgO were 780°C, 820°C and 800°C. The gun power was 300 W. Different 

thicknesses of the CeO2 layer have been fabricated by controlling the tape speed. 

2.5 METAL BUFFER LAYER GROWTH 

Metals are always good conductors of both electricity and heat, thus metal substrates 

usually serve as electrodes for multilayer solar cells. Fabrication of large grains in some metal 

thin films, such as Ag and Ni, is easier due to its low melting point. The sputtering process of 

metal is characterized by a high sputter rate and therefore it is suitable for scaling up.  

 

Figure 2.3 Face-centered cubic structure [108

Several metals can grow epitaxially on MgO (100) substrate, such as cobalt [

]. 

109] with 

an orientation relationship of Co (100)//MgO (100) and Co [100]//MgO [100], iron [110,111] 
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with Fe (100)//MgO (100) and Fe [100]//MgO [110], and platinum [112

In this work, fabrication of silver (Ag) and nickel (Ni) thin films are studied. Both of 

these two materials have face-centered cubic (FCC) structures, as shown in Figure 2.3.The basic 

properties of Ag and Ni are shown in Table 2.2. 

] with Pt (100)//MgO 

(100) and Pt [001]//MgO [001].  

Table 2.2 Material properties of bulk silver (Ag) and nickel (Ni). 

Material Lattice 

Const. 

(nm) 

Density 

(g∙cm-3) 

Melting 

point 

(°C) 

Heat of 

fusion 

(kJ·mol−1) 

Thermal 

expansion 

(µm·m−1·K−1) 

Sputter Yield  

Gas: Ar+ 

 

Ag 

  

0.409 10.49 961.78 11.28 (25 °C) 18.9 

3.06 (500 eV) 

3.8   (1 keV) 

[113] 

 

Ni 

 

0.352 8.908 1455 17.48 (25°C) 13.4 

1.33 (500 eV) 

2.0   (1 keV) 

[114] 

 

2.5.1 DEPOSITION OF SILVER (Ag)  

Ag has the highest electrical conductivity of all metals. Extensive work has been done in 

understanding the growth mechanism of the Ag film on various substrates [115]. Ag/MgO is of 

special interest since there is a lattice mismatch of only 2.45%. Ag (100) has been deposited onto 

MgO (100) substrates to a thickness of a few micrometers with no evidence of (111) nucleation 

[116,117]. The Ag-MgO interface is still under study. A theoretical study on the Ag-MgO 

interface showed that Ag is located on top of the oxygen atoms at the interface [118]. However, 

Trampert [119] has observed by high resolution transmission electron microscope (HRTEM) 

http://en.wikipedia.org/wiki/Melting_point�
http://en.wikipedia.org/wiki/Melting_point�
http://en.wikipedia.org/wiki/Enthalpy_of_fusion�
http://en.wikipedia.org/wiki/Enthalpy_of_fusion�
http://en.wikipedia.org/wiki/Kilojoule_per_mole�
http://en.wikipedia.org/wiki/Coefficient_of_thermal_expansion�
http://en.wikipedia.org/wiki/Coefficient_of_thermal_expansion�
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study that the Ag layer sits on top of either the surface Mg atoms or the surface O atoms. 

Observations of heteroepitaxial growth of Ag on Si substrates [120-122

Silver will oxidize upon exposure to free oxygen. At temperatures below 280°C, the 

reaction is spontaneous in atmosphere; at temperature equal to 280°C, the reaction is at 

equilibrium in atmosphere; and at temperatures above 280°C, the reaction would be non-

spontaneous (or the reverse reaction would be spontaneous) in atmosphere[

] with an orientation 

relationship of Ag (111)//Si (111) and Ag [100]//Si [100], demonstrate the structural 

compatibility between these two materials.  

123

Ag was deposited on MgO templates at 400°C, using a Ag target 7.62 cm in diameter, 

flowing Ar gas of 6.66 sccm. At an RF power of 25 W and a pressure of 4 mTorr, the tape was 

run at 1 cm/min during the deposition. The thickness of the resultant Ag thin film was 400 nm. To 

further improve the texture of Ag, the Ag samples were annealed, in the sputtering chamber 

without plasma, at temperatures ranging from 600-820°C in a vacuum of 5×10-5 Torr for 13 

minutes and 30 minutes.  

].  

2.5.2 DEPOSITION OF NICKEL (Ni)  

Because of nickel’s slow rate of oxidation at room temperature, it is considered 

corrosion-resistant. Nickel is a transition metal-and is ductile. It is ferromagnetic around room 

temperature, so the target should be loaded to the magnetic target assembly carefully. 

Ni was deposited on an MgO template, using a Ni target 7.62 cm in diameter, at 

temperatures ranging from room temperature to 790°C , using the Ar forming gas with a flow rate 

of 6.66 sccm. The pressure in the chamber was 4 mTorr. The tape speed was 1.1 cm/min and the 

RF power was 40 W. Under this condition, the thickness of the resultant Ni thin film is 250 nm. 

In the case of room temperature deposition, even though no heating was provided by the heater, 

the substrate temperature can reach 47°C due to the plasma bombardment during deposition. 
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Such a temperature is referred to as “RT” (room temperature) in later paragraphs. To obtain a 500 

nm thick Ni thin film, Ni was deposited at a RF power of 80 W.   

To further improve the texture of Ni, the annealing temperature and annealing time for 

the Ni samples were optimized in the furnace. The quartz tube was pumped down to a vacuum 

below 3 mTorr, and then the Ar forming gas of 20 sccm was passed into the tube. The as-

deposited RT Ni samples were annealed at 400°C, 600°C and 900°C for four hours. To further 

explore the influence of the annealing parameters, the as-deposited RT Ni samples were annealed 

at 500°C for six hours, at 600°C for eight hours and at 1100°C for 30 minutes. 

2.6 NITRIDE BUFFER LAYER GROWTH 

The basic properties of titanium nitride (TiN) are shown in Table 2.3. 

Table 2.3 Material properties of titanium nitride (TiN).  

Material Lattice 

Const. 

(nm) 

Density 

(g∙cm-3) 

Melting point 

(°C) 

Thermal expansion 

(µm·m−1·K−1) 

TiN 0.4241 5.22 2930 (25°C) 9.35 [124] 

 

Both TiN and MgO have a rock salt structure, as shown in Figure 2.4. Owing to the same 

structure-type as well as the small mismatch of their lattice parameters, an edge-on-edge epitaxy 

i.e., TiN (100)//MgO (100) and TiN [001]//MgO [001] can be achieved [125].   

http://en.wikipedia.org/wiki/Melting_point�
http://en.wikipedia.org/wiki/Coefficient_of_thermal_expansion�
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Figure 2.4 Crystal structure of rock salt (NaCl) type [126

TiN can serve as the conductive barrier between the active device and the metal contacts 

in microelectronics. While this TiN film is conductive enough (30–70 μΩ•cm) to allow a good 

electrical connection, it can block the diffusion of metal into the silicon. Cubic TiN films can also 

epitaxially grow on Si (111) substrates [

] in which the green sphere is Cl- and 
the white sphere is Na+. 

127

TiNx compounds with x ranging from 0.6 to 1.2 are thermodynamically stable. Thus the 

ratio of Ar to N2 should be carefully controlled for the goal of the formation of TiN in the 

sputtering process.  

] with an orientation relationship of TiN (111)//Si 

(111) and TiN [110]//Si [110]. Thus TiN may serves as a buffer layer for the PV structure on our 

available substrates. 

TiN was deposited on a MgO template, using a TiN target 7.62 cm in diameter, at 

temperatures ranging from 600°C to 800°C, using Ar gas flowing at 6.66 sccm and O2 gas at 6.66 

sccm. The pressure in the chamber was 4mTorr. The tape speed was 2 cm/min and the RF power 

was 200 W. 

2.7 NICKEL-SILICON ALLOY (NixSi1-x) BUFFER LAYER GROWTH 

Today, nickel silicides are key materials in semiconductor engineering due to their low 

electrical resistivity. Nickel silicide (NiSi2) has a cubic structure (CaF2 type).  Its lattice constant 
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is 0.5406 nm, which is very close to that of Si and CeO2. Thus NiSi2 may serve as a replacement 

for CeO2 in our multilayer structures. 

In this work, two approaches are used to fabricate NiSi2. One is the deposition of NiSi2 

thin film on substrates by using a NiSi2 target. Another one is annealing the Si/Ni multilayer 

structures. The sequential formation of NiSi2 is very complicated, as described in Chapter 1. Thus 

the temperature in the process, as well as the thickness of the Si and Ni layers should be carefully 

controlled. 

2.7.1  NICKEL SILICIDE (NiSi2) ALLOY FABRICATED BY RF MAGNETRON 

SPUTTERING  

2.7.1.1  DEPOSITION OF NICKEL SILICIDE (NiSi2) ON OXIDE BUFFER LAYERS  

NiSi2 was deposited on (1) MgO templates, (2) LMO templates, and (3) optimized 

CeO2/LMO, using a NiSi2 target 7.62 cm in diameter and Ar forming gas of 10 sccm.   

To optimize the pressure of Ar forming gas in the deposition, NiSi2 of 600 nm and 1.2 

𝜇m were sputtered at pressures ranging from 2 mTorr to 8 mTorr. The substrate temperature was 

maintained at 800°C. The tape speed was 1 cm/min and the RF power was 300 W. 

To study the influence of substrate temperature on its crystallization, NiSi2 thin films of 

600 nm and 1.2 𝜇m were deposited at temperatures ranging from 88°C to 800°C. The pressure in 

the chamber was 4mTorr.  

2.7.1.2 DEPOSITION OF NICKEL SILICIDE (NiSi2) ON TEXTURED NICKEL (Ni)  

NiSi2 was deposited on optimized Ni/MgO, using a NiSi2 target 7.62 cm in diameter and 

the Ar forming gas of 10 sccm.  The thickness of Ni thin film was 250 nm.  
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To optimize the pressure of Ar forming gas in deposition, the NiSi2 was sputtered in the 

pressure range of 2 mTorr to 8 mTorr. The substrate temperature was maintained at 800°C. The 

tape speed was 1 cm/min and the RF power was 300 W. 

To study the influence of substrate temperature on its crystallization, NiSi2 thin films of 

1200 nm were deposited at temperatures ranging from 92°C to 800°C. The pressure in the 

chamber was 4 mTorr. 

2.7.1.3  DEPOSITION OF NICKEL SILICIDE (NiSi2) ON TEXTURED TITANIUM 

NITRIDE (TiN)  

NiSi2 was deposited on optimized TiN/MgO, using a NiSi2 target 7.62 cm in diameter and 

Ar forming gas of 10 sccm. To optimize the substrate temperature, a 1.2 𝜇m thick NiSi2 films 

were deposited at temperatures varying from 62°C to 820°C. The pressure in the chamber was 4 

mTorr. The tape speed was 1 cm/min and the RF power was 300 W. To study the influence of 

NiSi2 thickness on its crystallization, NiSi2 thin films of 120 nm, 240 nm and 1200 nm were 

deposited at 820°C. The pressure in the chamber was 4 mTorr. The RF power was 300 W, and the 

thickness of NiSi2 was controlled by the tape speed. 

2.7.2 NICKEL-SILICON ALLOY (NixSi1-x) FABRICATED BY SOLID PHASE 

EPITAXY  

Unlike liquid phase epitaxy and vapor phase epitaxy where the atoms are highly mobile, 

atom movement in solid phase epitaxy (SPE) is usually limited to within a few bond lengths of 

the interface [128]. Among SPE methods, metal-induced crystallization is a good method to 

selectively nucleate crystals at the low temperatures, because many metals crystallize Si below 

600°C. While a complete understanding of the interface reactions between amorphous Si and 

metal layers is not yet possible, plausible mechanisms have been advanced for growth (rather 
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than nucleation) in which an alloy or silicide [129

Nickel-silicides are currently used as contacting materials in state-of-the-art 

microelectronic devices [

] front can move through the amorphous Si, 

leaving crystalline alloy in its path. 

130,131]. NiSi2 has a low lattice mismatch (0.4%) with Si [132]. The 

solid-state reaction and agglomeration of thin nickel-silicide films was investigated from sputter 

deposited nickel films on Si (100) substrates [133]. For typical anneals Ni films react with Si and 

form epitaxial nickel-silicide layers. The exact phase that forms from this layer upon annealing 

can be different, as the Ni/Si ratio of the spontaneous intermixing layer in the films is different 

[134]. Different annealing processes exhibit a complex phase sequence of high-resistive metal 

rich nickel-silicides at low temperatures, and the formation of the low-resistive NiSi phase at 

400–450°C. This layer then agglomerates at 550–650°C, leading to the observed increase in sheet 

resistance [ 135]. There exists a specific thickness for sputter-deposited nickel films, which 

determines details of the phase sequence and the formation of the low resistive phase which is 

formed during a subsequent ramp anneal. Films with 3.7 nm of nickel or less form a low resistive 

phase consisting of an epitaxy like phase. This layer exhibits a high thermal stability, and gets 

converted to NiSi2 at higher temperatures, resulting in low electrical resistivity up to 800°C [136

In our research, Si was deposited on optimized Ni/MgO, using a boron-doped Si target 

7.62 cm in diameter and Ar forming gas of 10 sccm. The pressure of Ar forming gas in the 

chamber was 4mTorr.The sputtered Si atoms can easily diffuse into the textured Ni layer. Then 

bonds are formed between Si and Ni. Finally, NixSi1-x crystallizes and grows. To study the 

influence of the Si thickness and substrate temperature on the crystallization of NixSi1-x, Si thin 

films of 40 nm and 160 nm were deposited at temperatures ranging from 116°C to 820°C.  

]. 

NixSi1-x thin films can also be fabricated by SPE. Si films with a thickness of 20 nm, 40 

nm, 80 nm, 160 nm and 390 nm were sputter deposited onto Ni (100) substrates at 97°C (RT). 
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Argon forming gas of 10 sccm was used, and the pressure was 4 mTorr. After deposition, the 

deposited samples were annealed for 15 hours in Ar forming gas of 20 sccm at 850°C. 

2.8  GERMANIUM THIN FILM GROWTH 

2.8.1 GERMANIUM (Ge) THIN FILMS GROWTH ON CERIUM OXIDE (CeO2)  

Epitaxial Ge films have been prepared on three different CeO2 buffers to make three 

different buffer architectures of (1) Ge/CeO2/LMO/MgO, (2) Ge/CeO2/STO/MgO and (3) 

Ge/CeO2/MgO, using n-type and p-type targets 7.62 cm in diameter, in an Ar forming gas 

atmosphere with 10 sccm gas flow rates. The pressure of Ar forming gas was 4mTorr. The n-type 

target used was 99.999% pure with arsenic as a dopant. The p-type target was 99.999% pure, 

boron doped. The sputter source power was 250 W. Different thicknesses of CeO2 layer were 

fabricated by controlling the tape speed. P-Ge and n-Ge thin films were deposited on CeO2 of 

different thicknesses to evaluate the effect of the CeO2 thickness on Ge properties. The 

temperature was varied from 600°C to 820°C during the fabrication of 1.4 𝜇m thick Ge thin films 

on optimized CeO2 to study the effect of substrate temperature. Finally, an optimum condition for 

fabrication of p-type and n-type Ge films was determined. 

2.8.2 GERMANIUM (Ge) THIN FILMS GROWTH ON OTHER SUBSTRATES  

All other Ge films reported in this work were deposited at 250 W in an atmosphere of Ar 

forming gas. The pressure was 4 mTorr. Different thicknesses of the Ge layer were fabricated by 

controlling the tape speed. Following are the conditions for the deposition of Ge on various 

buffered substrates: 

1. n-Ge/Ag/MgO:  n-Ge films of about 720 nm thick were deposited on five Ag-buffered 

MgO templates at deposition temperatures of  400°C, 500°C, 600°C and 700°C.  
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2. n-Ge/Ni/MgO:  720 nm, 360 nm and 180 nm thick n-Ge films were deposited on Ni 

buffered MgO templates at 600°C.   

3. p-Ge/TiN/MgO:  p-Ge films of 360 nm thick were deposited at deposition temperatures 

of  130°C,  400°C, 600°C and 820°C.  

4. p-Ge/NiSi2/CeO2/MgO:  p-Ge films of 360 nm thick were deposited at deposition 

temperatures of  130°C,  400°C, 600°C and 820°C.   

5. n-Ge/p-Ge/CeO2/LMO/MgO:  100 nm, 720 nm and 1.4 μm thick n-Ge films were 

deposited on 3.6 μm thick p-Ge films at 660°C.  

2.9  SILICON THIN FILM GROWTH 

All Si films reported in this work were deposited in an atmosphere of Ar forming gas 

flowing at 10 sccm, using a boron-doped Si target 7.62 cm in diameter. Different thicknesses of 

the Si layer were fabricated by controlling the tape speed and gun power.  

Following are the conditions for the deposition of Si on various buffered substrates: 

1. p-Si/LMO/MgO:   p-Si films of about 70 nm thick were deposited on five LMO 

templates at deposition temperatures of 600°C, 650°C, 700°C, 750°C and 820°C. The 

pressure was 4 mTorr and the power was 100 W. p-Si films were deposited on LMO 

templates at pressures varying from 0.7 mTorr to 4 mTorr to evaluate the effect of 

pressure. The temperature was 800°C.  

2. p-Si/STO/MgO:  p-Si films of about 1.6 𝜇m thick were deposited on STO at 800°C 

with a gun power of 250 W.  The pressure varied from 0.7 mTorr to 4mTorr. 

3. p-Si/CeO2/LMO:  p-Si films of about 780 nm thick were deposited on the CeO2-

buffered LMO template at  820°C. The pressure was 1 mTorr. 
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 4. p-Si/Ge/CeO2/LMO:  p-Si films of about 780 nm thick were deposited on the   textured 

Ge at 820°C. The pressure was 1 mTorr. 

2.10 SILICON-GERMANIUM THIN FILM GROWTH 

All SixGe1-x films reported in this work were deposited using a target 7.62 cm in diameter. 

The deposition was conducted with a flow of Ar forming gas of 10 sccm. 

Following are the conditions for the deposition of SixGe1-x on various buffered substrates: 

1. Si20Ge80/CeO2/LMO/MgO: Si20Ge80 films were deposited on four CeO2 buffered LMO 

templates at deposition temperatures of 660°C, 720°C, 770°C and 820°C. The pressure 

was 4mTorr and the power was 250 W. To evaluate the effect of pressure, Si20Ge80 films 

were deposited on LMO templates at pressures varying from 2 mTorr to 6 mTorr. The 

temperature was 820°C.  

2. Si50Ge50/CeO2/LMO/MgO: Si50Ge50 films were deposited on six CeO2 buffered LMO 

templates at deposition temperatures of 400°C, 500°C, 550°C, 600°C, 700°C and 820°C. 

The pressure was 4 mTorr and the power was 250 W. Si50Ge50 films were deposited at 

pressures varying from 2 mTorr to 6 mTorr to evaluate the effect of pressure. The 

temperature was 820°C.  

3. Si50Ge50/p-Ge/CeO2/LMO/MgO: Si50Ge50 films were deposited on three textured Ge 

substrates at 820°C. The pressure varied from 2mTorr to 6mTorr and the power was 

300W.  

2.11 THIN FILMS CHARACTERIZATION 

The properties of deposited films are governed by the deposition parameters including 

substrate temperature, sputter rate, substrate materials and deposition atmosphere. The evaluation 
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of thin-film properties, such as the crystalline structure, chemical composition and electrical 

properties, is critical for the study of thin-film materials and devices. This research was conducted 

to investigate the correlation between growth conditions and the properties of the resultant Si and 

Ge thin films, as shown in Figure 2.5. The methods used for the evaluation of the thin films are 

described in this section.  

 

Figure 2.5 Study of correlation between growth conditions and the properties of the resultant Si 
and Ge thin films. 

2.11.1 X-RAY DIFFRACTION MEASUREMENT  

X-ray diffraction (XRD) spectra were collected on an X-ray powder diffractometer 

(D5000, SIEMENS). The scans were collected in a 2θ range from 20 to 75° using copper Kα 

radiation with a wavelength of 1.5405 Å. Scans were analyzed with EVA Software and matched 

against the International Center for Diffraction Data (ICDD) database.  

A General Area Detector Diffraction System (GADDS) was used to collect a large 

dynamic range and 2D diffraction information of the samples. GADDS can conduct a large 2θ 

and chi range scan simultaneously in a very short measuring time. Pole figures on the films were 

also obtained by the GADDS (D5005, Bruker AXS). 
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2.11.2 SCANNING ELECTRON MICROSCOPY AND ATOMIC FORCE 

MICROSCOPY 

The surface morphology was analyzed using SEM LEO 1525 operating at 15kV and 

AFM Dimension 3100 (tapping mode). SEM and AFM were used to analyze surface morphology 

for roughness and also to determine the grain size.  

2.11.3 HALL EFFECT MEASUREMENT AND I-V MEASUREMENT  

The HMS-5000 Hall Effect Measurement System is used to determine accurately carrier 

density, Hall coefficient, and the mobility of carriers in the Si, Ge and SiGe layers. The 

measuring temperature was set at 300 K, and the magnetic field at 0.55 Tesla. The test for each 

sample was repeated for 10 circles. 

Current-voltage (I-V) characteristic curves of p-n junctions were measured under the 

light generated by a solar simulator (Oriel Sol3A Class AAA Solar). The fabrication of metal 

contact is critical for I-V measurement. Sputter deposition is not suitable for the fabrication of 

metal contact on our semiconductor thin films. In sputter deposition, the sputtered metal atoms 

can diffuse through the whole multilayer structure including the p-n junction, buffer layer and 

MgO template layer. The p-type layer and n-type layer would then be connected electrically by 

the diffusing metal atoms which results in a zero shunt resistance. This is fatal to our p-n junction. 

E-Beam evaporation (Thermionics eBeam Evaporator) was used for the fabrication of the metal 

contact layer to reduce the diffusion. Al thin films of 20 nm are deposited using Al pellets 

(99.99%, 0.3175 cm in diameter and 0.3175 cm in length). 
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CHAPTER 3 FABRICATION OF OXIDE BUFFER LAYERS, SILICON AND 

GERMANIUM THIN FILMS  

3.1 FABRICATION OF GERMANIUM (Ge) ON CERIUM OXIDE (CeO2) BUFFER 

LAYERS 

3.1.1 TEXTURED CERIUM OXIDE (CeO2) ON THREE DIFFERENT TEMPLATES  

Figure 3.1 (a), (b) and (c) show the XRD (111) pole figures of CeO2 thin films on three 

different substrates: MgO, LMO and STO. The data show that the films are devoid of mis-

oriented CeO2 (111) orientation which confirm the good quality of the epitaxial layer. Figure 3.1 

(d) shows the XRD (111) pole figure of MgO. Table 3.1 shows the mismatch between layers with 

a different basal plane lattice in our multilayer architecture. 

 

Figure 3.1 Pole figure analysis of CeO2 (111) plane of (a) CeO2/MgO, (b) CeO2/STO/MgO, (c) 
CeO2/LMO/MgO and (d) MgO (111) plane of MgO. The thickness of CeO2 is 250 nm for (a), (b) 
and (c). 
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Table 3.1 Absolute values of mismatch between substrates and deposited films studied in this 
work. The materials in the first row serve as the substrates (S), and those in the first column are 
deposited layers (L).  

Mismatch(%) MgO 

a=b=0.419 nm 

LMO  

a=0.555 nm 

b=0.571 nm 

STO 

a=b=0.552 nm 

CeO2 

a=b=0.540 nm  

LMO L[110]//S[100]:  

6.75 (along a) 

3.76 (along b) 

- - - 

STO L[110]//S[100]:  

7.33 

- - - 

CeO2 

a=b=0.540 nm 

L[100]//S[100]: 

22.41 

L[100]//S[100]: 

2.78 (along a) 

5.74 (along b) 

L[100]//S[100]: 

2.22  

- 

Ge basal plane 

a=b=0.566 nm 

L[100]//S[100]: 

25.97 

L[100]//S[100]: 

1.94(along a) 

0.88(along b) 

L[100]//S[100]: 

2.47  

L[100]//S[100]: 

4.59 

Si basal plane 

a=b=0.543 nm 

L[100]//S[100]: 

22.84 

L[100]//S[100]: 

2.21(along a) 

5.16(along b) 

L[100]//S[100]: 

1.66  

L[100]//S[100]: 

0.55 

 

The calculated mismatch in Table 3.1 indicates that an intermediate layer LMO or STO 

can regulate the lattice mismatch between CeO2 (below 3%) and MgO (close to 7%), reducing the 

misfit greatly. In the structure with an intermediate layer, the LMO and STO will grow with a 45° 

rotation with MgO because the mismatch is relatively small, i.e., m-n (a) lies along p-q (b) as 

shown in Figure 3.2.  With an intermediate layer of STO, CeO2 would be able to accommodate 
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the mismatch to within 2% by cube-on-cube growth (CeO2 [100]//STO [100]), which is s-t (b) 

lying along x-y (c) as shown in Figure 3.2. Thus, CeO2 (with LMO or STO) grows with a 45° 

rotation with MgO. This is demonstrated by the result that the four symmetric peaks in the case of 

Figure 3.1 (b) and (c) are rotated about 45° along the Φ direction compared to Figure 3.1 (d). 

Additionally, the Φ positions of peaks in Figure 3.1 (a) are the same as those in Figure 3.1 (d). 

This indicates that without an STO or LMO intermediate layer, the CeO2 grows on MgO with an 

orientation relationship of CeO2 [100]//MgO [100], even though the mismatch is 28.8%. In Figure 

3.2, this orientation relationship corresponds to m-n (a) lying along x-y (c).  Since the cube-on-

cube growth of CeO2 on MgO has been confirmed, the mismatch corresponding CeO2 [110] // 

MgO [100] is not included in Table 3.1. 

Except LMO, the materials shown in Table 3.1 have cubic structure, that is, their lattice 

constants along [100] (a direction in Table 3.1) and along [010] (b direction in Table 3.1) are the 

same. It is worth noting that the lattice constant along LMO [100] is different from that along 

LMO [010] since LMO has an orthorhombic perovskite structure. Thus, the mismatches 

calculated along LMO [100] are different from those along LMO [010]. CeO2 has a fluorite 

structure with atoms in the eight tetrahedral locations, projections of which on the basal plane are 

shown in Figure 3.2 (c). This projection matches perfectly with the atomic locations of the 

diamond structure of Ge and Si [Figure 3.2 (d)], while the projections of MgO, LMO and STO 

cannot achieve similar matches with Ge and Si. This could be the reason why Ge cannot 

epitaxially grow on MgO, LMO and STO templates [87,94], even though the lattice constants of 

LMO and STO basal plane are very close to Ge and Si as shown in Table 3.1. CeO2 has a 

relatively small mismatch with Ge (4.59%) and Si (0.55%), thus it is chosen as an underlying 

oxide layer for Ge films. 
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The larger mismatch results in worse CeO2 texture grown on the MgO template than that 

grown on the LMO and STO templates. Thus the quality of the Ge thin film grown subsequently 

will be affected if CeO2 directly on MgO is used. 

 

Figure 3.2 Projections of (a) MgO (100), (b) STO (100), and (c) CeO2 (100) planes for lattice 
match with (d) Si or Ge (100) plane.  Solid lines represent the edges of a unit cell. 

3.1.2 GERMANIUM (Ge) THIN FILMS ON CERIUM OXIDE (CeO2) BUFFER 

LAYERS 

Thin Ge films of 1.4 μm thickness were sputtered onto CeO2/LMO templates. Both p-

type and n-type films were deposited on these substrates using boron doped p-Ge and arsenic 

doped n-Ge targets respectively at substrate temperatures ranging from 600°C to 820°C. Thin p-

Ge films of 1.4 μm thickness were deposited onto CeO2/STO templates at substrate temperatures 

(a) (b) 

(c) (d) 
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ranging from 700°C to 820°C. The thickness of CeO2 on the LMO and STO templates was 250 

nm. These films were analyzed for Hall mobility and results are presented in Figure 3.3.   

 

Figure 3.3 Hall mobilities of n-Ge and p-Ge thin films prepared at different substrate 
temperatures (600°C to 820°C) on CeO2/LMO templates by using n-type and p-type targets, and  
Hall mobilities of p-Ge thin films prepared at different substrate temperatures (700°C to 820°C) 
on CeO2/STO templates using the p type target. 

The highest mobility of 721 cm2V-1s-1 has been observed in 1.4μm thick p-Ge deposited 

films. Mobility values of 120 to 400 cm2V-1s-1 have been reported in Ge thin films prepared by 

physical vapor deposition [137,138]. The hole mobility in the p-Ge was found to be directly 

related to the substrate temperature. The mobility of p-Ge deposited at “RT” was 23 cm2V-1s-1. 

The mobility was found to increase slowly in the range of 600-700°C, and increase rapidly above 

700°C. The increase of hole mobility at higher temperatures is attributed to the increase in grain 

size. Figure 3.4 shows the surface microstructure of a p-Ge film. The grain size of the p-Ge film 

deposited at “RT” is 80 nm; the SEM images of surfaces of p-Ge films deposited in the range of 

600-700°C are similar, with a grain size of 200 nm; the grain size at 740°C is around 300 nm; and 

for cases of 780°C and 820°C, the grain size is 500 nm and 800 nm respectively. 
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Figure 3.4 SEM images of surfaces of p-Ge deposited at (a) “RT” (b) 700°C, (c) 740°C and (d) 
820°C on the CeO2/LMO template. Image (d) is shown at a different magnification to show the 
grains clearly.  

Figure 3.5 shows the out-of-plane XRD scan of the Ge (400) peak at different substrate 

temperatures. The increases of Ge (400) peak intensity and grain size with the substrate 

temperature are due to increased ad-atom mobility on the film growth surface at higher 

temperatures.  

 

Figure 3.5 Out-plane XRD scan of p-Ge films deposited at different substrate temperatures. 

 

(a) (b) (c) (d) 
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It is noted that Ge (400) exhibits two peaks with lattice constants 0.566 nm and 0.555 nm. 

A similar result is seen in n-Ge films. This could be due to the initial Ge layer strained at 0.555 

nm with the lattice match close to CeO2 and the subsequent layer relaxed at 0.566 nm.  

In Figure 3.3 it is seen that in n-type films, electron mobility does not change much with 

substrate temperature below 720°C. A maximum value of 358 cm2V-1s-1 was observed at 660°C. 

Surprisingly, at 720°C and above, the films exhibit a reduction in mobility and a positive polarity 

of charge carriers. The transition from a negative charge carrier to a positive charge carrier 

occuring at 720°C could be due to the sublimation of As dopants above 720°C. Higher 

temperature can promote out-gassing of n-type dopants from n-Ge films [139,140]. The As 

dopant has been found to have a very low solubility in Ge at temperatures above 700°C [141]. As 

a consequence, there could be redistribution of dopants and creation of point vacancies resulting 

in an increase in defect density. It has been earlier reported that, defect states due to dislocations 

and point defects in n-type Ge films act as trap states and exhibit positive Hall mobility [142

The transition from a negative charge carrier to a positive charge carrier in n-Ge above 

700°C, was further confirmed by the post-annealing process. As shown in Figure 3.3, 1.4 𝜇m 

thick n-Ge films deposited at 660°C on a CeO2/LMO template were found to exhibit an electron 

mobility of 358 cm2 V-1s-1. These n-Ge films were annealed at 660°C, 700°C, 740°C, 780°C and 

820°C for 30 minutes in an atmosphere of 10 sccm Ar forming gas. The Ge film annealed at 

660°C was found to still exhibit a negative Hall coefficient, althought its electron mobility 

decreased to 320 cm2V-1s-1. The Hall coefficients of those Ge films annealed above 700°C 

changed to positive values, due to the transition of the carrier type in the high temperature (above 

]. 

This transition from n-type films to p-type films is also attributed to Al diffusing out from the 

Al2O3 layer in the substrate. Secondary ion mass spectrometry (SIMS) confirmed the appearance 

of Al in the Ge films deposited above 700°C. A faster diffusion is expected at a higher deposition 

temperature.  
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700°C) post-annealing process. The mobility values of those Ge films were seen to be in the 

range of 35-80 cm2V-1s-1, which is much lower than that of the Ge films (400-700 cm2V-1s-1) 

deposited at the same temperature, as shown in Figure 3.3.  

The theoretical mobility value of single-crystal n-Ge is 1175 cm2V-1s-1 at electron 

concentration 2 × 1018cm-3 [143], and that of p-Ge is 930-990 cm2V-1s-1 at hole concentration 

2 × 1018cm-3 [144-146

Carrier concentration values of n-Ge and p-Ge thin films prepared at different substrate 

temperatures (600°C to 820°C) on CeO2/LMO templates are shown in Figure 3.6. A carrier 

concentration ranging from 1 × 1015  to 1 × 1017cm-3 in the absorber (p-type) is required to 

achieve an efficient PV solar cell. In photovoltaic energy conversion, the free electrons are easily 

trapped in an absorber with a hole concentration above that range.  It is noted that the minimum 

hole concentration is 6 × 1017cm-3 in the 1.4 𝜇m thick p-Ge films deposited at 740°C. To obtain 

a lower hole concentration, the deposition of p-Ge would need to be further optimized.   

]. The observed p-type and n-type mobility values of our Ge thin films 

are lower than these theoretical values. This is likely to be due to the presence of dislocations 

arising from lattice mismatch at the Ge-CeO2 interface.  

 

Figure 3.6 Carrier concentrations of n-Ge and p-Ge thin films prepared at different substrate 
temperatures (600°C to 820°C) on CeO2/LMO templates.  
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3.1.3 INFLUENCE OF CERIUM OXIDE (CeO2) ON GERMANIUM (Ge) 

It is understood that the intermediate layer CeO2 is critical for texturing Ge with (400) 

orientation on our substrates. To study the influence of CeO2 on the epitaxial growth of Ge, 

various types of CeO2 substrates were prepared.  

Un-textured CeO2 films of 250 nm thickness were grown on LMO and STO templates 

held at “RT”. Figure 3.7 shows the θ-2θ XRD scans of Ge layers deposited at 660°C on “RT” 

CeO2. CeO2 is found to grow with stronger (200) and (400) orientations on STO rather than LMO. 

CeO2 (111) and (311) appear at 28.65° and 56.44° respectively. The peaks marked “X” in the 

Figure 3.7 belong to the Hastelloy substrate. The faceted morphology of “RT” CeO2 deposited on 

LMO is shown in Figure 3.8 and similar morphology has been observed on “RT” CeO2 deposited 

on STO.  

 

Figure 3.7 Ge thin films on an un-textured CeO2 layer on STO and LMO templates. The peaks 
marked “X” belong to the Hastelloy substrate. 
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Figure 3.8 SEM image of an un-textured CeO2 surface. 

The increasing mobility of Ge with film thickness could be due to improved texture or 

reduced defect density with increasing thickness. One possible way to separate the two possible 

effects is if CeO2 texture could be improved with increasing film thickness and then Ge films 

could be epitaxially deposited on these films to examine the effect of texture on mobility. The 

thickness of the CeO2 layer was varied by fabricating CeO2 films on STO and LMO substrates for 

180 seconds, 225 seconds, 321 seconds, 563 seconds, 765 seconds, 1125 seconds and 2250 

seconds. Subsequently, n-Ge film of 1.4 𝜇m thickness has been deposited on these samples. The 

CeO2 films are seen to grow with strong (200) and (400) orientations in all samples. Figure 3.9 

shows the 2θ XRD scan of (a) CeO2 (200) and (b) CeO2 (400) peaks of samples made with 

different deposition time. It is evident that even for a short duration of 180 seconds, a strong 

preferred texture is formed. The {00l} texture improves with increasing deposition time in the 

studied range. It is noted that CeO2 {00l} exhibits two types with lattice constants 0.5407nm 

(2θ=33.1°, 69.3°) and 0.5391 nm (2θ=33.21°, 69.5°). The lattice constant is measured to be 

0.5407 nm when the deposition time is less than 321 seconds, and to be 0.5391 when the CeO2 

deposition time is longer. 
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Figure 3.9 (a) CeO2 (200) peak and (b) CeO2 (400) peak in CeO2/LMO films made with different 
deposition times. 

Figure 3.10 shows SEM images of films deposited at (a) 321 seconds, (b) 765 seconds 

and (c) 2250 seconds, respectively.  In Figure 3.10 (a), the film deposited at 321 seconds show 

grains that are 20 nm long and 10 nm wide, which is slightly larger than that of samples made at 

180 seconds and 225 seconds. When deposition time is above 563 seconds, plate-like island 

(a) 

(b) 
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grains that are 50-80 nm long and 20 nm wide [Figures (b) and (c)] dominate the growth. The 

growth of islands with increased time results in gaps. 

 

 

Figure 3.10 SEM images of surface morphology of CeO2 films deposited at (a) 321 seconds, (b) 
1125 seconds and (c) 2250 seconds.  

The spread in the out-of-plane texture i.e. FWHM of the CeO2 (200) and (400) peaks as a 

function of the deposition time were measured using XRD 𝜔 scans, and the results are shown in 

Figure 3.11. Since both LMO and STO have larger lattice constants than CeO2, the CeO2 lattice 

expands at the CeO2-LMO and CeO2-STO interfaces. When the deposition time of CeO2 exceeds 

321 seconds, continued deposition of CeO2 has a detrimental effect on the subsequently-grown Ge 

texture, although the grain sizes are found to increase. So, it is believed that a thin CeO2 layer 

(321 seconds) grows with strain yields reduced defect densities compared to thicker relaxed 

CeO2 layer. In Figure 3.9 (a) and (b), there are shifts in the (200) and (400) peaks, indicating the 
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CeO2 lattice is expanded in thinner films (lattice constant 0.5407 nm) and relaxed in thicker films 

(lattice constant 0.5391 nm).  

 

Figure 3.11 The FWHM of the CeO2 (200) and (400) peaks as a function of the deposition time 
as measured by out-plane XRD 𝜔 scan. 

The XRD (220) pole figure of 1.4 𝜇m thick n-Ge thin films on CeO2 buffers of different 

thicknesses are presented in Figure 3.12. The pole figures of Ge on CeO2 deposited for 180 

seconds and 225 seconds are not presented here since they are very similar to that shown for 321 

seconds in Figure 3.12 (a). The pole figures of the Ge films show fourfold symmetry with the 

(220) poles at 45° with respect to the normal of sample surface, indicating biaxial alignment of 

the Ge films. It is worth noting that, in the pole figures, there are low intense fourfold symmetry 

Ge (220) peaks which lie at 15° with respect to the c-axis. We conjecture that these (220) poles at 

15° arise from the crystal twinning which occurs at the interface between the Ge and CeO2 layers. 

A similar finding has been made earlier in the (111) pole figure analysis of Ge on CeO2 templates 

[93]. The absence of other orientations in Figure 3.12 (a) indicates a strong biaxial Ge texture on 

the CeO2, which was deposited in 321 seconds. In Figure 3.12 (b), (c) and (d) other weak Ge (220) 

peaks oriented at 35°, 55° and 63° with respect to the c-axis can be found. The appearance of 
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additional peaks indicates a poor quality of the Ge in-plane texture on the thick CeO2 buffer layer. 

Additionally, the primary peaks located at 45° from the c-axis are broader in Ge films on the 

thick CeO2 buffer layers. 

 

 

Figure 3.12 The XRD (220) pole figure of 1.4 𝜇m thick n-Ge thin films on CeO2/LMO templates. 
The CeO2 buffer layers were deposited for (a) 321 seconds, (b) 765 seconds, (c) 1125 seconds and 
(d) 2250 seconds. 

From the pole figure of Ge (220), the in-plane texture values, i.e. FWHM of the Ge (220) 

peaks as a function of CeO2 deposition time, were calculated and are summarized in Figure 3.13. 

It is seen there that the FWHM of Ge (220) decreases with CeO2 deposition time when the time is 

less than 321 seconds. When the deposition time exceeds 321 seconds, the FWHM value 

(a) (b) 

(c) (d) 
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increases with CeO2 deposition time. A minimum FWHM (2.7°) of Ge (220) is obtained in the 

case of CeO2 deposition time of 321 seconds.  

 

Figure 3.13 The spread in-plane texture of Ge, i.e. FWHM of the Ge (220) peaks, as a function of 
CeO2 deposition time. 

Hall mobility values were measured on those n-Ge samples in order to understand the 

influence of the CeO2 layer thickness and are presented in Figure 3.14. It is seen that the electron 

mobility values of Ge thin films deposited on a CeO2/LMO template and a CeO2/STO template 

increase with CeO2 deposition time when the time is less than 321 seconds. When the deposition 

time exceeds 321 seconds, the films with STO and LMO both exhibit reductions in mobility. The 

maximum values of electron mobility were observed at 321 seconds. The decreased mobility in 

Ge films on CeO2 deposited for more than 321 seconds could be due to poor Ge film growth on 

the island-like, rough CeO2 film structure shown in Figure 3.10.  
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Figure 3.14 Hall mobility values of 1.4 𝜇m thick n-Ge thin films deposited at 660°C on CeO2 
buffer layers deposited for different times. 

3.1.4 REDUCTION OF CERIUM OXIDE (CeO2) DURING GERMANIUM (Ge) 

DEPOSITION 

The appearance of another type of cerium oxide (CeOx) has been found at higher Ge 

deposition temperatures, as shown in Figure 3.15. CeOx with lattice constants of 0.5489 nm 

(2θ=32.55° and 67.95°), 0.5481 nm (2θ=32.6° and 68.04°) and 0.5415 nm (2θ=33.05° and 

69.163°) can be seen in the figure. According to the ICDD database of XRD, CeOx with a smaller 

x value has smaller 2θ values for (200) and (400) peaks, corresponding to larger lattice constants. 

The lattice constant of CeOx increases under reducing conditions, as a result of reduction of the 

cerium (Ce) cation from a 4+ to a 2x+ state in order to compensate for oxygen (O) loss. As shown 

in Figure 3.15, the lattice constant of CeOx increases from 0.5415 nm 0.5481 nm, and then to 

0.5489 nm with the increasing deposition temperature. Considering that CeO2 has a smaller 

equilibrium lattice constant (0.540 nm) than that of Ge, the reduction of CeO2 makes the lattice 

mismatch between substrate CeOx and Ge smaller.  
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Figure 3.15 Out-plane XRD scan of (a) CeO2 (200) peak and (b) CeO2 (400) peaks at various 
temperature after 30 min Ge deposition in the atmosphere of Ar forming gas.  

 

Figure 3.16 Out-plane XRD scan of (a) CeO2 (200) peak and (b) CeO2 (400) peaks in samples 
annealed at 820°C for 30 minutes without plasma.  

Loss of O from the CeO2 substrate is caused by the reaction between O and hydrogen (H) 

in the forming gas which is used in the deposition process. Since higher deposition temperatures 

can aid the loss of O content from CeO2, a high-temperature annealing experiment was done 

without plasma from the sputter source. Two CeO2 samples with different thicknesses were 

prepared by the deposition of CeO2 for 321 seconds and 750 seconds on LMO templates. Then 

these two samples were annealed at 820°C for 30 minutes by moving then through the heater 

zones in the sputtering system without plasma. XRD θ-2θ scans of the annealed samples showed 

that no recognizable loss of O content in the CeO2 after annealing at 820°C for 30 minutes in the 

sputtering system without plasma (Figure 3.16). So, it is concluded that the reduction of CeO2 

(a) (b) 

(a) (b) 
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during Ge deposition is caused by reaction of H ions in forming gas plasma used for deposition 

and O ions in CeO2. 

3.1.5 OPTIMUM GERMANIUM (Ge) THICKNESS ON CERIUM OXIDE (CeO2) 

BUFFER LAYERS  

An optimum Ge thickness needs to be determined in order to achieve higher mobility 

values and better texture. It was expected that an increase in the thickness of the Ge layer can 

result in reduction in threading dislocations propagating from the Ge-CeO2 interface leading to 

less defective top layers and in turn, high mobility values. In order to examine this hypothesis, 

both p-Ge and n-Ge films were deposited on textured CeO2 over a thickness range of 0.7 to 5.6 

𝜇m. The temperature for deposition of p-Ge was 780°C and that of n-Ge was 660°C. Hall 

mobility values were measured and presented in Figure 3.17.  

 

Figure 3.17 Influence of film thickness on the Hall mobility values of n-Ge and p-Ge films 
prepared on different buffers.  
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As seen in Figure 3.17, Ge films of p-type were found to exhibit a similar increase in hole 

mobility values with increased thickness on both LMO and STO buffer layers. n-Ge films on 

LMO had higher mobility values compared with Ge on STO buffer layers which were better than 

that on MgO over the entire thickness range studied. 

The surfaces of Ge films with different thicknesses deposited at 660°C are shown 

in Figure 3.18. According to the images, it is obvious that the surface becomes smoother 

as the thickness increases. This phenomenon can be understood by considering that after 

grain coalescence is completed, the new-coming ad-atoms continue to fill in the gaps and 

thus improve the surface smoothness of the films.  

 

Figure 3.18 SEM images of (a) 720 nm, (b) 1.4 𝜇m, (c) 2.8 𝜇m and (d) 5.6 𝜇m thick Ge films 
deposited at 660°C on CeO2/LMO template. The magnification of these images is 50 kX, and the 
scale bar for these four images is shown at the upper-left corner. 

Such a dependence of surface roughness on the Ge thickness is further supported by 

AFM analysis, as shown in Figure 3.19. The surface roughness (Ra) was found to decrease as the 

thickness increases. 

(a) (b) (c) (d) 
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Figure 3.19 Surface roughness of p-Ge and n-Ge films as a function of Ge thickness.  

 3D AFM images of the surface of 1.4 𝜇m and 5.6 𝜇m thick Ge film deposited at 660°C 

are shown in Figure 3.20. It is evident that the surface of 5.6 𝜇m thick Ge is much smoother than 

that of 1.4 𝜇m thick Ge. Additionally, some small grains, not seen in the SEM image can be 

observed to grow on the large Ge grains in the case of 1.4 𝜇m thickness [Figure 3.20 (a)]. Those 

small grains increase the surface roughness of the film. 

 

Figure 3.20 3D AFM images of the surface of (a) a 1.4 𝜇m thick Ge film and (b) a 5.6 𝜇m thick 
Ge film deposited at 660°C on CeO2/LMO template. To demonstrate the smoothness of the 5.6 
𝜇m thick Ge film, the scan area was 2 𝜇m×2 𝜇m in (b).  

XRD θ-2θ spectra scans of Ge films of different thickness deposited on an optimized 

CeO2/LMO template are shown in Figure 3.21. The Ge(400) peak is found to become more 

(a) (b) 
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intense and sharp with increasing thickness. Interestingly, the Ge(400) peaks shift to higher 

angles with increasing thickness, as shown by the dotted line in the figure. A similar phenomenon 

was reported on Ge films made in another sputtering system using similar substrates [93].  

Similar results were also observed in the XRD scans of Ge thin films deposited on the CeO2/STO 

template and the CeO2/MgO template at deposition temperatures of 600°C, 660°C, 780°C and 

820°C.  

 

Figure 3.21 XRD θ-2θ scan patterns for Ge (400) peaks of Ge films of 720nm, 1.4  μm, 2.8 μm 
and 5.6 μm thickness deposited on CeO2/LMO templates. Note the dotted line connecting the 
highest points of Ge (400) peaks.  

3.2 FABRICATION OF N-GERMANIUM (n-Ge) THIN FILMS ON P-GERMANIUM 

(p-Ge) THIN FILMS 

Since we intend to use the germanium-on-insulator (GOI) structure to develop a solar cell, 

it is necessary to create p-n junctions of Ge. As described in previous sections, the deposition 

temperature for n-Ge should be maintained below 660°C to prevent the transition of carrier types. 

This impedes the further improvement of n-type Ge thin film texture and negative carrier mobility. 

The texture of p-Ge thin films and positive carrier mobility were found to steadily increase with 

increasing Ge deposition temperature. The grain size of p-Ge is much larger than that of n-Ge, 
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since the deposition temperature of p-Ge is much higher. This suggests that p-type Ge is an 

appropriate substrate for the Ge p-n junction, while n-type Ge thin film cannot be the substrate 

since the subsequent high temperature deposition of p-Ge would convert the n-Ge to p-Ge. 

The designed p-n Ge structure on the oxide buffer layer is shown in Figure 3.22. p-Ge 

layers of 3.6 𝜇m thickness (820°C) can serve as suitable absorber layers for the solar cell, noting 

its low hole concentration (1.86 × 1017cm-3) as well as its thick layer to provide high light 

absorption. Then, n-Ge films with thickness of 200 nm, 500nm and 720 nm were deposited on the 

p-Ge films at temperatures of 500°C, 600°C and 660°C. In deposition of n-Ge, a small area of p-

Ge was masked by a p-Ge for subsequent deposition of Al contact. After the n-Ge deposition was 

finished, Al contacts of 20 nm thickness were deposited on the surfaces of p- and n-Ge.  

 
 

Figure 3.22 The designed p-n Ge structure on the oxide buffer layer. 

The XRD θ-2θ scan of the n-Ge/p-Ge structure demonstrates the homoexpitaxial growth 

of n-Ge on p-Ge, as shown in Figure 3.23. The intensity of Ge (400) peaks increase with Ge 

thickness.In all patterns no other Ge peaks are present, and CeO2 separates into three peaks due to 

the reduction of CeO2 in the Ge deposition. 
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Figure 3.23 XRD θ-2θ scan patterns of n-Ge/p-Ge. n-Ge films of 200 nm, 500 nm and 720 nm 
thickness were deposited on p-Ge/CeO2/LMO templates at 660°C. Full scan patterns are shown in 
(a), and Ge (400) peaks without offsetting are shown in (b).   

 

Figure 3.24 An I-V characteristic curve obtained from n-Ge (500 nm)/p-Ge (3.6 𝜇m).  

I-V measurements of these p-n junctions showed characteristics of diodes (Figure 3.24), 

although such combinations of p- and n-Ge did not produce efficient electrical power. The 

diffusion of dopants from one polarity to another polarity can easily occur in the high temperature 

deposition process. This destroys the Ge p-n interface, and thus is fatal to this structure designed 

for photovoltaic conversion. A few improvements are needed to the p-n junction structure. A 

much thinner n-Ge layer is required for better light absorption; a metal bottom contact is needed 

for the efficient collection of carriers that are likely lost in the transport process in the p-Ge films 

(b) (a) 
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before they arrive at the small area of Al metal contact. Additionally, the carrier concentration of 

p-Ge should be lower.  

3.3 FABRICATION OF SILICON THIN FILMS ON CERIUM OXIDE (CeO2) 

BUFFER LAYERS 

In the sputtering deposition, the decrease of the sputtering pressure enhances the surface 

mobility of sputtered atoms. The pressure of Si and SixGe1-x varies from 0.7 mTorr to 4 mTorr. 

The details of the deposition condition of silicon thin films on various substrates are described in 

Chapter 2. Summaries of properties of Si and SixGe1-x thin films on our oxide buffer layer are 

shown in Table 3.2 and Table 3.3.  

 Table 3.2 Properties of Si thin films on our oxide buffer layer.  

Substrates p-Si thin films on specified substrates Hole mobility 

(cm2∙V-1∙s-1) 

LMO template Amorphous at all deposition conditions In the range of 

12-20 

STO template a. Amorphous at 4 mTorr; 
b. Polycrystalline Si at 0.7-2 mTorr 
Si (111), Si (311) and Si (400) are seen 

in the out-plane XRD scan 

Polycrystaline Si 

in the range of 

32-45 

Optimized CeO2/LMO 

template 

Polycrystalline Si at 1 mTorr 

Si (111), Si (311), Si (400) and Si (331) 

are seen in the out-plane XRD scan 

52 

 

Optimized Ge/CeO2/LMO 

template 

Polycrystalline Si at 1 mTorr 

Si (111), Si (311) and Si (400) are seen 

in the out-plane XRD scan 

47 
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It is found that Si and SixGe1-x thin films cannot grow heteroepitaixally on our oxide 

buffer layers by RF sputtering. The mobility of the polycrystalline Si films on our substrates was 

found to be in the range of 32-52 cm2V-1s-1. This result is understood since Si and SixGe1-x are 

more difficult to be epitaxially grown on our oxide buffers. The activation energy of nucleation 

for Si and Ge are 2.7 eV and 2.0 eV, respectively [ 147

Table 3.3 Properties of SixGe1-x thin films on our oxide buffer layer.  

]. For a given material-substrate 

combination and under a given set of deposition conditions, the temperature for epitaxial Ge thin 

film growth is found to be always much lower than that for Si and SixGe1-x thin films. 

Substrates Si20Ge80 Si50Ge50 

Optimized CeO2/LMO 

template 

Polycrystalline Si20Ge80 at all 

condition 

Si20Ge80 (111), (311) and 

(400) are seen in the out-

plane XRD scan 

Polycrystalline Si50Ge50 at 

all condition 

Si50Ge50 (111), (311) and 

(400) are seen in the out-

plane XRD scan 

Optimized Ge/CeO2/LMO 

template 

- Polycrystalline Si50Ge50 at 

all condition 

Si50Ge50 (111), (311) and 

(400) are seen in the out-

plane XRD scan 
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CHAPTER 4 FABRICATION OF METAL BUFFER LAYERS, SILICON, AND 

GERMANIUM THIN FILMS  

As discussed in Chapter 3, a metal bottom contact is needed for the efficient collection of 

free carriers. Thus the introduction of metal buffer layers in the multilayer solar cell structure 

(Figure 4.1) is discussed in this chapter. 

 

Figure 4.1 p-n Ge structure on the metal buffer layer. 

4.1 FABRICATION OF SILVER (Ag) BUFFER LAYERS 

Ag was deposited on the MgO template at 400°C. Since it has a very high sputtering rate, 

a tape speed of 1 cm/min was used to obtain a film thickness of 400 nm. Figure 4.2 shows a XRD 

θ-2θ scan obtained from the sample. The peak of MgO(200) indicates the out-plane texture of 

MgO. The Ag film shows strong (200) out-plane orientation, with no other orientation present.  

An in-plane texture of 2°FWHM is obtained from XRD (111) pole figure of Ag (Figure 

4.3). The pole figure shows a clear four-fold symmetry and indicates that the Ag film is 

completely in-plane aligned, with an orientation relationship of Ag (100)//MgO (100) and Ag 

[100]//MgO [100]. According to such a cube-on-cube orientation relationship, the mismatch 

between Ag and MgO is calculated to be 2.45%.  

 



76 
 

 

Figure 4.2 θ-2θ patterns obtained from the Ag thin film of 400 nm thickness grown on an MgO 
template at 400°C. The peak marked “X” represents the substrate (Hastelloy). 

 

Figure 4.3 (111) pole figure of Ag film deposited on the MgO template at 400°C, indicating a 
clear four-fold symmetry. Φ-scan of Ag (111) peaks obtained from the polefigure shows four 
equally spaced peaks, separated by 90°, confirming the in-plane alignment of the Ag film. 

The surface morphology of the Ag film was analyzed using SEM (Figure 4.4), and it is 

seen that the film consists of uniform and dense grains with average size of about 350 nm. 
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Figure 4.4 SEM image obtained from Ag film deposited at 400°C on MgO template. 

 

Figure 4.5 SEM images obtained from Ag film annealed at 600°C, 700°C, 720°C and 740°C for 
13minutes. The magnification of these images is 25 kX, and the scale bar for these four images is 
shown at the upper-left corner. 

A post-deposition annealing treatment to the film at temperatures higher than the 

deposition temperature can modify the grain size. Grain growth can easily happen in the 

annealing of the Ag layer since its melting temperature is low, as shown in Table 2.2. The as-

deposited Ag samples were annealed at 600°C, 700°C, 720°C and 740°C for 13 minutes in the 

sputter deposition chamber without plasma. SEM images of those samples are shown in Figure 

4.5. The surface of the annealed Ag films appears to be much smoother than that of the as-

deposited films. It is found from Figure 4.5 that the higher the annealing temperature, the 

smoother the surface and larger the grain size is as well. In-plane texture measurement of Ag by 

600°C 

 

700°C 720°C 740°C 
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XRD (111) pole figures shows that annealing at 740°C improves the in-plane texture from 2° 

FWHM (before annealing) to 1.61° FWHM (after annealing).  

SEM images of samples annealed at various temperatures for 30 minutes are shown in 

Figure 4.6. In the cases of samples annealed at 700°C and 750°C, a lot of voids appear in the film. 

The total area of voids increases along with the annealing temperature. When the annealing 

temperature is 820°C, Ag exists as islands or particles. Considering that the annealing 

temperature is lower than the melting point of Ag, it is conjectured that the loss of Ag is 

attributed to the diffusion of Ag atoms into the bottom oxide layers. Thus, the annealing time 

should be carefully controlled. 

 

Figure 4.6 SEM images obtained from Ag film annealed at 700°C , 750°C and 820°C for 30 
minutes. The magnification of these images is 5 kX, and the scale bar for these four images is 
shown at the upper-left corner. 

4.2 DEPOSITION OF GERMANIUM (Ge) ON SILVER (Ag) BUFFER LAYER 

Biaxially textured Ag may serve as a good bottom contact for the PV solar cell structure. 

n-Ge films were deposited on four Ag buffered MgO templates at deposition temperatures of  

400°C, 500°C, 600°C and 700°C, and the thickness of Ge films is estimated to be 720 nm. Since 

the deposition time is 15 minutes, very little Ag diffuses into the MgO in the deposition process. 

SEM images show that the surfaces of as-deposited samples are not continuous (Figure 4.7). Ge 

700°C 750°C 820°C 
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grains are mixed with Ag grains on the surface, and grain sizes increase with the increasing 

deposition temperature.  

 

Figure 4.7 SEM image obtained from Ge deposited on Ag buffer layers at 400°C, 500°C, 600°C 
and 700°C. The magnification of these images is 5 kX, and the scale bar for these four images is 
shown at the upper-left corner. 

To further understand the SEM images, XRD θ-2θ scans were conducted on the samples, 

and the results are shown in Figure 4.8. The intensities of Ge (111) and Ge (311) are found to 

increase with increasing deposition temperature, while the intensity of Ge (400) decreases. It is 

observed from Figure 4.8 that part of the Ag (200) is replaced by Ag (111) during Ge deposition. 

Based on the XRD results, the surface morphology shown in Figure 4.7 is believed to be caused 

by the strong diffusion of Ge and Ag atoms.   

The intermixing of Ge grains with Ag grains can make the as-deposited Ge layer behave 

like a conductor with very small resistance. Ag, Au, Al [148], In [149

 

] form simple eutectic 

phases with Ge, with low eutectic temperatures. It is concluded that a semiconducting Ge cannot 

be fabricated on the Ag buffer layers by sputter deposition at high deposition temperatures.  

400 °C 

 

 

  

 

  

 

 

 

 

 

 

 

500 °C 600°C 700 °C 



80 
 

 

Figure 4.8 θ-2θ patterns (a) in the range 20-50°and (b) in the range 50-70°obtained from Ge thin 
film of 720 nm thickness grown on Ag substrate at deposition temperatures of  400°C, 500°C, 
600°C and 700°C. The intensity is presented in the log scale. 

4.3 FABRICATION OF NICKEL (Ni) BUFFER LAYERS 

Ni was deposited on the MgO template at temperatures ranging from 47°C to 790°C. A 

tape speed of 1.1 cm/min and an RF power of 40W were used to obtain a Ni film 250 nm thick. 

The optimized deposition pressure was 4 mTorr, since out-of-plane Ni (111) was found to be 

present in samples deposited at 2 mTorr and 6 mTorr. Figure 4.9 shows the results of XRD θ-2θ 

(a) 

(b) 
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scans conducted on these samples. The intense peak of Ni (200) indicates the strong out-of-plane 

texture of Ni. The intensity of the Ni (200) peak increases with increasing deposition temperature.  

 

Figure 4.9 θ-2θ patterns obtained from Ni thin film of 250 nm thickness grown on MgO template 
at 47°C (“RT”), 300°C, 500°C, 700°C and 790°C. The peak shown in the range of 51-53° is Ni 
(200). The full scan in the range of 20-70° is shown at the upper-right corner. 

XRD (111) pole figures of the 250 nm thick Ni thin films deposited at “RT” and 300°C 

on the MgO templates are presented in Figure 4.10. The pole figures of the Ni films show 

fourfold symmetry with the (111) poles at 55° with respect to the c-axis, demonstrating strong 

biaxial Ni texture. The (111) pole figure of Ni is similar to that of Ag, confirming the cube-on-

cube orientation relationship of Ni [100]//MgO [100], even though the resultant mismatch is huge 

(19.03%). In the pole figure of “RT” Ni, there are low intensity fourfold symmetry Ni (111) 

peaks which lie at 18° with respect to the c-axis. Those low intensity peaks disappear in the case 

of 300°C, indicating the better in-plane texture at 300°C. The spread in the in-plane texture of Ni 

(111) in the case of 300°C measured based on the pole figure is 3.6° FWHM, much smaller than 

that of “RT” Ni (5.1°). 
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Figure 4.10 The XRD (111) pole figures of 250 nm thick Ni thin films on MgO templates. Ni 
buffer layers were prepared by deposition at (a) “RT” and (b) 300°C. 

The improvement of texture at higher temperatures is believed to be related to the 

increase in the grain size of Ni, as shown in Figure 4.11. The grain size of Ni film at“RT is 40 nm 

and the grain size increases to 80 nm at 500°C. 

 

Figure 4.11 SEM image obtained from Ni deposited at (a) “RT” and (b) 500°C. The 
magnification of these two images is 100 kX, and the scale bar is shown at the upper-left corner. 

 

(a) (b) 

(a) (b) 
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A 3D AFM image of the surface of “RT” Ni is shown in Figure 4.12. The grain size is 

measured to be around 40 nm. The surface roughness (Ra) calculated from the AFM analysis is 

3.2 nm. 

 

Figure 4.12 3D AFM image of the surface of 250 nm thick Ni film deposited at “RT” on 
biaxially-textured MgO template. 

To obtain a 500nm thick Ni thin film, Ni was deposited with the RF power of 80W and 

the tape speed of 1.1 cm/min. XRD θ-2θ scans were conducted on Ni of 250 nm and 500 nm 

thicknesses, and the results are displayed in Figure 4.13. It is observed that the intensity of Ni 

(200) is four times higher in the case of the 500 nm thick film than in that of the 250 nm thick 

film.   

 

Figure 4.13 θ-2θ patterns obtained from Ni thin films of 250 nm and 500nm thicknesses grown 
on the MgO template at 800°C. 
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To improve the texture of Ni, the “RT” Ni samples of 250 nm thickness were annealed at 

400°C, 600°C, 900°C for 4 hours and at 1100°C for 30 minutes in a furnace with Ar forming gas 

of 20 sccm. XRD θ-2θ patterns obtained from these samples are shown in Figure 4.14. When the 

annealing temperature is below 600°C, the intensity of Ni (200) increases as the temperature 

increases. When the temperature is above 900°C, Ni diffuses into the MgO layer and then Mg2Ni 

forms. This is further supported by the SEM images of those samples as shown in Figure 4.15. 

Very few voids appear on the surface of Ni at 600°C, while no voids are found on the surface at 

400°C.  This indicates very little Ni starts to diffuse into the MgO below 600°C. A lot of voids 

appear on the surface of Ni at 900°C. At 1100°C, most of the Ni has diffused into the MgO layer; 

thus Ni islands form on the MgO surface. According to the XRD results, the diffusion of Ni 

results in the disappearance of the Ni (200) texture as shown in the XRD result of 1100°C.   

 

Figure 4.14 θ-2θ patterns of Ni thin films of 250 nm thick (a) as-deposited, annealed at  400°C 
and 600°C for four hours, (b) annealed at  900°C for four hours and 1100°C for 30 minutes. 

It is worth noting that the intensity of Mg2Ni in the case of 1100°C is higher than that at 

900°C, even though the annealing time at 1100°C is just 30 minutes long versus four hours at 

900°C. This indicates that the annealing temperature may play a more important role in the 

diffusion of Ni into the MgO than annealing time. It is seen in Figure 4.15 (a) and (b) that there is 

no obvious diffusion of Ni at 400°C and 600°C when the annealing time is 30 minutes. The 

results from the annealing process of Ni at 400°C for 6 hours and 600°C for 8 hours still did not 

(a) (b) 
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show strong diffusion of Ni. This indicates that Ni diffuses very slowly at temperature below 

600°C. Therefore, the annealing temperature should be carefully controlled to improve the Ni 

texture as well as to prevent the diffusion of Ni.  

 

Figure 4.15 SEM images of Ni films annealed at (a) 400°C, (b) 600°C, (c) 900°C for four hours 
and (d) 1100°C for 30 minutes. The magnification of these images is 20 kX, and the scale bar for 
these four images is shown at the upper-left corner. 

4.4 FABRICATION OF SILICON (Si) THIN FILMS ON NICKEL (Ni) BUFFER 

LAYER 

p-Si thin films of 40 nm and 160 nm thickness were deposited at 116°C,  650°C and 

820°C on 250 nm thick epitaxial Ni. XRD θ-2θ scans were conducted on those samples and the 

results from 40 nm thick Si is shown in Figure 4.16. The Si film deposited at 116°C is found to be 

amorphous. When the temperature is above 650°C, a part of Si reacts with Ni, forming Ni2Si with 

out-of-plane orientations of (200) and (301). The XRD pattern of 160 nm thick Si deposited at a 

given temperature is similar to the case of 40 nm thick Si deposited at the same temperature.  

(a) (b) (c) (d) 
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Figure 4.16 θ-2θ patterns of Si thin films of 40 nm deposited on 250 nm thick epitaxial Ni thin 
films at 116°C, 650°C and 820°C. 

The mobility values of p-Si deposited at 116°C are 59 cm2V-1s-1 measured from the 40 

nm thick Si and 78 cm2V-1s-1 measured from the 160 nm thick Si. The as-deposited samples 

prepared at temperature above 650°C behave as electrical conductors on which the measurement 

of Hall mobility is impossible. No void is found on the surface of those Si samples analyzed by 

SEM.  

4.5 NICKEL-SILICON ALLOY FABRICATED BY SOLID PHASE EPITAXY  

Unlike Ag, Au, Al and In metal thin films, Cu, Ni [150,151] and Pd [152] react with Si 

to form silicon-metal alloys by metal-induced crystallization. Among those resultant alloys, 

NixSi1-x can serve as a thermally stable conductive barrier to stop the diffusion of Al and Mg from 

the bottom layers in our multilayer structure. The formation of NixSi1-x in the sputtering of Si on 

Ni at high temperatures reveals the possibility of establishing a composition-graded structure 

Si/NixSi1-x/Ni/MgO template (Figure 4.17) which has a metal bottom layer collecting free carriers 

effectively as well as has a good barrier to stop the diffusion of Al and Mg. 
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Figure 4.17 A composition-graded structure of the Si/NixSi1-x/Ni/MgO template. 

NiSi2, which can be fabricated by the solid phase reaction of Si and Ni at temperatures 

above 700°C, is thermally stable at high temperatures, as discussed in Chapter 1. Further, its 

fluorite crystal structure with a lattice constant of 0.5406 nm is similar to the diamond structure 

and lattice constant of Si (0.5430 nm), and so is a promising conductive substrate for 

heteroepitaixal growth of Si PV solar cell. 

Si films with thicknesses of 20 nm, 40 nm, 80 nm, 160 nm and 390 nm were deposited on 

Ni (100) substrates at 97°C (“RT”). XRD θ-2θ scans were conducted on those samples and the 

results are shown in Figure 4.18. No Si peak is observed, indicating that the resultant Si is 

amorphous. After deposition, the amorphous samples were annealed in Ar forming gas flowing at 

20 sccm at 850°C for 15 hours. 

 

Figure 4.18 θ-2θ patterns of Si thin films with different thickness deposited on 250 nm thick 
epitaxial Ni thin films at 97°C (“RT”). 

GADDS provides the 2D diffraction information of the XRD θ-2θ scans conducted on the 

Si/Ni after annealing. Figure 4.19 shows the XRD of Si (20 nm)/Ni after annealing. The rings of 
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NiSi (201), Ni2Si (121) and Ni2Si (301) indicate the presence of polycrystalline NiSi and Ni2Si in 

these samples. The data from 40 nm thick Si is similar to the image shown, indicating the same 

orientations as in the case of 20 nm thick Si. The XRD data from samples with thicker Si (80nm, 

160nm and 390 nm) not presented here, just show rings of NiSi. Based on the XRD data, it is 

believed that less Ni is utilized for the crystallization of NixSi1-x when the thickness of the Si 

increases. Our results contradict those [134-136] indicating that Ni2Si and NiSi are stable at 

temperature above 700°C. This discrepancy is believed to be caused by the different thicknesses 

of Si and Ni films used in our experiments, which offers much more Ni available for the reaction. 

Another difference is that the Ni layer is deposited on the Si before annealing in the published 

reports, while Si is deposited on Ni in our experiments. Further study of the solid phase epitaxy of 

NixSi1-x is needed since NiSi2 may appear after the annealing of the Si/Ni combinations with 

thicker Si films. 

 
 

Figure 4.19 2D θ-2θ XRD patterns of Si (20 nm)/Ni after annealing. The 2θ range covered is 
26.4-56.9°. The XRD pattern covering the 2θ ranging from 57° to 75° is not shown since it does 
not show any more information other than the rings from the Hastelloy substrate. 

 

 

Ni2Si(121) Ni2Si(301) 

NiSi(201) 

X 

MgO(200) 
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CHAPTER 5 FABRICATION OF TITANIUM NITRIDE (TiN) BUFFER LAYERS, 

NICKEL SILICIDE (NiSi2) BUFFER LAYERS, SILICON, AND GERMANIUM THIN 

FILMS 

5.1 TITANIUM NITRIDE (TiN) BUFFER LAYERS  

TiN can serve as a conductive substrate for the growth of the PV solar cell, as well as a 

barrier to stop the diffusion of Al and Mg from the bottom layers. In this chapter the fabrication 

of TiN and deposition of Ge on TiN is discussed. Figure 5.1 shows the intended solar cell 

structure after the introduction of TiN. 

 

Figure 5.1 The intended solar cell structure with a conductive buffer TiN. 

TiN was deposited on the MgO template at temperatures ranging from 600°C to  

800°C.XRD θ-2θ patterns of these TiN films are shown in Figure 5.2. The intensity of TiN (200) 

is found to increase with the increasing deposition temperature, indicating that the texture 

improves as the temperature increases. 
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Figure 5.2 XRD θ-2θ patterns of TiN deposited on MgO templates at various temperatures 
shown in log scale. The 2θ location corresponding to TiN (200) is marked by the dotted line. The 
XRD pattern of MgO substrate is also included to show the TiN (200) clearly. The XRD scan in 
the range of 30-70° is shown in the lower-right corner. Since 2θ of TiN (200) is very close to 
MgO (200), TiN (200) cannot be discerned clearly in the inset figure. 

Ge of 360 nm thickness was deposited on the optimized TiN substrate at 130°C, 400°C, 

600°C and 820°C. All of the resultant Ge thin films were found to be polycrystalline with the out-

of-plane orientations (111), (220), (311), (400) and (331). The XRD θ-2θ patterns are not shown 

here. 

Si thin films of 400 nm thickness were deposited on the optimized TiN substrate at 130°C, 

400°C, 600°C and 820°C. All the resultant Si thin films were found to be amorphous. 

5.2 NICKEL SILICIDE (NiSi2) BUFFER LAYERS  

The typical nickel silicides (NiSi2) can be listed with their crystallographic structures in 

order of decreasing Ni concentration [153]: Ni3Si (cubic; a=b=0.3505 nm), Ni2Si (orthorhombic; 

a=0.7066 nm, b=0.5008 nm, c=0.3732 nm), Ni3Si2 (orthorhombic; a=0.6605 nm, b=0.7627 nm, 



91 
 

c=0.9574 nm), NiSi (orthorhombic; a=0.5233 nm, b=0.3258nm, c=0.5659 nm), and NiSi2 (cubic; 

a=b=0.5406 nm). Among these nickel silicides the smallest mismatch can be achieved by the 

introduction of NiSi2 in our multilayer structure as an intermediate buffer layer. NiSi2 has a small 

mismatch with Ge (4.49%) and Si (0.44%). 

NiSi2, thermally stable at high temperatures, is a suitable conductive buffer layer for the 

growth of the PV solar cell structure. Further, a solid phase reaction between Si (Ge) and NiSi2 is 

very difficult, while the reaction is very common for other metals or alloys at high enough 

temperatures.  

5.3 FABRICATION OF NICKEL SILICIDE (NiSi2) ON OXIDE AND NICKEL (Ni)  

XRD θ-2θ scans were obtained on NiSi2 films of 600 nm and 1.2 𝜇m thickness deposited 

on Ni, MgO template, LMO template and CeO2/LMO template. The out-of-plane orientations of 

resultant NiSi2 are summarized in Table 5.1. The orientation relationships of the lattice which can 

result in the smallest lattice mismatch between NiSi2 and substrates are also included in Table 5.1. 

Findings from XRD data obtained from all samples are described in Table 5.1 and reveal that all 

the NiSi2 films on all three substrates are amorphous or polycrystalline. 

The out-of-plane orientations found in XRD scans from the 600 nm thick NiSi2 were the 

same as that observed from the 1.2 𝜇m thick NiSi2.  

As shown in Table 5.1, the variation of deposition pressure at 800°C does not make a 

significant difference, resulting the same out-plane orientations of NiSi2 on a given substrate.  

All of the “RT” NiSi2 thin films are amorphous, and polycrystalline NiSi2 appears in the 

films at higher deposition temperatures. This conclusion is further confirmed by Eduard Galstyan 

(researcher in our group) using Raman spectroscopy. From the XRD result, a greater number of 

out-of-plane orientations are seen in films deposited at higher temperatures. A typical XRD θ-2θ 
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pattern of polycrystalline NiSi2 deposited on the CeO2/LMO template is shown in Figure 5.3. The 

reduction of CeO2 in the forming Ar gas results in the shift of CeO2 (200) and (400) peaks.  

Table 5.1 Calculated absolute values of lattice mismatches between substrates and deposited 
films studied in this work. The materials in the first column serve as the substrates (S), and NiSi2 
of 600 nm and 1.2 μm thickness are the deposited layers (L).  

Substrate Method of lattice 
match & 
Mismatch (%) 
NiSi2  
a=b=0.5406 nm 

Out-of-plane peaks of resultant NiSi2 
(Deposition condition: various combinations of 
temperature and pressure) 

Ni  
a=b=0.352 nm 

L[100]//S[110]: 
7.93% 

88°C  (4 mTorr): Amorphous 
400°C (4 mTorr):  
NiSi2 (111), (220) & (311) 
500°C (4 mTorr):  
NiSi2 (111), (220) & (311) 
600°C (4 mTorr):  
NiSi2 (111), (220) & (311) 
800°C (2, 4, 6 and 8 mTorr):  
NiSi2 (111), (220) & (311) 

MgO  
a=b=0.419 nm 

L[100]//S[110]: 
9.59% 

88°C  (4 mTorr): Amorphous 
800°C (2, 4, 6 and 8 mTorr):  
NiSi2 (111), (220) & (311) 

LMO  
a=0.553 nm 
b=0.571 nm 

L[100]//S[100]: 
2.66%(along a) 
5.62%(along b) 

88°C  (4 mTorr): Amorphous 
400°C (4 mTorr): NiSi2 (111) & (220)  
500°C (4 mTorr):  
NiSi2 (111), (220) & (400) 
600°C (4 mTorr):  
NiSi2 (111), (220), (311) & (400) 
800°C (2, 4, 6 and 8 mTorr):  
NiSi2 (111), (220), (311) & (400) 

CeO2 
a=b=0.540 nm 

L[100]//S[100]: 
0.11% 

88°C  (4 mTorr): Amorphous 
400°C (4 mTorr): NiSi2 (111) 
500°C (4 mTorr):  
NiSi2 (111), (220) & (311) 
600°C (4 mTorr):  
NiSi2 (111), (220) & (311) 
800°C (2, 4, 6 and 8 mTorr):  
NiSi2 (111), (220) & (311) 

TiN 
a=b=0.4241 nm 

L[100]//S[110]: 
10.92% 

Discussed in next section 
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Figure 5.3 Out-of-plane XRD pattern of 600 nm thick NiSi2 deposited on the CeO2/LMO 
template at 600°C at a deposition pressure of 4 mTorr. The out-plane XRD pattern of the 
substrate CeO2 is also included in an effort to distinguish the NiSi2 peaks clearly. 

It is worth mentioning the difficulty in confirming the existence of NiSi2 (400) on the 

CeO2 (100) substrate only based only on XRD information of NiSi2 given by the out-of-plane 

XRD scan, since the 2θ value of NiSi2 (400) is almost the same as the 2θ value of CeO2 (400). As 

shown in Figure 5.3, the difference between the intensity of resultant (400) peaks and that of 

CeO2 (400) is very small. Even though NiSi2 (400) does exist in the films, this peak is not intense. 

That is the reason the NiSi2 (400) is not included in the summary of NiSi2/CeO2 out-plane peaks 

shown in the Table 5.1.  

p-Ge of 720 nm thickness was deposited on the polycrystalline NiSi2/CeO2 at 820°C, and 

the resultant p-Ge is found to be polycrystalline Ge with out-of-plane orientations of Ge (111) and 

and Ge (311).  

In our group the polycrystalline NiSi2 substrate has been used to fabricate a Si p-i-n solar 

cell which is shown in Figure 5.4. A photovoltaic conversion has been demonstrated on this 

structure, although the efficiency, Voc and Isc of the fabricated cell needs to be further improved.  
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Figure 5.4 A Si p-i-n PV solar cell structure using NiSi2 intermediate layers. 

5.4 FABRICATION OF NICKEL SILICIDE (NiSi2) ON TITANIUM NITRIDE (TiN) 

BUFFER LAYERS 

 

Figure 5.5 Out-of-plane XRD scan of NiSi2 films deposited at different substrate temperatures on 
TiN/MgO templates. The peaks marked “X” represent the peaks of the Hastelloy. 

NiSi2 thin films of 1.2 μm thickness were deposited at 62°C，500°C, 700°C and 820°C. 

The θ-2θ XRD patterns of those samples are shown in Figure 5.6. No NiSi2 peak is present in the 

“RT” NiSi2, indicating that it is amorphous.  All of the NiSi2 deposited at 500°C, 700°C and 

820°C are found to be polycrystalline with out-of-plane orientations of NiSi2 (111), (220) and 

(311). The difference between these polycrystalline NiSi2 films is that NiSi2 (200) and (400) are 

obvious only in the case of 820°C, as shown in Figure 5.5. 
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NiSi2 thin films of 120 nm, 240 nm and 1.2 μm thickness were deposited on TiN at 

820°C. The θ-2θ XRD patterns of those samples are shown in Figure 5.6. The NiSi2 films of 120 

nm thickness just show NiSi2 (200) and (400) peaks, indicating the presence of out-of-plane 

texture. In the cases of 240 nm and 1.2 μm, NiSi2 (111) and (220) peaks appear together with 

NiSi2 (200) and (400) peaks. The intensity of every peak increases with the increasing thickness.  

 

 

Figure 5.6 XRD θ-2θ patterns of NiSi2 of 120 nm, 240 nm and 1.2 μm thickness deposited on 
TiN/MgO templates shown in log scale. “X” represents peaks from Hastelloy. XRD θ-2θ patterns 
are shown (a) in the range of 20-75° and (b) in the range of 25-50°.   

Pole figures of NiSi2 (220) obtained from the GADDS are used to further evaluate the 

NiSi2 of different thicknesses, considering that the 1.2 μm thick NiSi2 has very strong NiSi2 (200) 

(a) 

(b) 
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and (400) peaks even though it is polycrystalline. The pole figures show fourfold symmetry with 

the intense (220) poles at 45° with respect to the c-axis, as shown in Figure 5.7.  

 

 

Figure 5.7 The XRD (220) pole figure of (a) 1.2 𝜇m thick NiSi2 with the maximum display count 
of 1500, (b) 1.2 𝜇m thick NiSi2 with the maximum display count of 400, (c) 240 nm thick NiSi2 
with the maximum display count of 400 and (d) 120nm thick NiSi2 with the maximum display 
count of 400.  

It is worth noting that, in the count scale bar of Figure 5.7 (a), the maximum display 

count is 1500, while in the Figure 5.7 (b), (c), (d) it is 400. From Figure 3.12 (b), (c) and (d) we 

can see there are two low intensity rings (at 16.4° and 29.4° with respect to the c-axis) and low 

intensity fourfold symmetry poles (at 16.7° with respect to the c-axis), indicating that the NiSi2 

thin films are polycrystalline. However, in Figure 5.7 (a), only the poles at 45° with respect to the 

c-axis are shown, indicating the primary poles (at 45°) are much more intense than other rings 

(a) (b) 

(c) (d) 



97 
 

and poles. The spread in the in-plane texture of NiSi2 (220) is 2.8° for the 120 nm thick film, 2.5° 

for the 240 nm thick film and 3.0° for the 1.2 μm thick film.  

The orientation relationship of NiSi2 [100]//TiN [110] has been confirmed by the Φ 

angles of the primary NiSi2 (220) poles which lie at 45° with respect to the c-axis. These angles 

are the same as the Φ angles of the Ge (220) poles shown in Figure 3.12 (a). This indicates that 

the rotation of the NiSi2 lattice with respect to the MgO lattice along the Φ direction is the same 

as the one of the Ge lattice. In the Ge/CeO2/LMO/MgO structure, the angle of rotation for the Ge 

lattice with respect to the MgO lattice is 45°, coming from the orientation relationship of LMO 

[110]//MgO [200], since Ge/CeO2 and CeO2/LMO do not show the rotation of the lattice. In the 

NiSi2/TiN/MgO structure, TiN grows on MgO with the orientation relationship of TiN 

[100]//MgO [100], thus the orientation relationship between NiSi2 and TiN must be NiSi2 

[100]//TiN [110] to cause the 45° of rotation of the NiSi2 lattice. The orientation relationship of 

NiSi2 [100]//TiN [110] with a mismatch of 10.92% would be favored since the mismatch would 

be 21.55% with NiSi2 [100]//TiN [100]. 

The multilayer structure of NiSi2/TiN/MgO template is a promising substrate for 

fabricating the Si and Ge PV structure. Such a proposed structure is shown in Figure 5.8.  

  

Figure 5.8 A proposed PV structure fabricated on a NiSi2/TiN/MgO template.   
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CHAPTER 6 SUMMARY AND FUTURE WORK 

6.1 SUMMARY  

The heteroepitaxial growth of silicon and germanium thin films on flexible, inexpensive 

IBAD MgO templates buffered with (1) oxide intermediate layers, (2) metal intermediate layers, 

(3) nitride intermediate layers and (4) silicide intermediate layers has been studied to lay the 

foundation for the design and fabrication of low-cost solar cells. The deposition of layers 

overlying the IBAD template was conducted by radio frequency magnetron sputtering. 

Single-crystalline-like epitaxial thin films of p-Ge and n-Ge with high charge carrier 

mobilities have been demonstrated on CeO2 buffered IBAD MgO templates. Three different 

templates of buffer layers (1) Ge/CeO2/homo-epitaxial MgO/IBAD MgO, (2) Ge/ CeO2/LMO/ 

homo-epitaxial MgO/IBAD MgO, and (3) Ge/CeO2/STO/homo-epitaxial MgO/IBAD MgO have 

been fabricated and compared for the Ge layer electrical properties and crystalline texture. The 

larger mismatch results in worse CeO2 texture grown on MgO template than that grown on LMO 

and STO templates. Templates using LMO have been found to lead to better mobility values in 

Ge compared to the other two. The effect of the CeO2 layer thickness has been evaluated based on 

the texture and Hall mobility values of the resultant Ge thin films and has been presented. The 

optimum CeO2 thickness was found to be 250 nm. The reduction of the CeO2 substrate caused by 

H ions in the sputtering process makes the mismatch between the Ge and CeOx substrate smaller. 

In the deposition of the p-Ge layer on the CeO2 substrate, a higher deposition temperature 

yields larger Ge grain size and thus a higher carrier mobility. In n-type films, a transition from a 

negative charge carrier to a positive charge carrier occurs at 720 °C due to the loss of As dopants 

and Al element diffusion in the n-Ge thin films. This transition impedes the use of a higher 

temperature in the deposition of n-Ge, limiting the further improvement of n-type Ge thin film 

texture and negative carrier mobility. p-Ge and n-Ge films with hole and electron mobility values 
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of 721 and 358 cm2V-1sec-1 respectively have been demonstrated on CeO2/LMO templates. It has 

been shown in the present work that a thicker Ge film yields a higher mobility. These results are 

significant for realizing low cost III-V multi-junction photovoltaic cells with Ge as the bottom 

cell. 

It has been found that Si and SixGe1-x thin films could not be grown heteroepitaxially on 

our oxide buffer layers by RF magnetron sputtering. The resultant polycrystalline Si films exhibit 

carrier mobility values in the range of 32-52 cm2V-1s-1. 

To improve the harvest of photo-generated carriers, metal buffer layers were employed as 

bottom layers for the subsequent growth of a PV solar cell. The growth of Ag thin film with a 

good degree of epitaxial quality has been demonstrated on MgO templates. It has been shown that 

the grain size of Ag could be increased and its surface roughness reduced using an optimized 

post-annealing process. After the sputter deposition of Ge on Ag substrates, eutectic phases were 

observed in the resultant films which exhibit metallic characteristics. Thus, Ag cannot be used as 

a substrate for Ge growth by sputter deposition. Epitaxial Ni thin films grown on MgO templates 

were also prepared for Si deposition. Deposition of Si on Ni at low temperature yielded 

amorphous Si thin films. Deposition of Si on Ni or a post-annealing of the “RT” Si/Ni structure at 

temperatures above 650 °C resulted in the formation of nickel silicide alloy. The annealing of 

different thickness combinations of Si and Ni thin films should be further studied to obtain the 

NiSi2 alloy which is a promising substrate for growth of PV solar cells. 

Epitaxial TiN grown on MgO templates was used as a conductive buffer layer for Ge 

growth. The resultant Ge films were polycrystalline.  

It has been shown that the NiSi2 thin films grown on various oxide buffer layers were 

amorphous or polycrystalline, thus they cannot be used for heteroepitaxial growth of Ge and Si. 

However, Si p-i-n junctions grown on NiSi2/CeO2 show photovoltaic conversions, indicating that 
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NiSi2 is a promising conductive buffer layer. It has also been shown that NiSi2 thin films 

deposited on the TiN/MgO template exhibits characteristics of biaxial texture. The NiSi2 film 

with an optimum thickness of 240 nm grown on TiN is found to show the smallest spread in in-

plane texture; thus it will be used as a substrate for the subsequent fabrication of solar cells.  

6.2 CHALLENGE AND FUTURE WORK 

The grain size of Ge grown on the CeO2 buffer layer is still much smaller than the desired 

size (about a few hundred micrometers). Considering the upper limit of the deposition 

temperature, further improvement of Ge thin films by optimization of the deposition condition is 

difficult. One effective way is to replace the IBAD MgO layers with other seed materials, such as 

CaF2 and CeO2. The heteroepitaxial growth of Ge thin films on those two materials without using 

buffer layers has been demonstrated. The application of IBAD CaF2 or IBAD CeO2 for Ge 

growth can reduce the number of defects introduced at the interfaces of buffer layers. A 

conductive bottom layer is required for fabricating an efficient PV solar cell. Considering that 

NiSi2 can grow on biaxial TiN, IBAD TiN is promising for the growth of the Si and Ge PV solar 

cell. 

To achieve an effective photovoltaic conversion in our multilayer structure, the design of 

the semiconductor layers should be improved. High temperature deposition is required in the 

heteroepitaxial growth of Ge thin films with a high mobility, but it also triggers the diffusion of 

dopants between p- and n-Ge layers. To avoid the contamination of the dopants from another 

polarity at high deposition temperature, as well as to widen the depletion region for a higher light 

absorption, an intrinsic layer can be introduced between the p- and n-Ge layers. The thickness of 

the intrinsic layer should be optimized since it should be less than the diffusion length. A thinner 

n-Ge layer is required for better light absorption. More research needs to be conducted on the 

deposition of the semiconductor layers in order to control the carrier concentration.  
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