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ABSTRACT 
 

Materials for low cost, eco-friendly, and high efficiency solar cell applications have become of 
great importance. BaSi2 semiconducting material has a large optical absorption coefficient of over 3×104 
cm-1 at 1.5 eV, as compared to crystalline Si, and more than 25% efficiency is expected for a single p-n 
junction solar cell. These features and advantages of BaSi2 qualify it as a novel material in fabricating p-n 
junction diodes for the formation of thin film solar cells. The p-n junction diodes can be formed by impurity 
doping, where the electric field around the p-n junction can separate the photo excited electron-hole pairs for 
photovoltaic power generation.  

This dissertation demonstrates the engineering of impurity doped regions for p-n junctions of BaSi2 
for application to thin film solar cells. The results will be beneficial to the design of multi-junction solar cells 
in the near future and the improvement of the solar cell module conversion efficiency at low cost. Impurity 
type from group 13 and 15 of the periodic table, like, indium (In), antimony (Sb), gallium (Ga), and 
aluminum (Al), have already been attempted as potential doping candidates for the formation of BaSi2 p-n 
structure. Among these candidates, epitaxial growth of Sb, Ga, and In-doped n(p)-BaSi2 were achieved 
successfully by MBE growth. The hole concentration was limited up to 1017 cm-3 at room temperature (RT) 
in In and Al -doped BaSi2 layers. In contrast, the electron concentration of Sb-doped BaSi2 was controlled in 
the range between 1017 and 1020 cm-3 at RT by changing the temperature of the Sb Knudsen cell crucible. 
After achieving this, the remaining process was the formation of p-type BaSi2 on the undoped n-type BaSi2 
layer (n=5×1015 cm-3) to complete the BaSi2 p-n junction diode. Copper (Cu), silver (Ag) and boron (B) are 
attractive n-type or p-type impurity candidates to fabricate n(n+)-layer and p(p+)-layer of p-n junction 
including tunnel junction (TJ) of BaSi2 thin film solar cells. 

In-situ epitaxial growth, crystalline quality, depth profiles of impurity atoms and comprehensive 
studies about electrical characterization of Cu and Ag-doped BaSi2 were carried out. It was found that Cu 
atoms do not show any segregation tendency even when the Cu-doped BaSi2 layers were embedded in the 
BaSi2 over layers. The electron concentration in Cu-doped BaSi2 remained unchanged, even when the Cu 
temperature was increased to 950 °C, but increased sharply to 1020 cm-3 around 1000 °C. These results 
suggest that control of electron concentrations in Cu-doped BaSi2 is difficult. This is probably due to the fact 
that the insertion site of Cu atoms in BaSi2 is an interstitial site. Hall measurements show that the hole 
density increases gradually from 3×1015 to 3×1016 cm-3 with increasing Ag-source temperature, showing that 
the hole concentrations can be controlled. However, a heavily doped p-type layer was necessary for BaSi2. 

In this dissertation some remaining and important research problems associated with Sb-doped 
BaSi2 n(n+)-layer of BaSi2 are further tackled, like confirmation of ohmic behavior even at low temperatures 
and the negative differential resistance (NDR) effect across the TJ of Sb-doped n+-BaSi2/p+-Si as a function 
of temperature. The Hall measurement at low temperature revealed a donor energy level (ED) of 47 meV.  

In order to quantify the defect level in the impurity doped-BaSi2, the transport mechanisms of the 
carriers are reported in this dissertation. The temperature dependence of resistivity indicated that the carrier 
transport in Ga, Al, Ag, and Cu-doped BaSi2 can be well explained by both SE-and Mott-type 
variable-range hopping (VRH) conduction. In contrast, temperature dependent resistivity in Sb, In and 
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B-doped BaSi2 gives a non-linear behavior, which confirms that the carrier transport could not be explained 
by SE-& Mott-type VRH hopping conduction mechanism.  
 Next, investigated in detail, was the process to achieve p+-layer of BaSi2 with boron (B)-impurity 
as a dopant. We have successfully grown a-axis-oriented lightly, moderately and heavily B-doped p( p+)-type 
BaSi2 films on Si(111) by MBE growth. SIMS measurements show that the average B concentration, NB for 
BaSi2 prepared with B-source temperature TB at 1350 °C is approximately 3×1020 cm-3, while that at 1450 °C 
is 2×1021 cm-3 and at 1550 °C is approximately 1×1022 cm-3. This result is explained relatively well by the 
difference in vapor pressure of B. The vapor pressure of B at 1550 °C is approximately 7 times larger than 
that at 1450 °C. These results indicate that the concentration of B-atoms in a BaSi2 substrate can be 
controlled by manipulating TB. Hole concentration was found to be in the range of 1016 to 2×1020cm-3 with 
increasing TB and varying growth temperature, while TS was controlled for the first time after RTA treatment. 
The acceptor level was estimated to be approximately 23 meV. However, during TEM observation the 
B-clusters having sizes of 3-5 nm were found. The grain size in the BaSi2 films was found to be 
approximately 0.5 µm, which is the highest value ever reported for doped-BaSi2. 

TEM observation revealed precipitation of B-atoms and that B-atoms were not fully activated in the 
BaSi2. Therefore, we tested many samples through substrate temperature optimization like 650 °C in the 
MBE, keeping TB around 1350 to 1380 °C. From this we found new growth conditions that give 
precipitation-free B-doped BaSi2 grown layers. Hole concentrations in B-doped BaSi2 above 1019 cm-3 at RT 
were achieved successfully in those samples having no diffusion and precipitation problem. The acceptor 
level was estimated to be approximately 20 meV. This new growth condition could possibly define the solid 
solubility limit of atoms in BaSi2 host materials. The highest activation efficiency, exceeding 40%, was 
achieved successfully with this new growth condition. 
  By using this optimized growth condition the absorption edge of the B-doped p-BaSi2 on the SOI 
substrate was found to be about 1.23 eV, yielding 0.1 eV shrinkage in band gap energy of B-doped BaSi2. 
The new and optimized growth condition gives no segregation and diffusion tendencies toward the un-doped 
BaSi2/Si structure. 

Due to the discovery of the novel p+-layer, the fabrication of Sb-doped n(n+)-type (1017-1020cm-3) 
and B-doped p(p+)-type(1016-1020cm-3) regions of the next generation p-n junction in BaSi2 solar cells are 
possible. The novel p+-layer is one step behind the practical semiconducting BaSi2 solar cells p-n 
junction.  
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CHAPTER 1: INTRODUCTION 
Environmentally friendly materials for the next generation are the primary motivation behind the 
green energy revolution, like thin film semiconducting BaSi2 solar cells and super-mono-Si. Due to 
the high level of carbon emission into the atmosphere, global warming as well as deforestation, 
nuclear disasters, and the natural cycle of water the available energy has been badly disturbed. In 
order to decrease the levelized cost of electricity (LCOE) of solar power generation, there is a need 
for high efficiency and low manufacturing cost solar cells. Many advanced solar cell companies are 
focussing on high efficiency, low cost Si based thin film solar modules and hetero-junction of back 
contact solar modules. Therefore, the demand for low cost, high efficiency eco-friendly and safe 
energy resources imposes strict requirements on the choice of materials selection. As is well known, 
the photovoltaic industry, almost 90% of solar cells are Si-based. Among such materials 
semiconducting BaSi2 was found to be one of the most promising candidates to fulfill desired 
requirements of this century. BaSi2 has a simple orthorhombic structure [1,2], with the indirect band 
gap of approximately 1.3 eV matching the solar spectrum [3,4]. It has a large absorption coefficient 
of 3×104 cm-1 at 1.5 eV [5]. The key candidate for solar cells, like Si, are well known in the 
published literature and it is also well established that the band gap (Eg) of crystalline Si is 1.1 eV at 
room temperature (RT), which is approximately 0.3 eV smaller than the ideal Eg of approximately 
1.4 eV [6,7]. Optical absorption measurements have shown that the Eg value of BaSi2 can be 
increased to 1.4 eV by replacing half of the Ba atoms in BaSi2 with isoelectric Sr atoms [8], which 
is in agreement with the theoretical result presented by Imai et al., [9]. The BaSi2’s conduction-band 
minimum and the valence-band maximum are identified to be at Τ(0 1/2 1/2), and around (0 1/3 0) 
along the Γ-Y(0 1/2 0) direction, respectively [4,9]. It is abundant in nature, having small lattice 
mismatch 1%, [10,11] and stable at RT. It is non-toxic material for thin film solar cells applications 
[12,13]. The photo responsive properties of epitaxial BaSi2 layers on Si(111) and polycrystalline 
BaSi2 layers on Si(111) layers formed on SiO2 by the Al-induced crystallization (AIC) method have 
shown that BaSi2 is a very promising and novel material for the formation of thin-film solar devices 
[14-16].  

However, thin film solar cells require the fabrication of good quality of p-n junction diodes, 
where the electric field around the p-n junction can separate the photo excited electron-hole pairs 
for photovoltaic power generation. To make a p-n junction, we need good quality of impurity doped 
n-layer and p-layer regions of BaSi2. One of the key fabrication processes is the incorporation of 
dopants into the p-n junction regions of thin film solar cells [6]. This chapter introduces the 
motivation behind this dissertation, including the need for precise and heavy doping in silicon-based 
BaSi2 materials, and current challenges in utilizing the dopant-of-choice for p-type BaSi2, in such 
structures.  

Undoped BaSi2 exhibits n-type conductivity, where the electron density is approximately 
5×1015 cm-3 and the carrier mobility is 820 cm2/V∙s at RT [4]. However, the number of experimental 
reports on impurity doping of BaSi2 have been quite limited so far. According to Imai and Watanabe, 
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substitution of Si in the BaSi2 lattice is more favorable than substitution of Ba from an energetic 
perspective, according to first-principle calculations [17]. The electron concentration of Sb-doped n 
(n+)-BaSi2 was controlled successfully in the range from 1016 to 1020 cm-3 at RT [18,19]. One 
interesting aspect was also discovered in case of Sb-doped BaSi2, where the Sb-atomic 
concentrations do not strongly depend on the Sb Knudsen cell temperature [18]. But the hole 
concentration in the p-layer of p-n junction of BaSi2 by impurity doping like In and Al were limited 
up to 1017 cm-3 at RT Ref [18,20]. The remaining problem is the formation of p+-layer of BaSi2 thin 
film layer on the undoped n-BaSi2 layer (n = 5×1015 cm-3, mobility=820 cm2/V. s) to complete the 
BaSi2 p-n junction diode structure for solar cell operation [4]. 

In the few next sections the main content of the introductory part will be individually and 
systematically will be elaborated.  
1.1 GLOBAL WARMING AND ROOT CAUSES OF ENERGY CRISES 
Global warming caused by the release of greenhouse gases into the atmosphere has created an 
energy shortage in the world. Population explosion is another cause of the energy crises and global 
warming in the expanding world.  

Burning of fuels like coal, natural gas and oil produces greenhouse gases in excessive 
amounts. The earth’s temperature has risen about 1 degree Fahrenheit over the century. During the 
past 100 years global sea levels have risen 4 to 8 inches. The past 50 years of warming has been 
attributed to human activities, like driving, manufacturing, electricity generation, and clearing of 
forests, all of which contribute to greenhouse gas emissions and warming the planet. Such warming 
of the planet further caused melting of ice cap regions, which in turn causes severe non-linear 
weather effects like hurricanes and unpredictable weather phenomenon. Some predictions for local 
changes include increasingly hot summers with intense thunderstorms, draughts and other weather 
related phenomena, which cause increases in economic and health problems around the world 
[23,24]. Hence, we can say that global warming by direct or indirect means is contributing to the 
energy crises around the world.  

In 2010, according to some reliable statistic by BP [22,26], the world proved reserve to 
production ratio is only 43 years for oil, 60 years for natural gas, and 119 years for coal. In addition 
to the limited reserves of these fossil fuels, the emission of greenhouse gases like carbon dioxide, 
nitrous oxide and chlorofluorocarbons (CFCs) from burning oil or coal is another critical issue to 
the environment. Ozone layers depletion, caused by CFCs and other toxic gases have added more 
miseries to human lives. These gases trap and hold infrared radiation, which gradually increases the 
temperature of the Earth's surface and the air in the lower atmosphere. Some evidence shows that 
the average global temperature has increased by about 0.6 degrees Celsius during the 20th century 
[23,24]. Therefore it is predicted that the average global temperature will increase by 1.4 degrees to 
5.8 degrees Celsius by the year 2100. The increase of global temperature will lead to significant 
climate problems and weather changes, affecting cloud cover, precipitation, wind patterns, the 
frequency and severity of storms as well as sever energy crises and the duration of the seasons. It 
will also cause the rising of ocean levels and extinction of some already endangered species. 
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To combat this scenario, we have to pursue green energy options, and it is possible that 
solar cells may significantly control or reduce the effect of global warming. This is because the sun 
radiation energy is converted into the power generation energy, while other sources for power 
generation may add to the global warming instead of reducing or controlling it. 
1.1.1 NUCLEAR DISASTER AND EXIGENCY OF GREEN ENERGY 
The nuclear accidents like “The 1986 Chernobyl accident (Russia)”, and “In 1979 at Three Mile 
Island nuclear power plant (USA)” and “Fukushima Daiichi nuclear disaster (Japan) 2011” forced 
the people to think about renewable and safest green energy solutions [24,25]. The nuclear disasters 
not only caused serious health problems to the human being but also brought serious implications to 
the environment, economic conditions and eco-systems of the affected areas. The cesium and iodine 
are very lethal chemicals and can cause cancer. If we have more safe and clean way of energy then 
why, we are opting for unsafe sources of energy, like nuclear and carbon based resources. 
1.1.2 THE RENEWABLE ENERGY REVOLUTION  
According to the analysis of BP and Royal Dutch Shell Group [22,26], the decline of fossil fuel will 
started after 2020 and the clean and green energy resources like Biomass, Wind, Geo and solar cells 
will be the key candidates for alternatives solution of energy crises. Among these green solutions, 
photovoltaic could be the leading candidates, as shown in Fig. 1. 

 
According to Refs [21, 22, 25, 26,27], the renewable energy resources will achieve 

magnificent share in the Global Energy Market (GEM) in the next 25 years. 
Possible driving forces could be: 

– Falling costs for renewable energy 
– Declining of fossil fuel production 
– Increasing energy demand worldwide 
– Environmental concerns 

1.1.3 PORTFOLIO OF SOALR CELLS MATERAILS AND MODULES 
As we know that the global photovoltaic (PV) product is increasing exponentially in recent years, and 
the total installation amount has exceeded 13 GW in 2008 and in the means while, PV industrial 
community faced to some short lived crises caused by world recession [27]. This means that we are 

Fig. 1 gives energy in (Exajoules) as a function of available energy resources and future time (years). 
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now entering the PV era and the PV will surely play an important role of the infrastructure energy 
sources in the near future. In order to continue with these rates of progress, we have to make even 
greater efforts in the fundamental and applied subjects of scientific and engineering fields in PV 
developments. The tremendous disaster has induced the paradigm shift in the worldwide energy 
system, and we have to build the new energy solutions containing photovoltaic as an indispensable 
one. In the current senario and with the aim to decrease LCOE [27] of solar power generation we need  

- High efficiency 
- Lower manafacturing Cost 

Many advanced solar cell’s company are focussing on: 
- Si based thin film solar module for very low cost. 
- Hetero-junction Back contact solar module for very high efficiency.  

Figure 2 gives the trend of many kind of solar cell module efficiency (%) and module cost ($/W) 
[27]. Which further confirm that the PV module having low cost and high efficiency are the most 
important concerns of PV industrialists. Among such PV concerns, novel Si-based materials have 
potential interest for high-efficiency thin-film solar cells. Large absorption coefficient in BaSi2 
comes from its specific electronic band structure of a direct transition a few (kBT) above the indirect 
band edge. Indirect band gap tends to reduce radiative recombination considerably and hence results 
in larger minority-carrier diffusion length. In conventional semiconductors devices, either 
absorption coefficient or minority-carrier diffusion length is large, or the other one tends to be small. 
However, we can utilize both large absorption coefficient and large minority-carrier diffusion length 
at the same time in BaSi2 thin film solar cells.  

Based on the band gap and absorption coefficient of BaSi2, we expect that the thin film solar 
module based on Sb and B-doped p-n junction of BaSi2 could give more than 25 % efficiency for a 
single junction [3,4]. This efficiency could be possibly enhanced more than 40 % by tandem 
structure or multi-junction solar cells.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 2 solar cell module efficiency (%) vs module cost ($/W). 
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1.2  FEASTURES OF BaSi2 
1.2.1 Abundance & Absorption Co-efficient 
BaSi2 is safe for environment and also abundant in nature [28,13]. The Clarke number of Si(2) and 
Ba(14), shows that both materials are abundant in the Earth’s crests, as shown in Fig.3(a). 
 
 
 
 
 
 
 
 
 
 
 
In contrast the Clarke numbers for CIGS are Cu (26), In(66), Ga(35), S(16), and Se(69), which 
shows that all the materials used in CIGS are expensive, as shown in Fig. 3(a) [28].  

The optical absorption coefficient reaches to α ~ 3×104 cm-1 at 1.5 eV, which is tens of 
times larger than crystalline Si, as shown in Fig. 3(b), Ref [5]. 
1.2.2 Ideal Band Gap and Efficiency 
Semiconducting BaSi2 has an ideal band gap energy Eg ~ 1.4 eV (Ba0.5Sr0.5Si2) Ref [8]. This Eg 
matches the solar spectrum and indicates the possibility of a high efficiency solar cell [3-5], as 
shown in Figs. 4(a)-(b). 
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Fig. 3(a) existence ratio of elements in the earth crust vs atomic number and (b) absorption 
coefficient of BaSi2 as a function of band gap energy. 

Fig. 4(a) solar spectrum as a function of photon energy (eV) and (b) gives the expected 
conversion efficiency as a function of Energy band gap (eV) of BaSi2. 

(a)                                      (b)                                                         

   (a)                             (b)                                                           AM 1.5 (100 mW/cm2 )                                                          
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1.2.3 Crystal structure and Choice of Epitaxial growth  
BaSi2 has a simple orthorhombic structure, and is considered a Zintl phase (AaXx), where Si-Si 
composed of covalent bond and Ba-Si composed of ionic bond.  
.  
 
 
 
 
 
 
 
 
 
 
 
The BaSi2 contains 8 Ba atoms and 16 Si atoms, 80 valence electrons (2 electrons from each Ba 
atom and 4 electrons from each Si atom) are contained in the unit cell, as shown in Fig. 5(a). 
Energetic calculation shows that the Ba atoms in site (I) will be replaced by Sr or Ca atoms more 
easily than those in site (II). Substitution of Ba in site (I) by Ca or Sr broadens the band gap, while 
substitution of Ba in site (II) by Ca or Sr narrows the gap [9]. Figure 5(b) gives various locations 
(sites) of Ba atoms and Si atoms in the orthorhombic BaSi2 unit cell. 

High-quality of a-axis-oriented BaSi2 crystal growth on a Si(111) with lattice mismatch 
less than 1% is possible as shown in Fig. 6(a). Furthermore, three distinct (A, B and C-type) but 
crystallographically equivalent epitaxial variants at 120o are also possible, as shown in Fig. 6(b) 
 
 
 
 
  
 
 
 
 

Fig. 5 shows the unit cell of an orthorhombic BaSi2 crystal: where, (a) gives lattice parameters 
a, b and c of unit cell and (b) depicts different sites of Ba and Si atoms during crystallization. 

(a)                           (b)                                   

(a)                                  (b)                                                         

Fig. 6(a) gives a-axis oriented BaSi2 structure on Si(111) substrate and (b) shows three distinct but 
crystallographically equivalent epitaxial variants of BaSi2 crystal. 
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The photoresponse properties of epitaxial BaSi2 layers on Si(111) and polycrystalline BaSi2 layers 
on Si(111) layers formed on SiO2 by the Al-induced crystallization (AIC) method have shown that 
BaSi2 is a very promising and novel material for the formation of thin-film solar devices [14,15].  

All the desired experiments and remaining research problems in BaSi2 thin film will be 
accomplished by growing samples in MBE chamber. It is worthwhile to write few golden words 
about the comparison of the doping mechanism for ex-situ and in-situ doping into BaSi2. It is 
necessary to compare MBE growth techniques with that of ion-implantation method. In the next 
section comparison of ex-situ and in-situ growth techniques are explained. 
1.3 COMPARISON OF AVAILABLE IMPURITY DOPING MECHANISM AND 

IONIZATION ENERGY 
The electrical properties of the semiconductors devices could be tailored and changed by desired 
level of impurity doping into the host materials. In some cases, we need some good quality of 
crystal and highly activated dopant atoms in the host materials. For the engineering of n-layer and 
p-layer of p-n junction, many techniques or methods could be used, like MBE, MOCVD and 
ion-implantation [6]. In this dissertation, MBE growth techniques for the incorporation of impurity 
in BaSi2 thin films will be used rigorously. We will also talk about ionization energy as well as 
solid solubility limit of impurity doping in Si and subsequently in BaSi2. Let us first discuss briefly 
about the ion implantation technique in the next subsection and then subsequently MBE growth 
technique. 
1.3.1 ION-IMPLANTATION METHOD 
There are several ways of introducing dopant atoms into any semiconducting host materials like Si 
and BaSi2 lattice structure. Among these incorporation methods ion implantation is one of the 
possible techniques for this purpose because of its controllability and reproducibility features. But 
this method has its own limitation and drawbacks. In this method, impurity atoms are accelerated to 
certain energy level and targeted to the Si or BaSi2 sample, as shown in Fig. 7. The dopant atoms 
collide with host atoms of the sample and eventually lose all their energy. Implantation distributes 
dopant atoms over a range of distances from the surface and could possible follow some statistical 
distribution functions depending upon the energy of the colliding dopant and the thickness of the 
target sample. Such collisions damage the crystalline structure of BaSi2 and possibly create point 
defects along with amorphous regions that require post-anneal to activate the dopant and repair the 
damages caused by implanted atoms to the host sample. In conventional ion implantation followed 
by rapid thermal anneal (RTA), a dopant profile is formed that is either Gaussian as expressed by 
Eq. (1) or exponential, neither of which is the optimum rectangular box-shaped form.  
Gaussian distribution function can be used to explain the doping profile in the host materials after 
ion-implantation and can be expressed as in Ref [6]: 

 
             (1) 

 
In equation 1 Ni, R and ∆R are the dose (cm-2), range or depth and spread or sigma respectively. 

   2 2/2( ) 2 .
x R RiNN x eR
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During the annealing the dopant diffusion phenomena can be explained by the following 
mathematical relation (distribution function) [6]: 
                (2) 
 
In equation 2, N= Nd or Na (cm-3), No = dopant atoms/cm2, t=diffusion time, and D= diffusivity, 
which is the approximate distance of dopant diffusion. 

 
 

Dopant diffusion during this anneal is significant due to implant-induced crystal defects. These pose 
limits on the depth resolution. Additionally, ion-implantation could not achieve abrupt buried layers, 
which is needed for modulation doping.  

By using Ion implantation of elemental Boron into BaSi2/Si (111) with dose amount 
1.5x1012 cm-2) were accomplished and then using RTA treatment (800oC, 1min) were used for 
boron activation. After RTA treatment the hole concentration (p) 1.6×1018 cm-3, resistivity 0.08 
Ω-cm and mobility 65 cm2/V.s were measured by Hall measurement [29] but, the hole 
concentration were could not enhanced beyond 1.6×1018 cm-3 and also could not achieve rectangular 
box-shaped form of the B depth profile in the BaSi2, therefore we opted for MBE technique to grow 
the doped regions in the proposed p-n junction of BaSi2 thin film solar cells.  
1.3.2 IMPURITY DOPING BY USING MOLECULAR BEAM EPITAXY (MBE) 
Molecular beam epitaxy (MBE) is a versatile epitaxy technique with the monolayer-scale control 
growth capabilities one typical RIBER MBE machine is shown in Fig. 8. With the advent of MBE a 
well-controlled abrupt doping profiles and alloy hetero-junctions/p-n junction offer many 
opportunities to implement device structures which have not been practical in the past. The 
development of Si based MBE technology is particularly important since there is already well 
developed Si based technology already existing in the industry and research laboratories. Instead of 
premixed source gases uniformly flowing through the chamber, individual atoms could be gases 
injected toward the substrate from separate Knudsen cell as molecular beams. In MBE, wide choice 

Fig. 7 gives the experimental setup of the ion-implantation technique. 

Dtxo eDt
NtxN 4/2),( 
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of substrate temperature variation as well as Knudsen cell temperature optimization provision is 
available. The beam nature of MBE offers several advantages. First, it eliminates the possibility of 
thickness and composition non-uniformity. Secondly, it also minimizes any chemical reactions 
between the gas species before they impinge on the substrate surface due reasonable mean free path 
before reaching the substrate. Additionally, it reduces no-uniform distribution of atoms in the 
sample which is difficult in ion-implantation method. Finally, the refined crystalline structure of 
BaSi2 could be achievable and possibly create less point defect along with amorphous regions. In 
MBE, excellent control of epilayer thickness and abruptness for hetero-structure growth is possible. 

In MBE the main material sources are typically Knudsen effusion cells from which 
molecular beams are generated by thermal evaporation or sublimation process, as shown in Fig. 8. 
The solid or liquid elemental sources of materials are held in an inert crucible typically made of 
pyrolytic boron-nitride and heated by filaments or radiation. The vapor pressure of each species is 
controlled by setting the temperature of the effusion cell and is monitored with a beam-flux ion 
gauge that can be inserted to the nearest possible place of the substrate. The term "beam" means that 
evaporated atoms do not interact with each other or vacuum chamber gases until they reach the 
substrate film, due to the long mean free paths of the atoms and species that miss or desorb from the 
substrate are pumped away immediately. 

Tantalum made shutters in front of each cell can be opened and closed to control the 
deposition of individual elements with monolayer accuracy in ultra-high-vacuum (UHV) 
environment. The pressure in MBE growth chamber could be maintained in the UHV level, 
typically ranging 10-11 to 10-8 torr, by a combination of different pumps, including ion pump, 
cryogenic pump, turbo molecular pump, and liquid-nitrogen-filled cryo shroud). During the MBE, 
the slow deposition rate (≤ 1µm/h) is excellently controlled, which allows the films to grow 
epitaxially. The UHV environment allows deposition with extremely low impurity concentrations 
and enables the use of in-situ surface analysis tools. 

In the case of conventional silicon MBE, electron-beam evaporators (E-guns) are usually 
used for producing silicon beams, since the vapor pressure of silicon is extremely low, and 
conventional effusion cells cannot generate sufficient silicon vapor. It offers simple growth control 
due to the unity sticking coefficient of elemental silicon, and a wide temperature range for growth. 
However, E-guns have problems, such as poor growth rate control, electronic shut-down due to 
electrical discharge in e-beam source, and generation of surface defects due to charging of particles 
in the chamber. In the early work on gas source MBE, these problems were found to be easily 
eliminated by introducing gas sources instead of E-guns. Solid-source MBE work on n-type doping 
of silicon has focused on antimony because of the ease of source control [30-32]. Similar to arsenic, 
antimony suffers from severe surface segregation during growth at elevated temperatures. It was 
demonstrated that antimony surface segregation can be effectively suppressed and very abrupt 
transitions achieved in delta δ-doped layers by using low substrate temperatures and SPE. The 
similar trend was also achieved in Sb-doped BaSi2 by using SPE technique in MBE. Although 
active concentrations higher than the equilibrium solid solubility can be achieved by this low 
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temperature process, deactivation during subsequent thermal treatment is likely. Arsenic and 
phosphorous, on the other hand, have high equilibrium vapor pressures at relatively low 
temperatures, in the 100 – 200 ºC range, making precise flux control difficult when they are used as 
dopant sources. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Furthermore, arsenic vapor generated at such low temperatures is mainly composed of As4, which 
has low sticking probability and tends to remain in the ambient for a prolonged time period and 
cause memory effects. Arsenic-delta-doping was demonstrated in (111) silicon epitaxy using a 
thermally evaporated As4 source, and Pb was used as a surfactant [33]. However the background 
arsenic concentration was relatively high, estimated to be in the 1019 cm-3 ranges, because of the 
arsenic memory effect. Such a high doping level leads to significant conduction in the capping layer 
and complicates electrical evaluation of the δ-doped layer 

As we know that MBE uses evaporation method in vacuum systems. In such system the 
molecular or atomic impingement rate is very important to be controlled. The impingement rate 
means that how many molecules or atoms impinge on a unit area of the substrate per unit time. 
The impingement rate ϕ is a function of the molecular weight, temperature and pressure in the 
chamber and can be expressed as [6]: 

      (3) 
 
In equation 3, P is the pressure in Pa, M is the molecular weight and T is the temperature in Kelvin. 
 

 

Fig. 8 gives the experimental setup of RIBER MBE machine. 

 20 22.64 10  molecules/cmP
MT s   
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In this research, we choose group-III and -V elemental candidates from the periodic table 

of elements as listed in Table I, and aimed to form n, n +, p and p+-BaSi2 by MBE growth for the 
formation of p-n junction thin film solar cells. There is no report on the conduction mechanism of 
impurity-doped BaSi2 whether the temperature dependent resistivity gives us non-linear behavior or 
linear behavior in semiconducting BaSi2. For the grain size and dopant precipitation study the best 
candidates among the potential dopant candidates will be chosen by using AFM and TEM 
investigation. Subsequently we will focus on the formation of good quality of p-n junction solar 
cells by using Sb-doped n- and n+-layer as well as new dopant candidates-doped p and p+- layer, 
respectively for novel next generation BaSi2 thin film solar cells structure. In the next section the 
importance of doping and challenges to doping in BaSi2 films. 
1.3.3 IONIZATION ENERGY AND IMPORTANCE OF IMPURITY DOPING INTO BaSi2 
Many semiconductor technologies and devices rely on the ability to fabricate two different types of 
electrically conducting layers: n-type and p-type. An electrically active dopant atom provides a free 
carrier to the conduction or valence band by creating an energy level that is very close to one of the 
bands (shallow levels). In other words good quality p-n junction diodes could be formed by 
impurity doping, where the electric field around the p-n junction can separate the photo excited 
electron-hole pairs for photovoltaic power generation. An ideal dopant should therefore have a 
shallow donor/acceptor level and high solid solubility limit. 

Ionization energy in Si can approximately be calculated by using Pseudo-hydrogen atomic 

     Table I. Period systems of Elements 
         Dimitri Mendeleev (1869) 
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model for donors and acceptors levels in Si. The Pseudo-hydrogen atomic model has been shown in 
Fig. 9(a). 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
By using the data for P in this model of Eq. (4) 
 

(4) 
 
 In equation 4, Ks is the relative dielectric constant of Si (Ks, Si  = 11.8).  

Figure 9(b) gives the lists of ionization energy values for various dopants candidates in 
silicon. Arsenic and phosphorous stand out as the best choices for n-type doping into Si based 
devices. For deep-submicrometer devices that require abrupt doping profiles, an additional 
requirement is a small diffusion rate of the dopant, which minimizes profile smearing during 
subsequent thermal processing steps. Compared to phosphorous, arsenic has a clear advantage of a 
much smaller diffusion coefficient. For the above reasons, arsenic has become the best choice for 
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Fig. 9(a) gives hydrogen model of single P-atoms, (b) gives the ionization energy values of various 
dopants in silicon, (c) depicts the P-atoms in the host Si crystal as a dopant, and (d) depicts B-atoms 
in a Si crystal as dopant. 

(a)                                         (b)                                                         

(c)                                         (d)                                                         
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heavy n-type doping of silicon. It is important to study and understand its incorporation and 
activation mechanism. 

It is very challenging and crucial to incorporate the choice of dopant incorporation into 
BaSi2 epitaxial film at the moment. The choice of available impurity incorporation is the most 
challenging job, even we have good freedom to vary the substrate temperature and optimize the 
Knudsen cell temperature during the MBE growth. The deep theoretical understanding of the BaSi2 
under the influence of different dopants atoms is inevitable. Energetic and the electronic structural 
consideration of the group 13 element like In and Ga -impurity doping to control the conductivity of 
BaSi2 were discussed by Imai et.al [9]. The In-impurity type is inclined with the experimental result 
[9]. The Sb-doped BaSi2 Knudsen cell temperature does not contribute magnificently to the 
variation of Sb-concentration in the BaSi2 rather than the substrate temperature. It is very interesting 
finding that the Sb-atomic concentration is almost independent of the Knudsen cell temperature but 
strongly depends on the substrate temperature only, if we compare with the other available impurity 
candidates. 

When In-dopant is used for p-type doping into BaSi2, heavily doping levels and abrupt 
transitions were difficult to realize. The potential reason might be the high diffusion coefficient, 
interstitial incorporation, precipitation and surface segregation.  

Solid-solubility limit mean that at a given temperature, there is an upper limit to the 
amount of an impurity-atoms, which can be absorbed by silicon or any other materials like BaSi2. 
This quantity is called the solid-solubility limit for the impurity and is indicated by solid lines in the 
figure below for B, P, Sb, and As at normal diffusion temperature. Precipitation occurs if the 
concentration of one solid atom is above the solid solubility limit in the host solid materials, due to 
e.g., rapid quenching or ion implantation, and the temperature is high enough that diffusion can lead 
to segregation into precipitates. Other causes may be the high Knudsen cell temperature to provide 
more dense atomic fluxes during deposition. Especially in MBE some time low growth temperature 
can cause precipitation due to lower energy distribution for crystallization. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 (a) gives solid solubility limits of commonly used dopants in silicon and (b) gives intrinsic 
diffusion coefficients of commonly used dopants in silicon. 

(a)                                       (b)                               
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Solid solubility limit is indicated by solid lines in Fig. 10(a), for B, P, Sb, and As at normal 
diffusion temperature [34]. For example, the solid-solubility limit for boron is approximately 1×1020 

cm-3 at 1000C and 3.3×1020 cm-3 for phosphorus at the same temperature. Figure 10(b) compares the 
diffusion coefficients of boron, phosphorus, antimony, and arsenic. As compared to phosphorous, 
arsenic has a clear advantage of a much smaller diffusion coefficient [35]. For the above reasons, 
arsenic has become the best choice for heavy n-type doping of silicon. It is important to study and 
understand its incorporation and activation mechanisms in BaSi2 too. 

1.4 BASIC STRUCTURE OF SEMICONDUCTING BASED THIN-FILM SOLAR CELLS 
The basic structure of BaSi2 thin film solar cell structure can be divided into three major parts. First 
to develop good quality of Si(111) on transparent conducting oxide (TCO) and SiO2. Secondly to 
grow good quality of n+-BaSi2 layer before the un-doped n-BaSi2 by using Sb-doping into BaSi2. 
Subsequently to grow a bit thicker epitaxially un-doped n-BaSi2 layer before the growth of the top 
p+-BaSi2 layer for good ohimic contact as well as stronger electric field across the p-n junction to 
separate the electron-hole pair smoothly, which were generated in the un-doped BaSi2 absorption 
layers by solar irradiation. Thirdly, to grow anti-reflecting (AR) coating on the top layer of the cell 
for light harvesting and subsequently grow surface electrodes for grid generation on AR surface.   

 
 

Fig. 11 shows the basic structure of BaSi2 solar cell including p-n junction, energy band diagram and 
tunnel junction. 
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Now the most important part is the formation of p-n junction, where the electron affinity as 
well as band gap of Si is 4.0 eV, and 1.1 eV respectively whereas of BaSi2 is 3.3 eV and 1.3 eV 
respectively, as shown in Fig. 11. One can easily see the band gap off-set at valance band as well as 
at conduction band of the order of 0.5 eV and 0.7 eV respectively [24]. This problem was solved 
and overcome by introducing tunnel junction (TJ) by heavy Sb-doping into n+-BaSi2 (n=1019 cm-3) 
by using MBE growth [18,24], as shown in Fig. 12(b). The remaining problem is the formation of 
p+-type BaSi2 thin film layer on the un-doped n-BaSi2 layer (n=5×1015 cm-3, mobility=820 cm2/V-s, 
shown in Fig. 12(a)), to complete the BaSi2 p-n junction diode structure.  
1.5 BACKGROUND OF THE RESEARCH 
However, the number of experiments on impurity doping into BaSi2 research has been quite limited 
so far. According to Imai and Watanabe, substitution of Si in the BaSi2 lattice is more favorable than 
substitution of Ba from an energetic perspective, according to first-principle calculations [17]. 

The electron concentration of Sb-doped n(n+)-BaSi2 was controlled successfully in the 
range between 1016 and 1020 cm-3 at RT, as shown in Fig. 12(b) [18,20]. In case of Sb-doped 
n(n+)-type BaSi2, the electron concentration was excellently controlled in the range from 1016 and 
1020 cm-3. The problem of band offset at TJ has been solved to some extent. But the tunneling 
current mechanism is still not known and therefore the existence of negative differential resistance 
(NDR) across the TJ is necessary. The donor levels of Sb-doped BaSi2 are still open research 
problem. Determination of conduction mechanism in Sb-doped BaSi2 is really essential for the 
quantification of defects levels in the bad gap. The identification of solid solubility limit of 
Sb-doping into BaSi2 is very important for controlling and efficient activation of the donor’s atoms. 
Until now there is no report about the solid solubility limit in BaSi2. 

However, Ga-doped BaSi2 displays n-type conductivity, in contrast to the theoretical 
prediction [18], as shown in Fig. 14(c). In case of Al-doped p-BaSi2, we found diffusion problems 
in both the surface and p-BaSi2/Si interface regions. The hole concentration was limited up to 1017 
cm-3 in both In and Al-doped p-BaSi2 respectively and it is therefore intensively realized to find 
another impurity atom which could be more favorable to form p(p+)-type BaSi2 with less diffusion 
tendency, good crystalline quality, having shallow energy levels and having large grain size for 
significant photo current flow across the p-n junction. In the next section the purpose of this 
research is given. 
1.6 PURPOSE OF THIS RESEARCH   
Electron concentration in Ga doped n-BaSi2 was not controlled and it also behaves contrary to the 
theoretical conductivity, which is predicted by using DFT model.  

In case of Sb-doped n(n+)-type BaSi2, the electron concentration was excellently controlled 
in the range from 1016 and 1020 cm-3. The problem of band offset at tunnel junction has been solved 
to some extent. But the tunneling current mechanism is still not yet cleared. The donor levels of 
Sb-doped BaSi2 need to be accomplished. Determination of conduction mechanism in Sb-doped is 
very important after the achievement of precipitated free Sb-doped BaSi2. 
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Fig. 12(a) mobility versus electron concentration relations for un-doped n-BaSi2, [4] (b), (c) gives 
mobility versus electron concentration relations for Sb and Ga doped n-BaSi2 films measured at RT
[18,19] and (d), (e) gives mobility versus hole concentration relations for In and Al doped p-BaSi2
films, measured at RT [18,20]. 
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BaSi2 is really essential for the quantification of defects levels in the bad gap. The solid solubility 
limit for Sb-doped is really important for the good quality of shallow donor level and to avoid 
localized precipitation of Sb-atoms in BaSi2. 

The hole concentration in In and Al-doped p-BaSi2 were limited to 1017cm-3 with some 
diffusion tendency toward the Si substrate as well as toward the un-doped BaSi2 layer. But we need 
more hole concentration for shallow energy levels and low diffusion tendency for the formation of 
top p-layer of p-n junction structure.  

Therefore, in this work, we chose Cu, Ag & B as a potential dopant candidate and aimed to 
form p & p+-BaSi2 thin film layers for different regions of p-n junction of efficient solar cells 
structure. Furthermore it was also aimed to investigate in detail about crystalline quality, surface 
morphology, micro-structure and electrical characterizations of doped BaSi2 layers. The band gap 
and solubility limit of the impurity doped p-type layers are inevitable for the p-n junction and light 
absorption. Activation of the dopant atoms in the BaSi2 is crucial problems and very little attention 
was paid in the past. In this dissertation Eg and solid solubility limit will also be attempted. We also 
consider the conduction mechanisms, NDR effect across the TJ & ED of Sb-doped BaSi2 for further 
improvement and band engineering of solar cell. 

Therefore, in this research, we choose group-III and -V elemental candidates from the 
periodic table of elements as marked in Table I, and then choose the Knudsen cell temperature for 
each element based on the standard vapor pressure and temperature chart for elements. It was aimed 
to form n, n +, p and p+-layers of BaSi2 solar cells parts by MBE growth to form good quality of p-n 
junction, TJ and ohmic contact. There is no report on the conduction mechanism of impurity-doped 
BaSi2 whether the temperature dependent resistivity gives us non-linear behavior or linear behavior 
in semiconducting BaSi2. For the grain size and dopant precipitation studies the best candidates 
among the potential dopant candidates will be chosen by using XRD, AFM and TEM investigation. 
Subsequently we will focus on the formation of good quality of p-n junction solar cell by using 
Sb-doped n- and n+-layer as well as new dopant candidates-doped p and p+- layer, respectively for 
novel next generation BaSi2 thin film solar cell structure. In the next section, the importance of 
doping and challenges to doping mechanism in BaSi2 films are discussed. 

At last but not the least, we will focus on the fabrication and operation of BaSi2 thin film 
solar cell operation based on the Sb-doped and optimized B-doping. The dark and light I-V 
characteristic will be considered at the end of this research for open circuit voltage and short circuit 
current density Jsc calculation. 
1.7 ORGANIZATION OF THIS WORK  
The main objective and aim of this dissertation is to report about the growth, crystalline quality and 
detailed study of electrical characterization of Ag, Cu, B-doped BaSi2 thin films for different 
regions of BaSi2 based Solar cells, including p-n junction, Tunnel junction and top p+-layer for 
ohmic contacts. The focus is on enhancement of hole concentration and subsequently the activation 
energy levels (shallow levels) of the doped regions in thin film BaSi2 solar cells. Microstructure 
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investigation of the impurity-doped regions is inevitable. In more simple words the remaining and 
challenging problems associated with the p-n junction regions of BaSi2 thin film solar cells. 

Chapter 2 presents results about the Au, Cu and Sb incorporation and surface segregation 
during the MBE growth into BaSi2. Comprehensive studies were carried out to investigate, 
crystallinity, electrical characterization and SIMS measurement of the grown samples. New growth 
model is proposed for Ag and Cu-doped BaSi2 to explain the most optimized impurity incorporation 
into BaSi2 in accordance to the theoretical predictions for the solar cell application. Effects of 
Knudsen cell temperature variation of Ag and Cu sources on the electrical properties and 
subsequently the activation energy levels are also discussed. In the same chapter some remaining 
issue of Sb-doped n-layer of BaSi2 were also addressed.  

Chapter 3 presents results about the engineering of p+-layer of BaSi2 solar cells by using 
solid-source MBE of elemental Boron (B)-doped BaSi2 and Si(111). It also examines electrical 
properties of these lightly doped and heavily doped BaSi2 materials. This chapter also discusses 
about the growth, crystalline quality, and electrical characterization of B-doped BaSi2 for the p and 
p+-layers of thin film solar cells structure, detailed studies were attempted. The influence of both 
growth temperature variation as well as RTA treatment for boron activation, precipitation and 
B-solubility limit determination were discussed. At the end the most optimized growth condition 
and hole enhancement along with activation ratio will were discussed. 

In Chapter 4, low temperature Hall measurement studies about the conduction mechanism 
and carrier transport mechanism in impurity doped-BaSi2 were investigated. We choose very 
carefully the most suitable and optimized samples from each impurity doped BaSi2 thin film based 
on the crystalline quality and electrical characterization at RT. It was not sure whether carrier 
transport mechanism in impurity doped BaSi2 could be explained by Shklovskii-Efros (SE)-type 
and Mott-type variable range hopping (VRH) conduction mechanism or not. Therefore conduction 
mechanisms were studied in impurity doped BaSi2 to quantify the existence of defects levels in the 
forbidden gap. 

Chapter 5 discusses about the most important work of this dissertation. It gives nice flavor 
of B-doping optimization in BaSi2 and formation of p-n junction for thin film solar cells. In more 
simplified words B could be a good dopant for different region of p-n junction of BaSi2 solar cells. 
But we also need the band gap energy measurement of B-doped BaSi2 for the formation of p-n 
junction and its most reliable acceptor energy level for thin film solar cells application having no 
precipitation. At the end of this chapter one fine p-n junction structure based on Sb-doped BaSi2 and 
B-doped BaSi2 under dark and light condition I-V characterization will be discussed along with 
efficiency measurement.  

Finally, Chapter 6 summarizes contributions made in this dissertation and makes 
recommendations for future work. 
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CHAPTER 2: GROWTH AND CHARACTERIZATION OF SILVER (Ag), COPPOR 
(Cu)–DOPED AND SOME ISSUE OF ANTIMONY (Sb) DOPED n-BaSi2  
In this chapter, growth, crystalinity, atomic concentration and electrical characterization of Ag and 
Cu-doped BaSi2 are discussed in detail. Special emphases were given to activation energy level, 
mobility as a function of Knudsen cell temperature and carrier concentration measurement. The 
core objective is to hunt suitable dopant candidates for the top p-layer as well as other regions of 
p-n junction. In the same chapter some unaddressed issues of Sb-doped n-layer of BaSi2 are also 
tackled. In the next section, first Ag-doped BaSi2 thin films is considered. 

2.1 GROWTH AND HALL MEASURMENT OF Ag-DOPED BaSi2 THIN FILMS 
In the previous studies about In and Al doped p-type BaSi2, where hole concentrations were limited 
up to 1017cm-3 along with diffusion tendency and segregation problems [19,20]. The main objective 
of this research work is to grow, investigate and compare the electrical properties of Ag-doped 
BaSi2 thin films with In, Al, and Sb-doped BaSi2. Furthermore, to enhance hole concentration and 
control diffusion tendency in the BaSi2 films, without compromising on good crystalline quality. In 
the next subsection experimental procedures are given in detail.  
2.1.1 EXPERIMENTAL PROCEDURES 
High-resistive (ρ=1000-5000 Ω-cm) n-type floating-zone (FZ)-Si(111) wafer substrates were 
cleaned by organic washing before RCA washing. During the organic washing, first the wafers were 
cleaned with a pure Acetone in the supersonic wave cleaner for 10 min and then cleaned in with 
methanol supersonic wave cleaner for 10 min. At the end the wafer were washed in pure water in 
supersonic wave cleaner for 10 min. During the RCA washing first the wafers were cleaned for 30 
seconds in a H2O:HF (50:1) bath at RT, and then 5 min in a H2O:H2O2:HCl (4:1:1) bath maintained 
at 80°C, with 3 cycles of dump DI water rinse following each step. At the end the wafers were 
cleaned for 50 min in a H2O:H2O2:NH3 (4:1:1) bath maintained at 90°C, with 3 cycles of dump DI 
water rinse following each step. This cleaning procedure leaves a thin and volatile oxide protection 
layer on the surface. After wet cleaning, wafers are spun-dry and immediately loaded into MBE 
growth chamber. Immediately before the growth, the protective oxide is desorbed in-situ in the 
growth chamber at 850 °C to yield a clean, well-ordered (7 × 7) surface as observed by RHEED 
shown in Figure 13. 

 
 Fig. 13 a 7×7 RHEED pattern of Si substrate after thermal cleaning observed along <110> azimuth. 
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During growth, the substrate is heated radiatively and the temperature is monitored with a 
thermocouple located in the close proximity to the back side of the wafer. The thermocouple 
temperature reading is calibrated with a pyrometer, and verified. During the MBE growth first, 
reactive deposition epitaxy (RDE; Ba deposition on a hot Si substrate), of a 10-nm-thick BaSi2 
epitaxial film was carried out on Si(111) at 550 ˚C and then it was used as a template for BaSi2 
overlayers growth. During the MBE growth of Ag-doped BaSi2 the Ba, Si, and, Ag (TAg= 
600-900˚C) were co-evaporated on the BaSi2 template at 600 ˚C after considering the standard 
range of vapour pressure and temperature chart for silver (Ag) element. The thickness of the grown 
layers including the template was 230–310 nm, which was thick enough for electrical measurements 
of impurity-doped BaSi2 films. This is because most of the depletion region stretches toward the Si 
substrate at the BaSi2/Si p–n junction due to a very small carrier concentration of approximately 
1011 cm−3 of the Si substrates. The amount of Ag atoms doped in BaSi2 was varied by changing the 
temperature of the Ag (TAg) sources. The ratio of the Ag to Ba vapor pressure (Ag/Ba ratio) was 
varied from approximately 10−5 to 1 by changing TAg from 600 to 900 °C.  

The samples were investigated by RHEED, θ-2θ XRD, SIMS, AFM and Hall measurement 
(Van der Pauw method)[59]. In this dissertation the detailed discussion about the working principles 
of all these equipment and machines were skipped. The Au/Cr electrodes were evaporated in the 
high vacuum environment, provided by diffusion pump, which is supported by RT-pump. Magnetic 
field of 0.7 T, normal to sample surface was used for Hall measurement at RT and cryogenic 
condition (27-300K).  In the next subsection experimental results will be discussed.  
2.1.2 RESULTS AND DISCUSSION 
2.1.2.1 Crystallinity by RHEED, XRD and AFM 
Figures 14(a)-(c) show the RHEED patterns of the Ag-doped BaSi2 along Si[11-2] and shows spotty 
or streaky pattern, which indicates that samples with a-axis oriented BaSi2 were successfully grown. 
The RHEED patterns changed from ring to halo when TAg was further increased from 800 to 900 °C, 
shown in Fig. 14(d). These results indicate that Ag doping beyond 800 °C source temperature can 
deteriorated crystalline quality of the grown layers. 

Figure 15(a) gives the basic structure of Ag-doped BaSi2 thin film samples, which were 
grown at TAg=600-900°C. Fig. 15(b) shows -2  XRD patterns of Ag-doped BaSi2 films grown at 
TAg=600-900 °C. The diffraction peaks of (100)-oriented BaSi2, such as (200), (400) and (600), are 
dominant in the -2  XRD patterns, matching the epitaxial relationship between BaSi2 and Si for 
the samples grown at TAg=600 and 800 °C. However, further increasing the Ag temperature resulted 
decrease in intensity of the (100)-oriented peaks, and several other diffraction peaks other than 
those of (100)-oriented BaSi2 became pronounced. 

Figures 16(a)-(b) show AFM images of the epilayer topography corresponding to the two 
samples grown at TAg=700 and 800 °C, with lower Ag concentration (TAg=700 °C) and higher Ag 
concentration (TAg=700 °C) respectively. While the surface remained flat in the former case, 
significant roughening is observed in the latter case, with a maximum roughness variation 1.8 nm 
from 3.3 nm to 5.1 nm. 
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Fig. 14 RHEED pattern along Si[11-2] after MBE growth, for sample grown at TAg= (a) 600 oC,  
(b) 700 oC, (c) 800 oC and (d) 900 oC. 

Fig. 15(a) basic structure of the Ag-doped BaSi2 thin film samples grown at TAg=600-900 oC and 
their corresponding (b) θ-2θ XRD patterns. 

Fig. 16 surface morphology of Ag-doped BaSi2: after MBE growth at, TAg = (a) 700oC and (b) 800 
oC. Size of both AFM image are 3 μm × 3 μm. 

(a)                                                (b)                                                                                           
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2.1.2.2 Atomic concentration and Diffusion tendency by SIMS 
Figure 17 (a) gives the SIMS profiles of Ag-doped BaSi2 sample grown with TAg=600 °C. SIMS 
measurements revealed that the Ag-atoms are not uniformly distributed within the BaSi2 layers and 
diffused or segregated toward the surface BaSi2. The average Ag-atomic concentration, NAg, 1018 
cm-3 was found in the same layer.  
2.1.2.3 Electrical Characterization 
Figure 17 (b) shows the mobility versus hole concentration relations for Ag-doped p-BaSi2 films at 
RT, where hole density in increases gradually from 3×1015 to 3×1016 cm-3 with increasing Ag 
temperature, showing that the hole concentrations can be controlled as a function Knudsen cell 
temperature. However, the hole concentration is less than those in In and Al-doped BaSi2 [18,20]. 
We speculate that this is attributed to a smaller ionization rate of Ag atoms in BaS2 than In and Al 
atoms. In case of Ag-doped BaSi2 films grown with 700 oC, carrier density and mobility behavior 
are almost the same as those for Ga-doped BaSi2 as shown in Fig. 12(c). The temperature dependent 
mobility behavior shows that the mobility contribution is not coming from the scattering of 
impurity atoms but comes from the Coulomb’s lattice scattering mechanism, which is supported by 
low hole concentration in the grown sample. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18 (a) gives temperature dependence of hole mobility in Ag-doped BaSi2. The 
mobility is higher when temperature is lower. The temperature dependent mobility behavior in Fig. 
18(a) shows that the mobility contribution is not coming from the ionized impurity scattering of 
atoms but comes from the lattice scattering mechanism, which is supported by low hole 
concentration in the grown sample as explain by Matthiessen’s rule :  

                (5) 
 

Figure 18 (b) gives temperature dependence of hole concentration in Ag-doped BaSi2. The 
mobility is higher when temperature is lower Therefore, we can approximate that the hole density 
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behave, like,           and therefore the accepter energy level, EA=0.12 eV for Ag-doped 
p-BaS2 were measured. 

 
 

   
 
 
 
 
 
 
 
 
 
 

2.2 GROWTH, CRYSTALLINITY, AND ELECTRICAL CHARACTERIZATION OF 
Cu-DOPED BaSi2  

In case of Ag-doped p-BaSi2, the hole concentrations were found to be limited upto 1016 cm-3 and 
we could not successfully grow the heavily doped BaSi2 p-layer for the top part of solar cells 
structure. The basic structure of BaSi2 solar cell is shown in Fig. 11,which demands strongly to get 
heavily doped p+-layer for the top-layer of the cell. In this persuasion, we continue the effort to use 
an alternate dopant candidate from the group-IB like Cu to achieve the desired target. In this part of 
research it was aimed to grow lightly doped p(n)-type and heavy doped p+(n+)-layers by MBE 
technique for the p-n junction regions of thin film solar cells by using Cu as a potential candidates 
and then to investigate the crystallinty and electrical characterization at room as well as  at 
cryogenic conditions. Recently Imai and Watanabe theoretically predicted that Cu behaves as an 
n-type dopant in BaSi2 [9]. In the last experiment of Cu-doped BaSi2, where (100)-oriented BaSi2 
was not satisfied completely [21]. After this result we realized that the Cu Knudsen cell 
temperatures can be reduced and Cu-doped BaSi2 can be developed to overcome these two issues of 
minor diffusion tendency as well as crystalline quality and aimed to investigate and control the 
electrical properties of Cu-doped BaSi2 films for p-n junction. In the next subsection we briefly 
discussed about experiment. 
2.2.1 EXPERIMENTAL PROCEDURES 
High-resistive n-type floating-zone (FZ)-Si(111) substrates were cleaned by RCA washing, by using 
the same procedure as discussed for Ag-doped BaSi2 growth. Reactive deposition epitaxy (RDE; Ba 
deposition on a hot Si substrate), of a 10-nm-thick BaSi2 epitaxial film was carried out on Si(111) at 
550 ˚C and then it was used as a template for BaSi2 overlayers. First, Ba, Si, and Cu (TCu= 
800-1200˚C), were co-evaporated on the BaSi2 template at 600 ˚C to form Cu doped n-BaSi2 film 
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Fig. 18(a) gives temperature dependence of hole mobility and (b) hole concentration, for Ag-doped 
p- BaSi2 grown at TAg=700 °C.  
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by MBE. The amount of Cu atoms doped in BaSi2 was varied by changing the temperature of the 
Cu (TCu) source. The ratio of the Cu to Ba vapor pressure (Cu/Ba ratio) was varied from 
approximately 10−4 to 1 by changing TCu from 800 to 1200 °C. In order to investigate the diffusion 
tendency and atomic concentration of Cu atoms in BaSi2 completely, one additional sample of 
Cu-doped BaSi2 structure (undoped BaSi2 (100nm)/Cu-doped BaSi2 (50nm)/Si(111)) at 600 oC was 
prepared. The RHEED, θ-2θ XRD, SIMS, AFM and Hall measurements were used to characterize 
the crystalline quality, atomic concentration and electrical properties of the grown layers. The hall 
measurements were conducted at RT as well as at cryogenic conditions (27-300 K). Magnetic field 
of 0.7 T, normal to sample surface was used for Hall measurement. In the next subsection 
experimental results were discussed.  
2.2.2 RESULTS AND DISCUSSION 
2.2.2.1 Crystallinity by RHEED, XRD and AFM 
Figures 19(a)-(d) shows the RHEED patterns after MBE growth of the Cu-doped BaSi2 along 
Si[11-2] and shows spotty or streaky patteren, which indicates that samples with a-axis oriented 
BaSi2 were successfully grown. The RHEED patterns changed from ring to halo when TCu was 
further increased from 1000 to 1200 °C. These results show that Cu doping beyond 1000 °C 
deteriorate the crystalline quality of the grown thin film.  
. 
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Fig. 19 displays RHEED pattern along Si[11-2] after MBE growth, for sample grown at, TCu (a) =800, 
(b) = 975, (c) =1000 and (d) =1200 oC.  

Fig. 20 (a) gives structure of the Cu-doped BaSi2 grown thin film samples, grown at TCu=800-1200 
oC and (b) shows θ-2θ XRD patterns of Cu-doped n-BaSi2. 
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Figure 20(a) gives the basic structure of the grown layers based on the growth condition, Ts=600°C 
and TCu=800-1200 °C. Figure 20(b) shows -2  XRD patterns of Cu-doped BaSi2 films grown at 
TCu=800-1200 °C. The diffraction peaks of (100)-oriented BaSi2, such as (200), (400) and (600), are 
dominant in the -2  XRD patterns, matching the epitaxial relationship between BaSi2 and Si for 
the samples grown at TCu=800 and 1000 °C. In these samples some small number of extra peaks 
near to Si(111) and BaSi2(400) were also observed. However, increasing the Cu temperature beyond 
1000°C resulted in a decrease of intensity for (100)-oriented peaks, and several other diffraction 
peaks other than those of (100)-oriented BaSi2 became pronounced. 

 
 

 
 
 
 
 
 
 
 
 

Figures 21(a)-(c) show AFM images of the epilayer topography corresponding to the 
samples grown at TCu=900 to 975 °C, with lower Cu concentration (TCu=900 °C) and higher Cu 
concentration (TCu=975 °C). While the surface remained flat in the former case, significant 
roughening is observed in the latter case, with a maximum roughness variation of the order of 5.6 
nm, while changing Knudsen-cell temperature from 900 oC to 975 oC with corresponding roughness 
change from 3.7 nm to 9.3 nm. We speculate that the white spot could be arises due to Cu-atomic 
precipitation or surface segregation. 
2.2.2.2 Atomic concentration and Diffusion tendency by SIMS 
Figure 22(a) shows the SIMS profiles of Cu-doped BaSi2 film grown at TCu =900 °C. 
SIMS measurements revealed that the doped Cu atoms are almost uniformly distributed within the 
BaSi2 layers and some could be segregated toward the surface BaSi2. The average Cu atomic 
concentration, NCu, was found to be approximately 1020 cm-3. The relationship between Cu atoms 
could be confirmed from the Hall measurement data. Figure 22(b) shows the SIMS profile of the 
undoped BaSi2 (100nm)/Cu-doped BaSi2 (50nm)/Si(111) structure, where the Cu atoms do not show 
any segregation tendency even when the Cu-doped BaSi2 layers were embedded in the BaSi2 over 
layers. 
2.2.2.3 Electrical Characterization 
Figure 23(a) gives mobility versus electron concentration relations for Cu-doped n-BaSi2 films at 
RT, where mobility decreases with increasing electron concentrations. This trend is usually 
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Fig. 21(a) gives the Cu-doped BaSi2 surface morphology: after MBE growth, at TCu=(a) 900 oC,(b) 
950 oC and (c) 975 oC. All AFM images are 3 μm × 3 μm in size. 



26 

3.0 3.5 4.0 4.5 5.0 5.51015

1016

1017

 
  

ln n = 38 - 202.8 / T
  ED = 0.035 eV

n [c
m-3 ]

1000/T [K-1]

Cu-doped n-BaSi2
Tcu=975oC

predicted by ionized impurity scattering in conventional semiconductors. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The electron concentration in Cu-doped BaSi2 remained unchanged, even when the Cu temperature 
was increased to 950 °C, but increased sharply up to more than 1020 cm-3 around 1000 °C. These 

0 100 200 3001016
1017
1018
1019
1020
1021
1022

 

Si(111)

Cu
 de

nsi
ty [

ato
ms

/cm
-3 ]

Depth [nm]

Cu doped n-BaSi2

 

 

50 100 150 200 250
100

101

102

103

  

Si(111)Cu-doped n-BaSi2n-BaSi2

SIM
S o

f C
u [c

oun
ts/s

]
Depth [nm]

 

 

180 200 220 240 260 280 300

400

600
800

1000
1200

 

 

 e [cm
2 /V.

s]

T [K]

Cu-doped n-BaSi2
Tcu=975oC

        (a)                                       (b)                                                                                           

Fig. 22(a) SIMS depth profiles of Cu atoms in samples, grown at TCu= 900 °C and (b) SIMS depth 
profiles of Cu atoms in un-doped BaSi2 (100nm)/Cu-doped BaSi2 (50nm)/Si(111).   

Fig. 23(a) relationship of measured mobility and electron concentrations for Cu-doped n-BaSi2, 
grown at TCu=800-1200 °C, (b) Temperature dependence of electron concentration for Cu-doped n- 
BaSi2 grown at TCu=975 °C, and (c) mobility for Cu-doped n- BaSi2 grown at TCu=975 °C. 
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results suggest that control of electron concentrations in Cu-doped BaSi2 is little difficult. This is 
probably due to the fact that the insertion site of Cu atoms in BaSi2 is interstitial site [23]. 
Our claim based on the experimental results that the doping of Cu into BaSi2 is giving rise to n-type 
semiconductor, is consistent with the theoretical prediction by Imai and Watanabe [23]. Temperature 
dependence of electron concentrations for Cu-doped n-BaS2 is given in Fig. 23(b) and the accepter 
energy level, ED=0.035 eV were calculated 

Figure 23(c) gives the temperature dependence of electron mobility in Cu-doped BaSi2 and 
probably it follows Matthiessen’s rule, where the mobility trend shows both ionized impurity 
scattering mechanism as well as lattice scattering mechanism in the grown sample. Cu dopant was 
found not suitable for BaSi2 because of controllability problem of carriers as a function of Knudsen 
cell temperature and more detailed reason is still unknown. 

After the unsuccessful results of Cu-doping into BaSi2 it became more challenging 
scientific problem for us to develop p-layer of BaSi2 thin film but science need perseverance and 
strong motivation. Therefore an effort was made to hunt more suitable dopant candidates from 
periodic table to make p+-layer of BaSi2 solar cell. But before starting another hunt, it was seriously 
realized to solve some important problems associated with already successful achievement of 
Sb-doped BaSi2 n(n+ )-layer of BaSi2. In case of Sb-doped BaSi2, we were not sure about the ohmic 
contact, donor energy level as well as negative differential resistance across TJ of Sb-doped n-BaSi2 
as a function of temperature [18]. Therefore it was decided to see the ohmic behavior for relatively 
low doping level of Sb-doped n-BaSi2 on Si(111) 3o-off angle at low temperature and ED 
measurement. The NDR effect across the TJ was also attempted. In the next section these three 
important issues associated with Sb-doped n(n+ )-BaSi2 will be attempted. 

2.3 Sb-DOPED BaSi2 GROWTH, HALL MEASUREMENT AND NDR EFFECT AT TJ  
Kobayashi et al., established that the Sb-doping is suitable for n (n+)-layer of BaSi2, and the highest 
number of electrons concentration over 1020 cm-3 were achieved. Suemasu et al., [38] successfully 
produced heavily Sb-doped n+-BaSi2 (n>1019cm-3)/p+-Si hetero-structure, which behaves as a 
tunnel junction, and could be used to overcome the large band offsets at BaSi2/Si, p-n junction. Du 
et al., [16] found that Sb-atoms do not show any segregation tendency even when the Sb-doped 
BaSi2 layers were embedded in the BaSi2 overlayers. But we have no detail information about the 
activation energy level of Sb-doped BaSi2, NDR effect across the TJ and the ohmic behavior as a 
function of temperature.  

The issue of NDR was further investigated to see the tunneling current flow mechanism 
across the TJ. In the next subsections, the experimental procedures and measurements are presented. 
 2.3.1 TEMPRATURE DEPENDENCE OF OHMIC I-V AND ED OF Sb-DOPED BaSi2 
It was uncertain, whether heavily Sb-doping beyond 1019 cm-3 is necessary to form ohmic contacts 
on p-Si(111) 3o-off angle substrate or not. It is therefore aimed to grow relatively low Sb-doped 
BaSi2 on p-Si(111) 3o-off angle substrate, and then measure the temperature dependent Hall effect 
as well as I-V characteristics to confirm the ohmic behavior on the surface-surface electrodes. It 
was also realized to measure the activation energy level for Sb-doped BaSi2. In this persuasion, let 
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us move to the next subsection for experiment. 
2.3.1.1 EXPERIMENTAL PROCEDURES 
An ion-pumped MBE system equipped with standard Knudsen cells (K-cells) for Ba and Sb (TSb 
=250°C), and an electron-beam evaporation source for Si was used. For electrical measurements, 
low-resistive p-Si(111), 3o-off angle substrate (>1 Ω∙ cm) substrates were washed through the same 
procedure as mentioned in section 2.1 and then used for epitaxial growth. During MBE growth, 
firstly, a 10-nm-thick BaSi2 epitaxial film was grown on p-Si(111) at 555 °C by RDE and this was 
used as a template for the BaSi2 overlayers. Next, Ba, Si, and Sb were co-evaporated at 500 °C onto 
the BaSi2 template to form impurity-doped BaSi2. The thickness of the grown layers including the 
template was approximately 140 nm. The Au/Cr electrodes were fabricated in the Vacuum 
evaporation machine. Magnetic field of 0.7 T was applied normal to sample surface during the Hall 
measurement at RT as well as at cryogenic condition ( 27-300K). 
2.3.1.2 RESULTS AND DISCUSSION 
Figure 24(a) shows the RHEED patterns after MBE growth of the Sb-doped BaSi2 along Si[11-2] 
and shows spotty pattern, which indicates that samples with a-axis oriented BaSi2 were successfully 
grown. Figure 24(b) shows the dominant diffraction peaks of a-axis oriented-Si BaSi2 (200), (400), 
and (600) on Si in the grown samples.  

To secure the ohmic contacts on the surface at lower temperatures, first the temperature 
dependence of current-voltage (I-V) characteristics were measured as shown in Fig. 25(a). Ohmic 
behavior was confirmed over the wide temperature range between 30 and 300 K. Resistance 
increases with decreasing temperature, which is typical in semiconductors materials. 

Figure 25(b) shows the temperature dependence of electron concentration and resistivity in 
the Sb-doped n-BaSi2. The electron concentration is about 3.3×1018 cm-3 at 300K, and decreases 
gradually with decreasing temperature and goes down to 2.8×1017 cm-3 at 27 K.  
 
 
 
 
 
 
 
 
 
 
 
 
As shown in Fig. 25(a), the resistance between the two electrodes, which consists of contact at the 
BaSi2/AuCr and BaSi2 bulk resistance, decreases by a factor of 3 when the temperature decreases 
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from 300 K to 27 K during I-V measurement. This change can be well explained by the change in 
resistivity as shown in Fig. 25(b). This means that the contact resistance is smaller than the bulk 

 
 
 
 
 
 
 
.   
 
 
 

 
 
 
resistance in this temperature range, there by showing that good electrical ohmic contacts are 
formed. 

Furthermore the resistivity is decreasing with increasing temperature as shown in Fig. 
25(b). This is because the Fermi level might be in the band gap and the supplies of free carrier 
density are varying with varying temperature [6]. This temperature dependence is typical in 
semiconductors materials. This behavior confirm that the Sb doped BaSi2 is non-degenerated 
semiconductor material as shown in Fig. 26. If the impurity concentration increases, the distance 
between impurity atoms decreases and a point will be reached when donors electrons, will began to 
interact with each other. When this happens, the single discrete donors energy will split into a band 
of energies. As the donor concentration further increases, the band of donors states becomes more 
widens and may overlap with the bottom of the conduction band. This overlap may happen when 
the donor’s concentration becomes comparable with the effective density of states (host atoms). 
When the concentration of the electrons in the conduction band exceeds the effective density of 
states, Nc, the Fermi energy lies within the conduction band. At this level the resistivity will not 
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change with the variation of temperature. Figure 25(c) shows that the electron concentration is 
about 3.3×1018 cm-3 at 300K, and then decreases gradually with decreasing temperature and goes 
down to 2.8×1017 cm-3 at 27 K. The resistivity increases gradually accordingly. The donor level of 
Sb-doped BaSi2 was calculated approximately to be 47 meV. This level shows that the donor level is 
shallow in the Sb-doped BaSi2. The solid solubility limit and precipitation of Sb atoms in BaSi2 
materials are stil open research problems. 

 
 
 

The BaSi2 solar cell structure is shown in Fig. 11, which need good quality of TJ at the 
hetro-junction to overcome the band off-set discontinuity. Suemasu et al., [38], and Kobayashi et al., 
[18] successfully achieved heavy doped n+-BaSi2 layer on the p+-Si (111) but the detailed tunneling 
mechanism across the TJ is still unknown, as shown in Fig. 31. In the next section NDR effect will 
be discussed in the context of tunneling phenomenon across the TJ. 
2.3.2 GROWTH OF Sb-DOPED BaSi2/p+-Si(111)(TJ) TO MEASURE NDR EFFECT  
NDR effect in the J–V characteristics in the forward bias is often observed, like in heavily doped 
n+/p+ Esaki, diodes, but in some cases not [36]. The potential reasons might be the existence of 
defect levels at the n+-BaSi2/p+-Si hetero interface because of the difference in both crystal structure 
and lattice constants. Therefore, it can be speculated that the tunneling currents can flow via 
localized states in the forbidden gap, rather than by a band-to-band direct transition [24]. In this part 
of the dissertation NDR effect was further investigated. In the next subsection the experimental 
procedure are given. 
2.3.2.1 EXPERIMENTAL PROCEDURES 
An ion-pumped MBE system equipped with standard Knudsen cells (K-cells) for Ba and Sb (TSb 
=250°C), and an electron-beam evaporation source for Si was used. For electrical measurements, 
low-resistive p+-Si(111), substrate (>0.1 Ω-cm) substrates were washed through the same procedure 
as mentioned in section 2.1 and then used for epitaxial growth. During MBE growth, firstly, a 
10-nm-thick BaSi2 epitaxial film was grown on p+-Si(111) at 550 °C by RDE and this was used as a 
template for the BaSi2 overlayers. Next, Ba, Si, and Sb were co-evaporated at 560-600 °C onto the 
BaSi2 template to form two samples of impurity-doped BaSi2 tunnel structure. RHEED, XRD and 
low temperature I-V characterizations were used to investigate the grown samples. The thickness of 
the grown layers including the template was approximately 78 nm. 

The Al contact were formed on the back side of the TJ structure by using sputtering 
machine and Au/Cr electrodes were evaporated on the front surface of the samples as shown in 
Figure 27. Temperature dependent I-V characterizations were measured in a cryogenic environment 

Fig. 26 gives depiction of non-degenerate levels in band gap of n+-BaSi2.  
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(27-300K). 

 
 
2.3.2.2 RESULTS AND DISCUSSION 
Figure 28(a), shows the RHEED patterns after MBE growth of the Sb-doped BaSi2 grown at 
TS=560 °C along Si[11-2] azimuth and shows streak and ring pattern, which indicates that samples 
with a-axis oriented BaSi2 were successfully grown but the crystalline quality need to be improved. 
Figure 28(b) shows the RHEED patterns after MBE growth of the Sb-doped BaSi2 grown at 
TS=600 °C along Si[11-2] azimuth and shows very clear spotty pattern, which indicates that samples 
with a-axis oriented BaSi2 were successfully grown and having good crystalline quality. 
   
 
 
 
  

 
 
 
 
 
 
 
 
 
 

Figure 29(a) and (b) show the dominant diffraction peaks of a-axis oriented-Si BaSi2 (200), 
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Fig. 27 gives tunnel junction (TJ) structure for BaSi2 p-n junction. 

Fig. 28 RHEED pattern along Si[11-2] azimuth, for the samples grown at (a) TS= 560 oC, and (b), 
TS= 600 oC. 

Fig. 29 XRD pattern after MBE growth of Sb-doped BaSi2 for samples grown at (a) TS= 560 oC, 
and (b), TS= 600 oC. 
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(400), and (600) on Si in the grown samples.  
Figure 30(a) gives the temperature dependent I-V characteristics of samples A and B, where the 
resistance between the two electrodes, which consists of contact at the BaSi2/AuCr and BaSi2 bulk 
resistance, increases when the temperature decreases from 300 K to 27 K during I-V measurement. 
It shows that the series resistance tends to be large at the low temperature 
 
  
 

 
 
 
 
 
The resistivity of electrode, p-Si substrate, and n+-BaSi2 films decreases at the low temperature. 
There may be some defects level across the TJ and the tunneling process through these defect levels 
may happen. 
 
 
 
 
 
 
 

The tunneling process may happen on relatively low temperature due to the un-activation 
of the defects levels. It shows that small amount of tunneling current happened across the TJ at 0.8 
V and 0.4 V respectively in Fig. 30(a) and 30(b) respectively.  

The energy band diagram of the TJ in BaSi2 in forward as well as in reverse biased shows 
current tunneling phenomena are given in Fig. 31(a) and 31(b) respectively. In the next chapter the 
most challenging issue of the B-precipitation free p+-layer of B-doped BaSi2 thin films is presented 
in detail. 
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Fig. 30 I-V characterization of the sample grown at (a) TS= 550 oC, and (b), TS= 600 oC. 

Fig. 31 gives depiction of tunneling current flow through TJ structure, (a) in a reverse biased 
mode, and (b) in a forward biased mode.  
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CHAPTER 3: MBE GROWTH AND CHARACTERIZATION OF B–DOPED BaSi2  
 
In this chapter the epitaxial growth, crystalline quality, microstructure and electrical 
characterization of B-doped BaSi2 for the p and p+-layers of thin film solar cell structures are 
explained in detail. The influence of both growth temperature variation and RTA treatment for 
boron activation, precipitation and B-solubility limit determination are discussed. Optimized growth 
conditions and hole enhancement along with activation ratio are discussed at the end. 

3.1 BACKGROUND   
In chapter 2 it was established that Cu and Ag are not suitable dopant candidates for the formation 
of n-layers and p-layers of p-n junctions including tunnel junction (TJ) structure. The electron 
concentration of Sb-doped BaSi2 was well controlled in the range between 1017 and 1020 cm-3 at RT 
by changing the temperature of the Sb-Knudsen cell crucible [18]. In contrast, the hole 
concentration was limited up to 3-4×1017 cm-3 at RT for In, Al, and Ag-doped BaSi2 layers [18,19, 
20,39]. Electron concentrations could not be controlled in Cu-doped BaSi2 as a function of Knudsen 
cell temperature [40]. It is therefore necessary to use impurity atoms, with heavily p+-type doping in 
BaSi2. In this research, we will attempt to achieve the desired level of hole concentrations in BaSi2, 
by incorporating B-atoms into BaSi2. 

3.2 DETAILED ANALYSIS OF B-INCORPORATION IN BaSi2 THIN FILMS  
In this research, boron (B) was chosen as an alternative impurity candidate from Group-III-A with 
the aim to achieve p(p+)-type doping ranging 1016 -1020 cm-3 in BaSi2 for the engineering of smart 
p-n junction. Special emphasis was given to the formation of p+-layer for the top part of solar cell 
structure.  

It is also important to grow high quality crystals having no precipitation of B-clusters and 
large grain size. Diffusion as well as segregation phenomena are also important points of 
investigation for studying impurity-doped BaSi2. As was previously established, BaSi2 thin films 
can be grown epitaxially on a Si(111) substrate with the orientation alignment of BaSi2 
(100)//Si(111), and small lattice mismatch of 1.0% for BaSi2 [010]//Si[11-2] and 0.1% for BaSi2 
[001] // Si[-110] [10]. The smallest grain size of BaSi2 is approximately 0.1 µm [41], due to three 
epitaxial variants rotating around each other by 120o with respect to the surface normal [13,42]. 
Many grain boundaries (GBs) and other defects in a film typically deteriorate the optical and 
electrical properties of the film. As was previously mentioned, the poly crystalline Si, GBs enhance 
carrier recombination due to their high defect densities and gettering impurities [15]. At the same 
time, it is thought that recombination of carriers is suppressed by the local built-in potential at the 
GBs as reported in Cu(InGa)Se2 [43]. The grain size in the un-doped n-BaSi2 films was found to be 
approximately 0.1–0.3 µm [44]. Detailed investigation of bright-field (BF) and dark-field (DF) 
TEM images and selected-area electron diffraction (SAED) patterns showed that the GBs in the 
BaSi2 epitaxial layers consist mostly of BaSi2 {011} planes [43,44]. However, there have been no 
reports available about GBs in impurity-doped p(n)-BaSi2 epitaxial films. Therefore, this 
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investigation aims to study the plane view BF TEM image and SAED pattern of some potential 
samples by using TEM, to find the diameter, size and density of B-atoms in the precipitated B 
cluster structure of p-BaSi2 regions. Furthermore, it aims to stud the B- activation efficiency in the 
grown samples. Experimental arrangements are given in the next subsection. 
3.2.1 EXPERIMENTAL PROCEDURES 

Details of the growth procedure for impurity-doped BaSi2 films were previously described 
for In, Sb, Al, Cu and Ag-doped BaSi2 [4,18,20,39,40]. For electrical measurements, high-resistivity 
FZ-n-Si(111) (ρ> 1000 Ω∙ cm) substrates were used. Substrates prior to each experiment were 
washed by the same standard procedure as presented in Sec.2.1 for Ag-doped BaSi2. The method 
carried out for MBE growth of B-doped p(p+)-BaSi2 films are briefly described as follows. First, a 
10-nm-thick BaSi2 epitaxial film was grown on Si(111) at 510 °C by RDE. This was used as a 
template for the BaSi2 overlayers. Next, Ba, Si, and B were co-evaporated at 600 °C onto the BaSi2 
template to form impurity-doped BaSi2. The temperature of B, TB, was varied from 1250 to 1575 °C 
in samples A-G. The thicknesses of the grown layers including the template were approximately 250 
nm. Ohmic contacts with Au/Cr on as-grown samples of B-doped BaSi2 films grown at TB 1500°C 
could not be performed. Thus rapid thermal annealing (RTA) was performed at 800 °C for 0.5 min, 
1 min and 2 min in an Ar atmosphere (samples C-G). Crystalline structure details as well as atomic 
concentration of B-doped BaSi2 were examined using, RHEED, XRD, AFM, SIMS, and TEM. 
Depth profiles of B-doped BaSi2 films were characterized by secondary ion mass spectroscopy 
(SIMS) using O2 ions.   

To observe the grain size of B-doped p-BaSi2 and GBs, plan-view TEM samples prepared 
by mechanical polishing. Ion milling was observed by using TOPCONEM-002B operated at 120 
kV. Hole concentration and mobility in lightly and heavily doped B-doped BaSi2 epilayers were 
obtained from conductivity and Hall measurements using the van der Pauw configuration. Hall 
measurements were performed under a magnetic field of 0.7 T, normal to the sample surface.  
3.2.2 RESULTS AND DISCUSSION 
3.2.2.1 Crystallinity by RHEED, XRD, AFM and TEM 
Figures 32(a)-(h), show streaky RHEED patterns of B-doped as-grown BaSi2 films prepared with 
TB=1250-1575 °C and TS=600 °C as observed along the Si[11-2] azimuthal axis, which indicates 
that the BaSi2 films were successfully grown. The RHEED patterns changed from streak to spot 
patterns for the sample grown with, TB =1300 °C. Figure 33(a) shows the -2  XRD patterns of 
B-doped as-grown BaSi2 films with TB=1250-1575 °C. The diffraction peaks of (100)-oriented 
BaSi2, such as (200), (400) and (600), are dominant, for the samples grown with TB=1250-1450 °C 
which confirms the epitaxial relationships between BaSi2 and Si, without extra peaks from B-nano 
 lusters. However, further increasing TB beyond 1450°C resulted in two new diffraction peaks of 
rhombohedral B(110) around 2θ=36° and B(220) at 2θ=77°. This indicates that the crystalline 
quality begins to deteriorate with increasing B-atomic concentrations in the BaSi2 films. 
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Fig. 32 RHEED patterns of B-doped BaSi2 samples when TB is (a) 1250, (b) 1300, (c) 1350,(d) 
1400,(e) 1450,(f) 1500, (g) 1550 and (h) 1575 °C, observed along the Si[11-2] azimuth. 

Fig.33 -2  XRD patterns of B-doped BaSi2 films grown at TB=1250-1575 °C. 
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It can be supposed that the B-nano cluster influences the electrical properties of the p-n junction and 
can potentially resolve precipitation either by RTA or variation of growth temperature. 

Figures 34(a)-(d) show AFM images of the epilayer topography corresponding to the 
samples grown with TB=1450 °C, with lower B concentrations having an RMS value of 1.1 nm and 
higher B concentrations (TB=1550 °C) obtained at RMS 1.7 nm conditions. It shows that the surface 
remains flat and smooth for low B-concentration than the higher B-concentration as shown in the 
3D surface morphology, shown in Fig. 34(b)-(d). It can be speculated that the white clusters could 
arise due to B-atomic precipitation or segregation. 
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Fig. 34 B-doped BaSi2 surface morphology of as-grown samples at (a)-(b) TB=1450 oC, having AFM 
images size 0.5 μm × 0.5 μm and (c)-(d) TB=1550 oC, having AFM image size of 1 μm × 1 μm in 
size. 
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3.2.2.2 Microstructure by Transmission Electron microscopy (TEM) observation. 
Figure 35(a) shows a bright-field (BF) plan-view TEM image of the B-doped p-BaSi2 grown at 
TB=1450 oC, and Ts=600 oC. The incident electron beam direction was approximately parallel to the 
BaSi2 [100] zone axis, but was slightly tilted in order to clearly see the GBs. After magnification of 
the image, it was observed that in the B-doped polycrystalline BaSi2 thin film the B-clusters 
(nano-clusters) of approximately 3 nm were distributed equally over the sample. Because GBs are 
parallel to the surface normal, their contrast vanishes in the exact [100] zone axis. The BaSi2 grain 
size is approximately 0.1–0.3 µm. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 35(b) shows the BF image in the BaSi2 [100] crystal zone axis neighborhood. Many 
fine particles of approximately 3 nm were also observed here, but show black contrast because 
crystallographic orientation (off Bragg conditions) is different from the field of vision for the image 
shown in Fig. 35(a). It can be speculated that these B-microstructures (black spot) could possibly 
arises due to the precipitation of B-atoms above the solid solubility limit in BaSi2. There is no 
report available about the solid solubility limit for impurity doping into BaSi2.   

Figure 36(a) gives the comparison of DF TEM images among three different diffraction 
conditions. The middle diffraction pattern shown in Fig. 36(a), shows the SAED of BaSi2 DF image 
in the exact BaSi2 [100] crystal zone axis. In the crystallographic orientation of each crystal grain, 
there is a 120 degree rotation symmetry relation that cannot be distinguished on the diffraction 
pattern because the plane separation of the (011) side and the (002) side is extremely close. 

Figure 36 presents the SAED pattern obtained from the area, including several BaSi2 grains 
in the [100] zone axis. Considering that the GBs are caused by three different a-axis-oriented BaSi2 
epitaxial variants rotated from each other by 120 degrees with respect to the surface normal, the 

(b)                                              (b)                                         

Fig. 35 (a) BF TEM image near the [100] zone axis of B-doped BaSi2, and (b) Plan-view BF TEM 
image near the [100] zone axis of B-doped BaSi2 with off-brag’s condition for sample grown at 
TB=1450 oC, and Ts=600 oC. 
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(002),(011), and (020) spots can be grouped into threes, shown in blue, green, and red colors, 
respectively in Figs.36(b)-36(d). Considering the green and blue epitaxial variants, for example, the 
green (011) plane is parallel to the blue (002) plane. It is difficult to distinguish the green (011) 
plane from the blue (002) plane in the SAED pattern because the lattice spacing, d, are almost the 
same, with, d(011) =0.586 nm and d(002) = 0.579 nm. 

The g vector shows contrast such that only <004>, namely crystal grain that satisfying the 
{004} diffraction electron condition, is bright in a dark field image (with a different field of vision 
for each diffraction vector). 

 
 
 
 

Figures 36(a)-(c) show SAED patterns obtained from single grain regions under two-beam 
diffraction conditions. The diffraction vectors g were set to be <004> for the three epitaxial variants 
shown by blue, red and green in Fig. 36(a). Under these conditions, the diffraction spot 
corresponding to the (004) plane becomes bright, as seen in Figs. 36(b)-(d), while others spots 
denoted by (00n) (n= ±1, ±2, ±3,…) can also be seen. These facts can help to distinguish the (002) 
plane from the (011) plane. 

Figures 37(a)–(c) show DF plan-view TEM images using <004> plane reflections observed 
in the same sample region. The diffraction conditions of these DF images are the same as those in 

Fig. 36(a) red, green and blue color spots gives SAED pattern (crystallographic orientation) obtained 
from the area including several BaSi2 grains in the exact [100] zone axis. SAED patterns obtained 
from single grain regions under two-beam diffraction conditions, where the diffraction vectors g 
were set to three different <004> directions as shown in Fig. 37(a), (b) and (c) respectively. 

 (a)                                                                                       

 (d)         

 (c)                                                                               

 (b)                                                                                       
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Fig. 36. Under these conditions, B-doped BaSi2 grains satisfying Bragg’s condition of diffraction, 
indicated by the blue, red, or green-colored domain, are represented as being bright in these images. 
In other words, one of the three BaSi2 epitaxial variants becomes bright in each figure 
corresponding to Fig. 37(d), which shows three epitaxial variants in BaSi2. It should be noted that 
the superposition of bright regions in Figs. 37(a)–(c), cover the whole surface of B-doped BaSi2. 
Contrast accomplished only with a bright crystal grain such that the g vector corresponds to <004> 
is shown, and the particle diameter is within the range of 0.2-0.3 nm. The B-doped BaSi2 grain size 
is approximately 0.1–0.3 µm. The grain boundary is an infinite form and it shows that the clear 
crystal face could not be seen in this sample. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 38 shows the BF image in the BaSi2 [100] crystal zone axis neighborhood, for sample grown 
at TB=1550 oC, and Ts=600 oC. Many fine particles of slightly larger size around 5 nm, were 

 (a)                               (b)                          (c)                                    

 (d)                                    

Fig. 37(a)–(c) DF TEM images under a two-beam diffraction condition. The diffraction vector g was 
set to be <004> for each epitaxial variant. Schematics of three epitaxial variant sof BaSi2 are shown 
for the sample grown at TB=1450 oC, and Ts=600 oC and (d) shows three epitaxial variant planes. 
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observed here, as compared to the size of particles in Fig. 35, grown at TB=1450 oC and Ts=600 oC. 
It can be speculated that size expansion of the B-microstructure (black regions) could possibly 
arises due to further increases of B-source temperature, which in return increases the precipitation 
of Boron atoms above the solid solubility limit in B-doped BaSi2 this can be seen in the 
out-of-plane XRD pattern. 

  
 
 

3.2.2.3 B-atomic concentrations in BaSi2 as-grown samples by SIMS 
Figure 39(a) shows the SIMS profiles of B atoms in samples A, C, and E. SIMS measurements 
revealed that the doped B atoms have relatively uniform distribution within the BaSi2 layers. The 
average B concentration, NB, was approximately 3×1020, 2×1021 and 1×1022 cm-3 for samples A, C, 
and E, respectively. 
 
 
 
 
 
 
 
 
 
 
 
     

B concentrations in the SIMS profiles were corrected using reference samples, where a 
controlled number of B atoms were doped in the BaSi2 films by ion implantations. The obtained B 
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Fig. 38 Plan-view BF TEM image near the [100] zone axis of B-doped BaSi2, for the 
as-grown sample at TB=1550 oC and Ts=600 oC. 

Fig. 39 (a) SIMS depth profiles of B-atoms and (b) B-density Vs vapor pressure in samples 
A, C and E, grown at TB= 1350, 1450, and 1550 °C, respectively. 
. 

 (a)                                         (b)                                                                                           
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concentrations are explained relatively well by the difference in vapor pressure of B as shown in Fig. 
39(b). The NB value in sample E was larger than that in sample C by 6 or 7 times. It is reasonable to 
think that the vapor pressure of B at 1550 °C is approximately 7 times larger than that at 1450 °C 
[13]. There is no diffusion tendency toward the substrate and very sharp edges were obtained at the 
hetro-interface. 
3.2.2.4 Electrical Properties of B-doped BaSi2 as-grown samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B-doped as-grown BaSi2 showed p-type conductivity for samples E-G. But the sample 
grown at TB=1575 °C (G) is heavy-doped and might contain more precipitation than the sample 
grown at TB=1550°C (E). Therefore, sample E was chosen for electrical investigation. Figure 40(a) 
shows temperature dependence of hole concentrations in as-grown sample E. The hole 
concentration reached 1.0×1019 cm-3 at RT, and then decreased with decreasing temperature until 27 
K. The acceptor level, EA, calculated using Eq. (6) was 23 meV.   

)2exp(-
B
A
Tk

Ep                    (6) 

In equation 6, kB is the Boltzmann’s constant, and T the absolute temperature. The EA value is much 
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Fig. 40(a) hole concentration vs temperature for B-doped p-BaSi2 as-grown sample grown at 
TB=1550 °C (sample H), (b) Temperature dependence of I-V characteristics and (c) 
Temperature dependence of resistivity as well as hole concentration for B-doped BaSi2 films 
grown at TB=1550 °C. 
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smaller than those in Al-doped BaSi2 (EA=50, and 140 meV).11 Such a shallow acceptor level of 23 
meV could be the reason for heavily p-type doping in sample E as well. 

Figure 40(b) gives the resistance between the two electrodes, which consists of contact 
resistance at the BaSi2/AuCr and BaSi2 bulk resistance. The resistance decreases by a factor of 3 
when the temperature decreases from 300 K to 27 K during I-V measurement. This change can also 
be explained by the change in resistivity of B-doped BaSi2 as shown in Fig. 40(c). This means that 
the contact resistance is smaller than the bulk resistance in this temperature range, thereby showing 
that good electrical contacts are formed on the surface.  

For other as-grown samples other than E-G, however, it was difficult to obtain reliable 
carrier concentrations and mobilities due to difficulties in forming ohmic contacts on the surface. 
During TEM investigation the nano-microstructures of the B-crystals were found and conduction of 
RTA treatment for a limited number of samples was decided. In the next section the RTA 
experiments and the detailed investigations of the RTA treated samples are discussed. 
3.3 RTA TREATMENT OF in-situ B-DOPED BaSi2 GROWN AT TS=600 °C, TB=1350-1550°C  
According to what was previously established about the as-grown samples other than E-G, it is 
difficult to obtain reliable carrier concentrations and mobilities due to the difficulties in forming 
ohmic contacts on the surface. During the XRD pattern and TEM observation the nano-structure of 
precipitated B-crystal were found and was realized by using the RTA for B-activation in the 
B-doped BaSi2 thin film.  
3.3.1 Experimental Procedures  
RTA was performed for samples A, C, E and G under Ar at 800 °C for 0.5, 1 and 2 min for electrical 
activation of B-atoms in BaSi2. The heating rate was 40 °C/s during RTA treatment. The electrical 
properties were characterized by Hall measurements using the van der Pauw method. The applied 
magnetic field was 0.7 T, normal to the sample surface. A few samples were also investigated by 
XRD, AFM and TEM to see the influence of RTA on the crystalinity and boron precipitation. 
3.3.2 Crystallininty by XRD and AFM  
After RTA treatment, the crystalline quality of the B-doped BaSi2 thin films was uncertain and 
therefore XRD measurement was conducted. Figure 4 shows the -2  XRD patterns of B-doped 
BaSi2 films grown with TB=1550 °C after RTA treatment. The diffraction peaks of (100)-oriented 
BaSi2, such as (200), (400) and (600), are dominant in the grown sample even after RTA treatment. 

Figures 42(a)-(b) show that RTA gives rise to the isolated, large size islands, which are 
vertically aligned and more regular in nature compared to the as grown sample shown in Figs. 34 
(c)-(d). This indicates that RTA is a good technique to improve the crystalline quality of the grown 
sample. 
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3.3.3 Microstructure Characterization by TEM 
In Fig. 43(a) cracks and curvature were found in some part of thin-film during TEM, observation in 
the [110] direction of BaSi2 and therefore complete observation could not be accomplished. It can 
be speculated that the cracks were caused by RTA due to the difference between thermal expansion 
coefficient of Si and BaSi2 at the hetro-interface. However, the particles of the dark contrast of Fig. 
43(a) are in [1-10] direction (SAED reference, Fig 44(a)), and the large grain size of BaSi2 can be 
estimated at about 0.5 micrometer from these results, as indicated by the “A” and “B” zones in Fig. 
43(b). 

Figure 44(a) gives the SAED pattern in [1-10] zone axis of B-doped p+-BaSi2 after 
treatment. The bright diffraction spot oriented in {111} sides is also observed, and it is considered 
that the cluster origin containing boron and the same could be seen in the XRD peaks like B(110) 
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Fig. 41 θ-2θ XRD patterns of B-doped p-BaSi2 for, the sample grown with TB=1550 oC 
and TS=600 °C after RTA treatment. 

  (a)                                   (b)                      
(c) 

Fig. 42 B-doped BaSi2 surface morphology: after RTA treatment, of the grown sample at TB=1550 
oC, TS=600 oC having AFM images size 1 μm × 1 μm and (b), 3D-AFM image of the same sample. 
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and B(220) as shown in Fig. 33. Precipitation free B-doped p-layer of BaSi2 is inevitable for solar 
cells. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 44(b) gives the DF image using {020}-{013} reflection from p+-BaSi2. In this image the 
p+-BaSi2 sample was kept a little tilted from the Bragg conditions during observation and 
emphasized on the diffraction pattern originated from the precipitated boron cluster, having 
diameter of 5 nm. The inset of Fig. 44(b) gives the SAED pattern in [1-10] zone axis of the same 

Fig. 43(a) plane-view DF TEM image near the[1-10] zone axis of BaSi2, grown with TB=1550 oC, 
TS=600 oC after RTA and (b) Plan-view DF TEM image near the[100] zone axis of BaSi2 with off 
Bragg condition. 

(a)                                          (b)                                                         

(a)                                          (b)                                                                                           

Fig. 44(a) SAED pattern in [1-10] zone axis of BaSi2 and (b) Dark field TEM images in a 
two-beam diffraction condition in case of sample prepared with TB=1550 oC, TS=600 oC after RTA. 
treatment. 
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sample. The TEM observation implies that we still have the precipitated boron atoms in the grown 
sample even at TB=1450oC and TS=600 oC. Therefore, it was realized to estimate the B-activation 
efficiency under these growth conditions. In the next subsection, the detailed model of activated 
B-atoms in BaSi2 is presented. 
3.3.4 Electrical Properties of in-situ B-doped BaSi2 after RTA Treatment  
For boron particle density estimation, we suppose that the inter-particle (precipitated boron) 
distance is the same in the 3D directions. From this the distance L can easily be estimated by using 
nm-scale ruler. The density of such particles dB-particle can also be approximated by a 1/L3 formulism, 
as shown in Fig. 45.  

 
 
 

The net volume (V) containing inactivated boron (cluster particle) as well as activated Boron in 
BaSi2 can be written as: 

 
 

(7) 
 

In equation 7, dB(SIMS) is the density of holes measured by SIMS and dB-in-particle is the number of 
boron atoms in the unit cell. In equation 7 D is the Boron particle dia (5nm), L is the Inter-particle 
distance (7nm), p is hole concentration=2×1020 cm-3, VB(SIMS)=2×1021 cm-3, dB-in-particle=36/0.706 
nm-3 and it is considered that 36 Boron atoms in a unit cell have a volume of 0.706 nm-3. The 
activation efficiency of boron was calculated using these data in Eq. (7), and it was found that 
approximately 10 % the boron atoms was activated in the grown sample. 
Table II Sample preparation: Growth temperature (TS), B-source temperature (TB), measured hole 
concentration (p) and mobility (p) are shown.  
Sample      TS         TB            p         p 
            (°C)       (°C)         (cm-3)     (cm2/V∙s) 
A         600        1350           -           - 
B         600        1400           -           - 
C         600        1450           -           - 
D         600        1500           -           - 
E         600        1550           1.0×1019    6.3 
F         600        1575           2.5×1018    8.3 
G         650        1450           6.5×1019    0.8 

Figure 46(a) presents the dependence of hole concentrations on RTA duration, tRTA, for 
samples A, C, E, and G. The growth conditions of these samples are given in the same figure. The 
hole concentration increased from 8.5×1016 to 6.0×1017 cm-3 for sample A when tRTA was increased 
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from 0.5 to 2 min. This behavior was similarly observed from 5.0×1017 to 1.6×1019 cm-3 for sample 
C. These results revealed that RTA is a very effective means to activate the B atoms in BaSi2, as 
reported in other materials such as Si, GaAs, GaN, and ZnO [45-48].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

For sample E, the hole concentration increased from 1.0×1019 to 2.7×1019 cm-3 after a 1 min RTA, 
but decreased down to 1.1×1019 cm-3 by further annealing. This might be caused by low TS for too 
large NB in sample E. We therefore decided to increase TS from 600 to 650 °C, and decrease NB 
from 1×1022 to 2×1021 cm-3 for sample G. As shown in Fig. 46(a), the hole concentration was 
increased further up to 2.0×1020 cm-3 after the 2 min RTA in sample G. This value is the highest ever 
achieved for BaSi2, indicating that a higher TS value improved the electrical activation efficiency of 
B atoms. The activation efficiency of B atoms in sample G can thus be estimated to, p/NB 
=2.0×1020/2×1021  10% after the 2 min RTA. The obtained p and hole mobility p were 
summarized in Fig. 46(b). As the hole concentration increases, the mobility decreases and this trend 
is usually predicted by ionized impurity scattering in conventional semiconductors. The hole 
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at TB=1350-1575 °C.  

  
(a)                   
 

  
(b)                            
 



47 

concentration of B-doped BaSi2 is well controlled in the range between 1016 and 1020 cm-3 at RT by 
changing the temperature of the B-Knudsen cell crucible and RTA treatment. 
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CHAPTER 4: CONDUCTION MECHANISMS IN IMPURITY-DOPED BaSi2 FILMS 
 
In this chapter detailed studies about the conduction mechanisms and carrier transport mechanisms 
are discussed. The most suitable and optimized samples from each impurity-doped BaSi2 thin film 
based on the crystalline quality and electrical characterization at RT, were chosen. It was not clear, 
whether carrier transport mechanisms in impurity doped BaSi2 could be well explained by 
Shklovskii-Efros (SE)-type and Mott-type variable range hopping (VRH) conduction. Therefore, 
the conduction mechanisms were studied in impurity-doped BaSi2 to quantify the existence of 
defects levels in the forbidden energy band gap. 
4.1 BACKGROUND OF HOPPING CONDUCTION IN SEMICONDUCTOR 
It is very common in semiconductors that exhibit intrinsic conductivity from the valence band to the 
conduction band at sufficiently high temperatures caused by thermal activation of carriers. But in 
case of a wide band gap material a rapid decrease of this kind of conduction process at lower 
temperatures could happen. Therefore, shallow impurities levels can be the most important provider 
of free carriers as their ionization energy is much lower than the band gap energy, as shown in 
 Fig. 47(a).  
 
 

 
 
 
 

At low temperatures the thermal activation energy is so small that the carriers are re-captured by the 
impurities atoms. This is a gradual process known as freeze-out process.  

If we further decrease the temperature, then the impurities are completely frozen out and 
the only prominent transport phenomenon could be possible due to hopping conduction. In case of 
non-compensated n-type semiconductor the hopping conduction could be happen, and the electron 
is removed from a neutral donor site (Do ) and moves to a neighboring neutral donor site, where it 
creates an overcharged impurity (D- ) [49], as shown in Fig. 47 (b).  
The conductivity σ caused by this kind of thermally activated process, can be characterized by an 
activation energy ε2 as:  

          (8) 
 

In Equation 8, σ2 and ε2 depend on the average distance between the impurities atoms.  
22 exp( )Bk T
  

(a)                                       (b)                                                                                           

Fig. 47(a) transport mechanism at low temperature and (b), Nearest neighbor hopping 
illustrated in a n-type semiconductor. The electron is transferred from a (Do) donor to a 
neighbor (Do) donor by creating an overcharged impurity (D- ). 
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When the donor concentration is slightly compensated by a frozen acceptor doping in 
n-type semiconductor then another type of hopping conduction mechanism can happen in the 
energy band gap. In this mechanism, the acceptors are ionized with carriers from the impurity band, 
and leaving behind positively charged donor sites in the impurity band even at the lowest 
temperature. In such situation carrier hopping effect can be observed, where the electron of a 
neutral donor site is transferred to a positively charged neighbor donor site. This process is assisted 
by the absorption and emission of a phonon, lifting the electron to an excited intermediate state as 
illustrated in Fig. 48(a).  
 
 

 
 
 
 
 

 
Figure 47(a) transport mechanism at low temperature and (b) nearest neighbor hopping illustrated in a n-type 
semiconductor. The electron is transferred from a (Do) donor to a neighbor (Do) donor by creating an 
overcharged impurity (D-). 
The conductance of Fig. 48 (a), can be well described by thermal activation energy (ε3) [50,51] as: 
          (9) 
This nearest neighbor hopping process is the most important hopping conduction mechanism within 
the semiconductor devices. 

At very low temperatures another important hopping transport process can be occurred, it 
is known as variable-range hopping mechanism. When the thermal energy (kBT) becomes very low 
then the hopping carrier may not find a suitable energy state within the possible range at neighbor 
impurity sites. In this situation the carrier may be transferred to a more distant site (range) despite of 
the small wave-function overlap [51,52] as shown in Fig. 48(b). The variable-range hopping 
mechanism is very important to be investigated in impurity doped regions of Si-thin film solar cells 
and BaSi2 thin film solar cells. 

The conduction mechanism can be investigated from the temperature dependence of 
resistivity ρ, of impurity-doped BaSi2 thin films. In general, at low temperatures, carriers in a 
system having disorder caused by, for example, careers are thought to hop from one impurity atom 
to the next, and the Coulomb potential around the impurity atom is overcome by means of thermal 

33 exp( )Bk T
  

Fig. 48(a) nearest neighbor hopping conduction illustrated in a n-type semiconductor band gap. 
The electron is transferred from a (Do) donor to a (D+) donor by the assistance of a phonon 
absorption and emission process and (b) variable range hopping (VRH) conduction illustrated in 
a n-type semiconductor. The electron is transferred from a (Do) donor to a distant site (Do) donor 
by creating an overcharged impurity (D- ). 
. 

(a)                                     (b)                                                                                           
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energy. The conductivity in such a system is determined by a hopping transport, where the 
resistivity ρ has been found to follow the law           , where T* is the characteristic 
temperature, and q is the parameter determining the Mott-type (q=2) or the Shklovskii–Efros (SE) 
type (q=4) variable-range hopping (VRH) conduction [51–53].   
 
4.2 CONDUCTION MECHANISMS IN IMPURITY –DOPED BaSi2 THIN FILMS 
Conduction mechanisms at low temperature, is an interesting technique to find the clue of defects 
levels as well as hopping conduction in the forbidden energy band gap. However, the number of 
experimental reports available on the subject of conduction mechanism in doped BaSi2 has been nil. 
The main objective of this research is to discuss about the conduction mechanisms in impurity 
doping of Sb, In, Ga, Al, Ag, Cu, and B into BaSi2 thin films and then to qualify some of the 
impurity-doping candidates for Solar cell application. In the next subsection experimental 
procedures are discussed. 
4.2.1 Experimental Procedures 
An ion-pumped MBE system equipped with standard Knudsen cells was used for Ba, Al, Ga, In, Sb, 
Ag, Cu, and B and an electron-beam evaporation source was used for Si. Electrical measurements 
were conducted using high-resistivity floating-zone p-Si(111) (ρ=1000–6000 Ω·cm) substrates. All 
the substrate were washed and cleaned by standard procedure as mentioned in section 2.1. After 
cleaning the Si(111) substrate at 850 °C for 30 min in ultrahigh vacuum, a well-developed 7×7 
reflection high-energy electron diffraction (RHEED) pattern was confirmed. RHEED patterns were 
observed along the [1–10] azimuth of the Si(111) substrate.  

MBE growth of Cu- or Ag-doped BaSi2 films was carried out as follows. First, a 10 nm 
thick BaSi2 epitaxial film was formed on Si(111) at 550 °C by RDE, which was then used as a 
template for the BaSi2 over layers. Next, Ba, Cu (or Ag), and Si were co-evaporated to form Cu (or 
Ag)-doped BaSi2 at 600 °C by MBE. The thickness of the grown layers including the template was 
230-310 nm. The amount of Cu (or Ag) atoms doped in BaSi2 was varied by changing the 
temperature of the Cu (TCu) and Ag (TAg) sources. The ratio of the Cu to Ba vapor pressure (Cu/Ba 
ratio) was varied from approximately 10-4 to 1 by changing TCu from 800 to 1200 °C. The ratio of 
the Ag to Ba vapor pressure (Ag/Ba ratio) was varied from approximately 10-5 to 1 by changing TAg 
from 600 to 900 °C. The Ba source temperature was fixed at around 500 °C and Sb, In, Al, and 
Ga-doped BaSi2 films were also prepared for transport studies using various source temperatures. 
Details on the procedures for the MBE growth of Sb, In, Al, and Ga-doped BaSi2 films have been 
reported elsewhere [17,18]. Table III summarizes the carrier types and carrier concentrations in the 
impurity-doped BaSi2 films used for the transport studies. One sample was selected from each 
impurity-doped BaSi2 film, as shown in Table III, and the temperature dependence of resistivity was 
measured at temperatures between 20 and 300 K. 

The crystal quality of the grown layers was characterized using X-ray diffraction (XRD) 
and RHEED. The diffraction peaks of (100)-oriented BaSi2, such as (200), (400) and (600), are 
dominant in the -2  XRD patterns, and other diffraction peaks other than those of (100)-oriented 

1log ( ) qTT 



52 

0.04 0.06 0.08 0.10 0.12 0.14 0.16
0.01

0.1

1

10
0.22 0.24 0.26 0.28 0.30 0.32 0.34 0.36 0.38

1

10

T -1/4 [K-1/4]

Log
   [

  
cm

]

T -1/2 [K-1/2]

 

B-doped p-BaSi2

 

 

for all impurity doped-BaSi2 thin film samples. For electrical measurement, 1 mm diameter Au/Cr 
electrodes were evaporated on the sample film. The carrier type, carrier concentration and mobility 
were characterized by Hall Effect measurements using the van der Pauw method. A magnetic field 
of approximately 0.2 T was applied normal to the sample surface. Ba source temperature was fixed 
at around 500 °C. Sb, In, Ga, and Al-doped BaSi2 films were also prepared for transport studies 
using various source temperatures. Details on the procedures for the MBE growth of Sb, In, Al, and  
Ga-doped BaSi2 films have been reported sec 2.1. The Ag, Cu and B-doped BaSi2 samples growth 
procedure are given in section 2.1, 2.2 and 3.2 respectively. Table III summarizes the carrier types 
and carrier concentrations in the impurity-doped BaSi2 films used for the transport studies. The 
conductivity type of the Si substrates and the temperatures of impurity sources were also described.  

 
 
 
 
 
 
 
 
 
 
 
 

One sample was chosen from each impurity-doped BaSi2 films, as shown in Table III, and the 
temperature dependence of resistivity was measured at temperature between 20 and 300 K. In order 
to clarify the influence of the high-resistive thick (500 μm) FZ-Si substrates on the measured 
electrical properties of impurity-doped BaSi2 films, we also fabricated silicon-on-insulator (SOI) 
substrates with approximately 0.7-μm-thick Si layers with a (111) orientation. 
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Fig. 49, Logarithmic dependence of resistivity on 1/T1/2 and 1/T1/4 for (a) Sb-doped n-type (b) 
In-doped p-type and (c) B-doped p-type BaSi2, which depict non-linear behavior. 

(c)                                                                                   
(f) 
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Here, the SOI substrate was formed by bonding together the n-FZ-Si(111) substrate (ρ=1000–6000 
Ω·cm) and a quarts substrate. Following bonding, the Si substrate was thinned to approximately 0.7 
μm by grinding mechanically and by chemical mechanical polishing processes. Detailed data of 
electrical characterizations of the samples are given in Table III for impurity (Sb, In, Ga, Al, Ag, 
and Cu)-doped BaSi2 films at RT. Each sample was selected from each impurity-doped BaSi2 film, 
Sb, In, Ga, Al, Cu, Ag and B-doped BaSi2, and the temperature dependence of resistivity was 
measured at temperatures between 20 and 300 K. 
4.2.2 Results and Discussion 
As a beginning, we examined the results on Al-doped BaSi2 films on the n-type SOI substrate.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Since the resistance of the 0.7-μm-thick n-Si layers on the SOI substrate is approximately 700 times 
greater than that of the 500-μm-thick n-type FZ-Si, we would expect to see differences among the 
samples if the influence of current flow in the n-Si substrate is significant. 

As shown in Table III, the difference in the measured hole concentrations between samples 
D and G is small. It is true that we cannot exclude all the influences of the 500-μm-thick FZ-Si 
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Fig. 50, Logarithmic dependence of resistivity on 1/T1/2 and 1/T1/4 for (a) Ga-doped n-type 
(b) Al-doped p-type, (c) Ag-doped p-type and (d) Cu-doped n-type BaSi2, which depict 
linear behavior. 

c)                                                                                 
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substrate on the measured values in samples A–F; however it is reasonable to suppose that the 
influence is not so significant. 

 
Table III Carrier type and concentration of impurity (Sb, In, Ga, Al, Ag, Cu& B)-doped BaSi2 films.  
 
Sample    Impurity          Carrier type       Carrier concentration at RT 
                                                        (cm-3) 
A    Sb                     n                       3×1019         
B    In                     p                       2×1017 
C    Ga                     n                     1×1016 
D    Al                      p                       7×1016 
E    Ag                     p                   3×1016  
F    Cu                     n                   1×1019 
G    B                     p                   1×1019 

 
Figures 49(a)-(c) shows the logarithmic dependence of resistivity on both 1/T1/2 and 1/T1/4 for Sb, In, 
B-doped BaSi2, respectively, where non-linear behaviors were observed for Sb, In and B-doped 
BaSi2, which confirmed that the carrier transport could not be explained SE-type and VRH 
conduction. In contrast, the linear behaviors were observed for Ga, Al, Ag and Cu as shown in Figs. 
50(a), (b), (c) and (d) which indicates that the carrier transport in the films can be explained by 
SE-type and VRH conduction. However, both types of hopping conduction are observed in Ga, Al, 
Ag, and Cu-doped BaSi2, which suggests that there is a certain amount of defect levels in the 
forbidden energy gap. Both types of conduction mechanism have been extensively studied [33,34]. 
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CHAPTER 5: OPTMIZATION OF B-DOPING AND P-N JUNCTION OF BaSi2 THIN FILM 
SOLAR CELLS   
Kobayashi et al. established that the electron concentration of Sb-doped n-BaSi2 was well 
controlled in the range between 1017 and 1020 cm-3 at RT [18]. In chapter 3 it was also established 
that the hole concentration of B-doped p-BaSi2 was controlled in the range between 1016 and 1020 
cm-3. It is also established that the B-doped BaSi2 could be a good choice for different region of p-n 
junction of BaSi2 Solar cells from Group-III-A. However, previous studies have been encumbered 
by the presence of precipitated boron cluster from elemental boron doping source with low substrate 
temperature as well as high B-source temperature. These two factors led to incorporation of defects, 
precipitation and impairing of crystalline quality (Deterioration of electrical properties with small 
activation efficiency of B-doped BaSi2). It is also important to grow high quality of p-n junction 
having no precipitation of B-clusters and large grain. Diffusion as well as segregation phenomena 
are also important to be investigated. It is therefore necessary to find, the optimum growth condition, 
for B-doped BaSi2, so that B-precipitation free p+-layer could be accomplished. The influences of 
B-doping on the energy band gap shrinkage and acceptor energy level in B-doped BaSi2 are useful 
information for p-n junction solar cell application 
5.1 BACKGROUND 
Conversion efficiency is theoretically determined by the energy band gap of the semiconductor 
materials used. The band gap strongly depends on the careers concentration and good crystalline 
quality. In this persuasion, the detailed investigation of B-doped BaSi2 thin films ware 
accomplished in chapter-3. It has been established that the hole concentration of B-doped p-BaSi2 
was well controlled in the range between 1016 and 1020 cm-3 and the highest hole concentration over 
1020 cm-3 were achieved fist ever. However, the B-precipitated sample gives acceptor energy level 
of about 23 meV, but we need the acceptor energy level having no B-precipitation. 

Therefore, it was observed by TEM observation, that B-doped BaSi2 shows precipitation of 
B-atoms and B-atoms were not fully activated as well. These precipitated B-atoms could possibly 
degrade the electrical properties of the thin film solar cell. Therefore it was seriously realized to 
overcome the B-precipitation and find solid solubility limit of B-atoms in the host BaSi2 thin films. 
Fully activated B-atoms in BaSi2 could give most reliable energy band gap, acceptor energy level 
and hole concentrations for solar cell application. In the next section, the sample preparation for 
band gap measurement is presented in detail. 
5.2 MBE Growth of B-doped p-BaSi2 on SOI for Energy Band Gap Measurement 
Recent achievements in elucidation of the photoresponse properties of BaSi2 epilayers on Si(111) 
and polycrystalline BaSi2 layers on SiO2 have increased our interest in this material [14,16]. 
However, uncertainties remains in the experimentally obtained band gap values and absorption 
coefficient of un-doped BaSi2 as well as impurity doped BaSi2. In the case of B-doped and Sb-BaSi2 
on a Si(111) substrate, however, reliable absorption measurements and energy band gap have yet to 
be conducted because the thick Si substrate absorbs most of the incident light in a transmission 
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configuration. In our previous work, polycrystalline BaSi2 film on a transparent fused silica 
substrate covered with polycrystalline Si layers was prepared. It was reported that the absorption 
coefficient value could exceeds 104 cm-1 at 1.5 eV and the indirect optical absorption edge is 
approximately 1.3 eV [4]. Although there have been a few reports on the optical properties of bulk 
BaSi2, these samples were not single crystalline but rather polycrystalline BaSi2 [55, 56]. However, 
there is no report about the energy band gap measurement of impurity-doped BaSi2. In order to 
ensure both high quality B-doped p-BaSi2 epitaxial films and transparency of the substrate at the 
same time, we used a transparent silicon-on-insulator (SOI) substrate with (111)-oriented Si layers 
with submicron thickness.  
5.2.1 Experimental Procedures 
SOI substrates were fabricated by using wafer bonding at RT as well as chemical mechanical 
polishing (CMP) process. During processing, first, 500-µm-thick high-resistive Si(111) ( ρ > 1000 
Ω-cm) and 500-µm-thick fused silica wafers were bonded at RT. Then, the Si wafer was 
mechanically ground and polished by CMP down to about 0.7 µm approximate thickness. Oxide 
layers on the surface of the SOI substrate were etched away by diluted hydrofluoric acid, just before 
loading the substrates into the MBE chamber and then thermal treatment was performed at 590 oC 
for 20 min in ultrahigh vacuum environment to clean the hydrogen-terminated surface. A 
20-nm-thick BaSi2 template layer was then formed at 506 oC using RDE, prior to the deposition of 
208-nm-thick B-doped BaSi2 sample-Eg by MBE, where B, Ba and Si atoms were co-deposited at 
650 oC by an electron-beam gun and a Knudsen cell, respectively.  

RHEED and θ-2θ-XRD patterns were utilized to evaluate the crystalline quality of the 
B-doped p-BaSi2 layers both in-plane and out of plane orientation. A JASCO U-best 570 
spectrophotometer was employed to measure the transmission spectra of the samples.  
5.2.2 Results and Discussion 
(1×1) streaky pattern of Si(111) on SOI after thermal cleaning at 590 oC, were confirmed, as shown 
in Fig. 51(a). Figure 51(b) shows spot and streaky RHEED patterns after RDE-growth of BaSi2 
template layer along Si[11-2] azimuth. After MBE growth of B-doped BaSi2, the incident electron 
beam was set along Si[1-10], shown in Fig. 52(a) and along Si[11-2] directions, as shown in Fig. 
52(b). 
 
 
 
 
 
 
 
 
 
 

Fig. 51(a) 1×1 RHEED pattern after thermal cleaning of Si on SOI at 590 oC, observed along 
<11-2> azimuth and (b) RHEED pattern after RDE growth along Si[11-2] azimuth. 

 (a)                                                (c) 
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B-doped BaSi2 epitaxial growth on the Si layer of the SOI substrates was successfully accomplished 
after the RDE growth, as shown in Figs. 52(a) and 52(b). Since all these RHEED patterns results 
before and after MBE growth determined that the B-doped p-BaSi2 thin film was successfully 
grown on Si layer of the SOI substrate. 
 
 
 
 
 
 
 
 
 
Figure 53 shows the θ-2θ XRD patterns of the B-doped BaSi2 films grown on the SOI and Si(111) 
substrates, respectively. The diffraction peaks originated from (100)-oriented BaSi2 planes, such as 
(200), (400), (600) planes are dominant. For the B-doped p-BaSi2 epitaxial film on the SOI 
substrate, the peak intensities of these planes were almost the same as those in the BaSi2 epitaxial 
film on the Si(111) substrate. These results indicate that the crystalline quality of the B-doped 
p-BaSi2 film on the SOI substrate was equivalent to that on the single-crystalline Si(111) substrate. 
The transmission spectrum for the B-doped p-BaSi2/SOI structure is given in Fig. 54(a). It is can be 
thought that this spectrum was significantly influenced by an interference effect within the 
0.7-µm-thick Si layers. The Si layers were very thin and flat due to the CMP process, so that these 
interference fringes were superimposed on the spectrum. To derive interference-free transmission 
spectrum, the well know equation given in [57], were used:  
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Fig. 52(a) RHEED patterns after MBE growth along Si[11-2] and (b) along Si[1-10] azimuth. 

(a)                    (b)                                                           
(c) 

Fig.53 θ-2θ XRD patterns for the B-doped BaSi2 epitaxial film grown on Si layer of the SOI 
substrates, at TB= 1380 oC and TS= 650 oC. 



58 

0.8 1.2 1.6 2.0 2.4

0.5

1.0

1.5

2.0

2.5

 

 

( d
)1/2

Photon energy [eV]600 800 1000 1200 1400 1600 1800 20000

10

20

30

40

50

60

 

 

Tra
nsm

itta
nce

[%
]

Wavelength[nm]

As shown in Fig. 54(a), the transmission spectrum was fitted by the maximal extremes of the 
interference fringes (TM) and also by their minimal extremes (Tm). The interference-free 
transmission spectrum Tα, including the absorption in the Si layer can be calculated by taking 
geometric mean of TM and Tm using Eq.(10) as: 
          (10) 
Equation 10 can employed over the entire region of the transmission spectrum [57].   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 54(b) shows the (αd)1/2 versus (hv) plot for deriving the indirect optical absorption edge. The 
transmission spectrum was fitted by the maximal extremes of the interference fringes (TM) and also 
by their minimal extremes (Tm) as shown in Fig. 54(a). Assuming that the Si layers have a certain 
absorption coefficient on a transparent substrate, the interference-free transmission spectrum Tα can 
be expressed as just the geometric mean of TM and Tm using Eq.10, over the entire region of the 
transmission spectrum [14]. The Tα values were calculated by using the TM and Tm curves, and sing 
Tα, we could obtain the absorption spectrum. The straight line fitting intersects the horizontal axis at 
1.23 eV. Thus, the indirect absorption edge with phonon emission was about 1.23 eV. It is found 
that the absorption edge decreases by approximately 0.1 eV in heavily B-doped BaSi2 compared to 
undoped BaSi2. Thus, it shows that the B-doped BaSi2 does not influence the shrinkage of energy 
band gap for solar cell application. 
5.3 MBE Growth of B-doped p-BaSi2 on Si with New Growth Condition 
In chapter 3, the TEM observation shows the presence of precipitation of B-atoms and it was not 
fully activated in the BaSi2. First an effort was made to get the desire amount of B-atoms as well as 
hole concentration as a function Knudsen cell temperature. In this case it was found that RTA can 
enhance the hole concentrations but could not reduce strongly the precipitation of B-clusters. These 
precipitated B-atoms could possibly degrade the electrical properties of the thin film solar cell. 
Therefore it was seriously realized to overcome the B-precipitation and find solid solubility limit of 
B in BaSi2. Fully activated B-atoms in BaSi2 could give most reliable energy band gap, acceptor 
energy level and hole concentration for solar cell application. It is possible to reduce the defects 
levels in the forbidden band gap of BaSi2.  

It was therefore realized that there could be certain limit of Knudsen cell temperature as 

mMT T T 
(a)                                           (b)                    

Fig. 54(a) transmittance versus wavelength, and (b) gives (αd)1/2 versus hv plot for deriving 
the indirect optical absorption edge. 
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well as substrate temperature in MBE growth, where, we can enhance the career concentration 
without compromising on crystalline quality, precipitation of B-cluster and diffusion tendency in 
B-doped BaSi2. That novel p+-layer of BaSi2 having highest hole concentration, good crystalline 
quality, low diffusion tendency and low B-precipitation could bless us with profound enhancement 
in solar cell’s efficiency. 

The influence of both, growth temperature optimization as well as RTA treatment for B 
activation, precipitation and B-solubility limit determination will be discussed. At the end the most 
optimized growth condition and hole enhancement along with activation ratio will were discussed. 
At last but not the least, a novel p-n junction of BaSi2 thin film solar cell will be attempted. 
5.3.1 Experimental Procedures 
Details of the growth procedure for impurity-doped BaSi2 films have been previously described for 
In, Sb, Al, Cu and Ag-doped BaSi2 [4,18,20,39,40]. For electrical measurements, high-resistivity 
FZ-n-Si(111) (ρ>1000 Ω∙cm) substrates, having thickness about 380 µm were used. Substrates prior 
to each experiment were washed by the same standard procedure as given in Sec.2.1 for Ag-doped 
BaSi2. Briefly, MBE growth of B-doped p(p+)-BaSi2 films was carried out as follows. Firstly, a 
10-nm-thick BaSi2 epitaxial film was grown on Si(111) at 505 °C by RDE, and this was used as a 
template for the BaSi2 overlayers. Next, Ba, Si, and B were co-evaporated at 650 °C onto the BaSi2 
template to form impurity-doped BaSi2. The temperature of B, TB, was varied from 1350 to1380 °C 
in samples-X and-Y. The thickness of the grown layers including the template was approximately 
210 nm. Rapid thermal annealing (RTA) was also performed at 800 °C for 0.5 min, 1 min and 2 min 
in an Ar atmosphere (samples-X and-Y). We also focused on the detailed crystalline structure as 
well as B-precipitation peaks of B-doped BaSi2 by using, RHEED and XRD. In XRD both in-plane 
and out of plane surface were observed. 

Hole concentration and resistivity of B-doped p-BaSi2 epilayers were obtained from 
conductivity and Hall measurements using the van der Pauw configuration [59]. Hall measurements 
were performed under a magnetic field of 0.7 T, normal to the sample surface. Samples for Hall 
measurements have a minimum epilayer thickness of 210 nm. To determine the most reliable and 
optimize Acceptor energy level, the low temperature Hall measurement were accomplished in the 
temperature range [50-300 K]. 
  
 
  
 
 
 
 
 
 
 

(c)                                             (b)                                         
(d)                                                      

Fig. 55 a RHEED patterns of B-doped BaSi2 samples grown at Ts= 650 °C when TB is (a), 1350°C 
(sample-X) and (b) 1380°C (sample-Y), observed along the Si[11-2] azimuth. 
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Figure 56, gives the conceptual idea of out-of-Plane and in-Plane XRD measurement mechanism. 
5.3.2 RESULTS AND DISCUSSION 
5.3.2.1 Crystallinity by RHEED and XRD 
Figures 55(a)-(b) show streaky RHEED patterns, observed along the Si[11-2] azimuth of B-doped 
as-grown BaSi2 films prepared at TB=1350-1380 °C, TS=600 °C, which indicates that the 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 57 gives -2  XRD out-of-Plane patterns of B-doped BaSi2 films grown at (a), 
TS=650°C TB=1350 °C (Sample-X), (b), TS=650°C TB=1380 °C (Sample-Y) and (c) 
heavily B-doped at TS=600°C TB=1590 °C (heavily B-precipitated reference sample). 

 (b)                    

 (c)                    

(a)                    

Fig. 56 depiction of out-of-Plane and In-Plane XRD measurement mechanisms. 
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the epitaxial growth of B-doped BaSi2 films were grown successfully. In both sample epitaxial 
growth by MBE were achieved. 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 57(a)-(b) show the -2  XRD Out-Of-Plane patterns of B-doped as-grown BaSi2 films at 
TS=650°C. TB=1350-1380 °C, where diffraction peaks of (100)-oriented BaSi2, such as (200), (400) 
and (600), are dominant, which confirmed the epitaxial relationships between BaSi2 and Si, without 
any extra peaks originated from B-nano clusters (precipitation). Out-Of-plane XRD measurement 
shows no precipitated B-peaks in Sample-X and-Y respectively. 

But in contrast Fig. 57(c) shows the -2  out-of-Plane XRD patterns of heavily B-doped 
as-grown BaSi2 films with TS=600°C. TB=1590 °C, where two new diffraction peaks of 
rhombohedral B(110) around 2θ=36° and B(220) at 2θ=77°, were appeared in addition to 
(100)-oriented BaSi2, such as (200), (400) and (600) . This means that the crystalline quality starts 
to deteriorate with increasing B- atomic concentrations beyond TB=1400 °C, even with TS=600°C.  
This confirmed that the out-of-plane XRD for sample-X and sample-Y has no B-nano clusters 
(B-precipitation free).  

We were not sure about the existence of extra peaks originated from B-cluster in the 
in-Plane XRD measurement. It can be believed that the in-Plane XRD measurement is very 
sensitive for any unusual peaks. Therefore, we conducted in-Plane XRD-measurement of sample-X 
and sample-Y to confirm and verify the precipitation exclusion in these two novel samples. 

Figures 58(a)-(b) give 2 / -XRD In-Plane patterns of B-doped BaSi2 films grown at (a), 
TS=650°C TB=1350 °C, (Sample-X), and (b) TS=650°C TB=1380 °C, (Sample-Y), respectively.  
In both sample, diffraction peaks of Si (111) and BaSi2 (040) are dominant, which confirmed the 
exclusion of any extra peaks originated from B-nano clusters (precipitation). This new peak of 
BaSi2 (040) was observed for the first time in the in-plane XRD measurement. On the basis of these 
results, it can be concluded that the precipitation free epitaxial growth of B-doped BaSi2 with the 
new growth condition TS=650°C TB=1350-1380 °C were successfully achieved for the p+-layer of 
BaSi2 thin film solar cell. In the next section electrical characterization at RT as well as at low 
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Fig. 58 gives 2 / -XRD In-Plane patterns of B-doped BaSi2 films grown at (a), TS=650°C 
TB=1350 °C, (Sample-X), and (b), TS=650°C TB=1380 °C (Sample-Y). 
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temperature dependence of Sample-X will be presented. 
5.3.2.2 Electrical Properties by Hall measurement  
 
 
 
 
 
 
 
 
 
 
 
 
 
B-doped as-grown BaSi2 showed p-type conductivity for sample-X by using Hall measurement at 
RT. Figure 59(a) shows temperature dependence of hole concentrations in as-grown sample-X. The 
hole concentration reached 8×1019 cm-3 at RT, and then decreased to 7×1018 cm-3 with decreasing 
temperatures until 50 K. The acceptor level, EA, was calculated to be 20 meV using Eq. (11).   

)2exp(-
B
A
Tk

Ep                    (11) 

In equation 11, kB is the Boltzmann’s constant, and T the absolute temperature. This EA value is 
almost the same as-grown B-precipitated sample, grown at TS=600°C TB=1550 °C, as discussed in 
Chapter-3. The precipitated grown sample gives acceptor level of 23 meV. This EA= 20 meV for the 
as-grown sample-X could be more reliable acceptor level in the p-n junction. The activation 
efficiency of B atoms in sample-X can thus be estimated, that is, p/NB =8×1019/2×1020 40%. 

Figure 59(b) gives hole concentration enhancement from 2.8×1019 to 3.4×1019 cm-3 after 0.5, 
1 and 2 min RTA time for sample-Y. This value is the highest ever achieved for p+-BaSi2, having no 
B-precipitation shown by XRD and indicating that higher TS value as well as RTA treatment 
improved the electrical activation efficiency of B-atoms in BaSi2. It is worthwhile to mention 
further that the B-atoms may be substituted into Si atomic site instead of Ba-atomic site or 
interstitial site in BaSi2. Energetically there is some analogy between B- and In-atomic behaviors in 
the BaSi2. In the next section electrical characterization of novel p-n junction will be presented first. 
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Fig. 59(a) hole concentration Vs temperature for B-doped p-BaSi2 as-grown sample grown at 
TB=1350 °C (sample-X), and (b) gives dependence of hole concentration on tRTA for sample-Y. 
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5.4 MBE Growth of p-n junction of BaSi2 Thin Film Solar Cell 
After finding solubility limit of B-atoms in BaSi2 by using new growth condition, we grow p-n 
junction structure first to check the diffusion and segregation phenomenon and then to grow p-n 
structure for efficiency measurement in the near future. In the next section detail about the 
experimental procedures are given. 
5.4.1 Experimental Procedures 
For SIMS measurements, low-resistivity CZ-n-Si(111) (ρ≤ 0.005 Ω∙cm) substrates were used. 
Substrates prior to each experiment were washed by the same standard procedure as given in 
Sec.2.1 for Ag-doped BaSi2. Briefly, MBE growth of B-doped p-n junction of BaSi2 films was 
carried out as follows. Firstly, a 10-nm-thick BaSi2 epitaxial film was grown on Si(111) at 500 °C 
by RDE, and this was used as a template for the undoped BaSi2 overlayers. Next, Ba, and Si, were 
co-evaporated at 580 °C onto the BaSi2 template to form undoped BaSi2 absorption layer. Lastly Ba, 
Si, and B were co-evaporated at 580 °C onto the BaSi2 template to form B-doped BaSi2 
(60nm)/un-doped BaSi2 (280nm)/Si(111) structure. The temperature of B, TB, was kept at 1350 °C 
in samples Z. The thickness of the grown layers including the template was approximately 350 nm. 
The crystalline structure of sample Z were investigated by using, RHEED and XRD.  
The diffusion and segregation tendency were characterized by SIMS measurement.  

 
 

 
 
 
 
 
 
 
 
 
 
 

  (a)                                              (b)                                                      
Fig. 60 p-n structure B-doped BaSi2 (60nm)/un-doped BaSi2 (280nm)/Si(111). 

Fig. 61(a) RHEED pattern along Si[11-2] azimuth, for the samples Z grown at TS= 580 oC, and , TB= 
600 oC and (b) gives XRD pattern after MBE growth. 
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5.4.2 RESULTS AND DISCUSSION 
Figure 60 gives the overall p-n structure based on B-doped BaSi2 thin film. Figure 61(a), shows the 
RHEED patterns after MBE growth of sample Z along Si[11-2] azimuth and streaky pattern were 
observed, which indicates that samples with a-axis oriented BaSi2 were successfully grown.  
Figure 61(b) shows the dominant diffraction peaks of a-axis oriented-Si BaSi2 (200), (400), and 
(600) of B-doped BaSi2 on un-doped BaSi2/ Si in the as grown sample Z.  
 
 
 
 
 
 
 
 
 
 
 
 
     
SIMS measurements revealed that the doped B atoms are almost uniformly distributed within the 
BaSi2 layers and no segregation was found toward the un-doped BaSi2 as shown in Fig. 62. The 
average B-atomic concentration (NB) was found to be approximately 4×1019 cm-3. The relationship 
between B atoms could be confirmed from the Hall measurement data Fig. 46(a). In this case very 
sharp edges were obtained at the hetro-interface and no diffusion tendency toward the un-doped 
BaSi2/Si was found. It shows that the diffusion coefficient of B-doped BaSi2 might be small and the 
p-layer could be qualified for the p-n junction of solar cells. The future p-n junction of BaSi2 thin 
film solar cell will be attempted and theoretical models about the front and back side illumination of 
the cell is given in Apindix-A. The diffusion coefficient of B-doped BaSi2 is small and could 
possibly give small segregation tendency in BaSi2 [61]. In the next section ionization energies of 
donor and acceptors impurity levels in BaSi2 will be presented. 
5.5 IONIZATION ENERGY CHART OF IMPURITY DOPED BaSi2 THIN FILMS 
The good quality of p-n junction of solar cell that require abrupt doping profiles, an additional 
requirement is a small diffusion rate of the dopant, which minimizes profile smearing during 
subsequent thermal processing steps and electrical properties. It is important to study and 
understand the impurity doping influence on activation level or incorporation mechanism in BaSi2. 
The chart of the potential donors and acceptors levels of impurity (In, Sb, Al, Cu, Ag, P and B) in 
BaSi2 is summarized in Fig. 63. Based on the electrical properties and precipitation the B-doped 
BaSi2 and Sb-doped BaSi2 gives shallow levels. For the above reasons, Sb has become the best 

Fig. 62 SIMS depth profiles of B-doped BaSi2 (60nm)/un-doped BaSi2 (280nm)/Si(111) structure. 
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choice for heavy n-type doping of BaSi2 and B has become the best choice for heavy p-type doping 
of BaSi2.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 63 Ionization energy values chart for various dopants in BaSi2. 
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CHAPTER 6: SUMMARY AND FUTURE WORK  
 
The demand for low cost, eco-friendly and high efficiency energy resources imposes strict 
requirements on the choice of material selection. The impurity incorporation into the p-n junction as 
well as TJ of BaSi2 epitaxial layers without compromising the crystalline quality, precipitation of 
impurity atoms (nano-cluster) and diffusion tendency as well as maintaining good electrical 
properties of such materials are important issues for new generation thin film solar cells. Novel 
p+-layer of BaSi2 having highest hole concentration, good crystalline quality, low diffusion 
tendency and low B-precipitation could bless us with profound enhancement in solar cell efficiency. 
This dissertation has contributed to the understanding of all these issues one by one. This chapter 
focuses on the major contributions of this research work and also to discuss future avenues and 
challenges. Some un-addressed research problems will be considered in this chapter. 
6.1 PAST RESEARCH WORK  

Many semiconductor technologies and photovoltaic devices rely on the ability to fabricate 
two different types of electrically conducting layers: n-type and p-type. An electrically active 
dopant atom provides a free carrier to the conduction or valence band by creating an energy level 
that is very close to one of the bands (shallow levels). In other words good quality p-n junction 
diodes can be formed by impurity doping, where the electric field around the p-n junction can 
separate the photo-excited electron-hole pairs for photovoltaic power generation. An ideal dopant 
should therefore have a shallow donor/acceptor level and high solid solubility limit as well as 
minimum precipitation of impurity atoms. Control and optimization of carrier concentration is 
essential for any semiconductor devices. Some devices require moderate level of doped layers and 
some required heavily doped layers, which depends on the nature of device application and 
structure. For example in case of BaSi2 solar cell structure, heavily doped p+-layer is needed for 
both TJ and top layer of solar cells to form ohmic contact. 

Some investigations were conducted to study both theoretically and experimentally the 
epitaxial growth, crystalline quality and detail of electrical characterization by using 13-15th group 
impurity candidates like Sb, Ga, In and Al into BaSi2. Surface segregation and diffusion are two 
major problems that have been encountered during dopant incorporation in BaSi2 epitaxy. 
Crystallization of impurity atoms in the BaSi2 crystal were studied extensively. Special focus was 
given to the impurity atoms crystallization sites. During the MBE growth both Knudsen cell 
temperature and substrate temperature were used to control atomic concentrations and carrier 
concentrations along with crystalline investigation. The mechanism for impurity diffusion was 
investigated in the absence of other interfering factors, such as precipitation, solid solubility limit 
and dangling bond defects. Some thermodynamic problems, which in turn creates cracks in the 
grown samples of BaSi2 having thickness more than 250 nm during MBE growth as well as after 
RTA treatment could be possibly due to strain and stress relaxation phenomena. The understandings 
of root causes of this issue are very important for the fabrication of BaSi2 films.  
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Electron concentration in Ga doped n-BaSi2 could not be controlled and it behaves contrary to the 
theoretical conductivity, which is p-type. The actual status of Ga-doping into the BaSi2 is still 
unresolved research issue for the both experimental as well as theoretical physicists. The other 
impurity candidates like In, Al and Sb in BaSi2 thin films give a similar type of conductivity after 
theoretical and experimental investigation. 

MBE (In-situ) epitaxial growths of Sb-doped BaSi2 were successfully accomplished. The electron 
concentration was controlled in the range from 1016 and 1020 cm-3 in Sb-doped n(n+)-type BaSi2, 
thin films. Sb-atoms show low diffusion tendency in BaSi2 both toward the Si substrate as well as 
toward the undoped n-BaSi2 layer, after introducing delta-layer by SPE. Sb-doped BaSi2 activation 
energy level measurements were not attempted and the ohmic contact at low temperature was not 
resolved. The measurement of NDR effect across the TJ was not successful due to the existence of 
some defects level in the band gap of Sb-doped p-n structure. The determination of solid solubility 
limit of Sb-atoms in BaSi2 is still an open research problem.  

MBE (In-situ) epitaxial growths of In, and Al-doped BaSi2 were also successfully accomplished, 
where hole concentration were limited to 1017cm-3. Al-doped BaSi2 showed a severe diffusion 
tendency toward the Si substrate. It is necessary to have heavy hole concentration, shallow energy 
levels and low diffusion tendency for p-n junction application. This was extensively investigated to 
see the influence of both growth temperature as well as Knudsen cell temperature variation on the 
impurity atomic incorporation in the crystallized BaSi2. This means that the important n(n+) aspect 
of the BaSi2 p-n junction was successfully achieved but the remaining p(p+) aspect yet to be 
achieved.  

Therefore an effort was made in this dissertation to find more suitable impurity doping candidates 
for the formation p+-layer for the TJ as well as for the top layer of BaSi2 solar cells. 
6.2 THIS RESEARCH WORK  
6.2.1 SILVER (Ag) , COPPER (Cu) AND ANTIMONY (Sb) - DOPED BaSi2 
During the impurity doping in the MBE growth, Cu and Ag were used as potential impurity 
candidates and aimed to form p & p+-BaSi2 thin film layers for different regions of p-n junctions of 
the efficient solar cell structure. a-axis-oriented Ag and Cu-doped p(n)-type BaSi2 films were grown 
successfully on Si(111) by MBE technique, where SIMS shows no diffusion of Cu atoms toward the 
Si(111) substrate or the un-doped region in case of Cu-doped BaSi2. However, in case of Ag-doped 
BaSi2 diffusion tendency was found. A comparative study of Al and Cu as dopants to make p-type 
BaSi2 layers was carried out at first place. It was found from the SIMS measurements that Al atoms 
doped in BaSi2 layers were segregated at both the surface and BaSi2/Si interface regions. On the 
other hand, a clear cut depth profile of Cu atoms and heavily n-type doping was realized for 
Cu-doped BaSi2. Yet, the electron concentration in Cu-doped BaSi2 remained unchanged, even 
when the Cu temperature was increased to 950 oC. Instead, the electron concentration increased 
sharply up to more than 1020 cm-3 at around 1000 oC. These results suggest that control of electron 
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concentrations in Cu-doped BaSi2 is difficult. In contrast, Ag-doped BaSi2 show p-type conductivity, 
but the hole concentration was limited to 1016 cm-3. From the temperature dependence Hall 
measurements, acceptor and donor energy level of Ag, and Cu-doped BaSi2 were found to be 
EA=0.12 eV, ED=0.035 eV respectively.  

The temperature dependent Hall measurement of Sb-doped BaSi2 gives an electron density 
of about 3.3×1018 cm-3 at 300K, which then decreases with decreasing temperature to 2.8×1017 cm-3 
at 27 K. The approximate donor level ED=47 meV was achived for the first time. In this experiment 
it was found that the resistivity increases gradually with temperature. This behavior was further 
supported by temperatures dependent I-V characterization where the I-V characteristic maintains 
ohmic behavior, over the wide range of temperature from 27K to 300K. This change in I-V 
characterization can be explained by the change in resistivity of Sb-doped BaSi2 accordingly. This 
means that the contact resistance is smaller than the bulk resistance in this temperature range, 
thereby showing that good electrical contacts are formed on the surface.  

Temperature dependent I-V characterization across the TJ yields small NDR effect, which 
further shows that a small amount of tunneling current is flowing across the TJ.    
6.2.2 CONDUCTION MECHANISMS 
To quantify the defect levels in the impurity doped-BaSi2, the carrier transport mechanism is 
reported in this dissertation. Many temperature dependent experiments were conducted for each 
impurity doped BaSi2. The temperature dependence of resistivity indicated that the carrier transport 
in Ga, Al, Ag, and Cu-doped BaSi2 can be well explained by both SE-and Mott-type VRH 
conduction. This further means that there is certain level of defects in the band gap of Ga, Al, Ag 
and Cu-doped BaSi2.  

In contrast, temperature dependent resistivity in Sb, In and B-doped BaSi2 gives a non-linear 
behavior, which confirms that the carrier transport cannot be explained by SE-& Mott-type VRH 
hopping conduction mechanism. This further means that a very small level of defects in the band 
gap of Sb, In and B-doped BaSi2 could exist. However after precipitation studies as well as solid 
solubility limit of impurity doped BaSi2, one can get more credible information about the 
conduction mechanism of this novel material. 
6.2.3 BORON (B) - DOPED BaSi2 
In conclusion, we have successfully grown a-axis-oriented lightly, medium and heavily B-doped 
p( p+)-type BaSi2 films on Si(111) by MBE. SIMS measurement shows that the average NB for 
BaSi2 prepared with TB=1350 °C is approximately 3×1020 cm-3, while that with TB=1450 °C is 
2×1021 cm-3 and TB=1550 °C is approximately 1×1022 cm-3. This result can explained relatively well 
by the difference in vapor pressure of B. The vapor pressure of B at 1550 °C is approximately 7 
times larger than that at 1450 °C. This means that the concentration of B atoms in the BaSi2 can be 
controlled by TB.  



70 

We have also successfully achieved heavy p-type doping over 1020 cm-3 in B-doped BaSi2 by 
MBE growth. The acceptor level was estimated to be approximately 23 meV. The RTA treatment at 
800 °C enhanced the electrical activation of doped B atoms, thereby increasing the hole 
concentrations up to 2.0×1020 cm-3. But, B-doped BaSi2 epilayers grown at low growth temperature, 
exhibit partial deactivation of B-atoms in the host p-layer of BaSi2. The electrical properties are also 
degraded, indicating the presence of B-clusters and precipitation. RTA annealing recovers the hole 
electrical properties as well as improving grain island.  

The hole concentration in the range from 1016 to 2×1020cm-3 with increasing TB and varying TS 
was controlled for the first time after RTA treatment. The B-clusters having sizes within the range of 
3-5 nm were observed in the TEM image. It was also found from the TEM results that the 
precipitated B-cluster size increases with Knudsen cell temperature. The grain size in the BaSi2 
films was found to be approximately 0.5 µm, which is the highest value ever reported for 
doped-BaSi2. From TEM, SIMS and RTA treatment electrically active Boron atomic concentrations 
upto 10 % in the B-doped p+-BaSi2 were calculated. The B-precipitation and B-solid solubility limit 
were unclear problems.  
 
6.2.3 Optimized B-DOPED p+- layer of BaSi2 by New Growth Technique 
TEM observation shows precipitation of B-atoms and which were not fully activated in the BaSi2. 
First an effort was made to get the desire amount of B-atoms as well as hole concentration as a 
function Knudsen cell temperature. In this case it was found that RTA can enhance the hole 
concentrations up to 2×1020cm-3 but could not well reduce the precipitation of B-clusters. These 
precipitated B-atoms could possibly degrade the electrical properties and photocurrent 
performances of the semiconducting BaSi2 thin film solar cell. Therefore it was greatly necessary to 
overcome the B-precipitation and find the solid solubility limit of B in BaSi2. Fully activated 
B-atoms in BaSi2 could potentially give the most reliable energy band gap, acceptor energy level 
and hole concentration for solar cell application. It is also possible to reduce the defect levels in the 
forbidden band gap of BaSi2. Therefore, we tested many samples through substrate temperature 
optimization like 650 °C in the MBE, keeping Knudsen cell temperature between 1350 to 1380 °C 
we found new growth conditions, which has B-free precipitation in the grown samples. By using 
these new growth conditions, approximately 208-nm-thick B-doped p-BaSi2 epitaxial layers were 
first grown by RDE and MBE on transparent SOI substrates. RHEED and θ-2θ-XRD patterns 
exhibited epitaxial growth of the B-doped p-BaSi2 on the SOI substrate for the first time in 
measuring the energy band gap of the B-doped BaSi2. In conclusion, we have successfully achieved 
heavily p-type doping over 1019 cm-3 in B-doped BaSi2 by MBE, having no B-precipitation and 
segregation issues. The acceptor level was estimated to be approximately 20 meV. The RTA 
treatment at 800 °C enhanced the electrical activation of doped B atoms, thereby increasing the hole 
concentrations up to 3.4×1019 cm-3. It was found from the transmission spectrum that the indirect 
optical band edge with phonon emission of approximately 1.23 eV, and it’s giving 0.1 eV shrinkage 
of energy band gap of B-doped BaSi2. This means that B-doped BaSi2 does influence lightly to the 
shrinkage of band gap for solar cell application.  
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  We have also successfully grown a-axis-oriented p-type BaSi2 films on Si(111) by in situ 
B-doping using MBE. The highest hole concentration in B-doped BaSi2 above 1019 cm-3 at RT were 
achieved in samples having no diffusion and precipitation problems. The acceptor level was 
estimated to be approximately 20 meV. This new growth condition defines the solid solubility limit 
of B in BaSi2 host materials. Activation efficiency were enhanced from 10% to 40 % by optimized 
New growth condition of B-doped BaSi2 p+-layer having hole density 8×1019cm-3 (B-Precipitation 
free sample). SIMS depth profiles of B-doped BaSi2 (50nm)/un-doped BaSi2 (300nm)/Si(111) 
structure does not show any diffusion tendency as well as segregation of B-atoms toward un-doped 
BaSi2/Si. 

In this dissertation, we have successfully achieved approximate ionization energy values 
chart for the case of impurity doped BaSi2 thin film for p-n junction application. From this novel 
result, the fabrication of Sb-doped n(n+)-type (1017-1020cm-3) and B-doped p(p+)-type 
(1016-1020cm-3) regions of the next generation p-n junction in BaSi2 solar cells will be attempted. 
The novel p+-layer is one step behind the practical semiconducting BaSi2 solar cell p-n junctions. 
 
6.3 FUTURE RESEARCH WORK  

The academic motivation of this of research problem is to solve the controversial behavior 
of Ga doped n-BaSi2 which behaves contrary to the theoretical conductivity of p-type.  

One other interesting and important problem to identify the solid solubility limit of 
Sb-atoms in BaSi2 thin films and then grow TJ with new growth condition of Sb-doped BaSi2. By 
this approach we can get rid of precipitation of Sb-atoms in the grown sample. Sb-cluster 
precipitation could possibly degrade the electrical properties as well as photocurrent flow across the 
p-n junction and TJ. This kind of study can improve the electrical properties and photoresponsivity 
of Sb-doped n- BaSi2 films. This will further improve the NDR effect across the TJ. The poor 
tunneling current flow across the TJ could possibly be due to the precipitated Sb-clusters, which act 
like defects in the band gap. Band gap and valance band measurements of the Sb-doped BaSi2 are 
necessary for the realization of BaSi2 thin film solar cell engineering. 

It is worthwhile to improve the p-n structure for single junction diode application and then 
to engineer multi junction BaSi2 thin film solar cells for high efficiency demands. A measurement 
of the photoresponse properties of B-doped BaSi2 under new growth conditions is ultimately 
needed in the near future. The new growth condition of B-doped BaSi2 could give reliable data on 
minority carrier life time and very low diffusion tendency. 

Concept of selective reflector to overcome Eg limit for BaSi2 and to enhance the band gap 
energy for the open circuit voltage requirements is unaddressed problem.  

Regarding the undoped BaSi2, the electrical characterization issue like ohmic contacts as 
well as difficulty in Hall measurement must be resolved. This can be most likey be solved by 
revisiting Ba-source temperature optimization as well as growth temperature of MBE for undoped- 
BaSi2. The plane view from TEM investigation for both DF and BF investigation are important to 
focus on the nano-cluster in the BaSi2. The in-plane XRD measurement gives very interesting 
results in case of B-doped BaSi2. Furthermore, from in-Plane XRD view, we could not see the 
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BaSi2 peaks. The thickness length of the grown-layers is also important for the engineering of 
efficient BaSi2 solar cell structures. Optimization of the thickness of undoped BaSi2 layer, B-doped 
BaSi2 layer and Sb-doped BaSi2 thin layers for the solar cell structure.  

Some thermodynamic problems, which in turn creates cracks in the grown samples of 
BaSi2 having thickness more than 250 nm during MBE growth as well as after RTA treatment could 
be possibly due to strain and stress relaxation phenomena. The understanding of root causes of this 
issue is very important for the fabrication of BaSi2 thin films.  

During handling of B-doped BaSi2 thin film samples it can be speculated that the strength 
of this material may be high than the other impurity-doped BaSi2 materials. We can go for the stress, 
strain analysis and fracture investigation of B-doped p+-BaSi2 to determine the hardness as well as 
other mechanical properties. 
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APPENDIX A 
MODEL OF p-n JUNCTION UNDER ILUMINATION OF FRONT AND BACK SIDE   
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(1) Hole current due to photo-generated holes in the n-region under illumination on the front side. 

We suppose that the forward voltage V is applied to the p-n junction due to the voltage drop at the load 
resistance. The photocurrent due to photo-generated electrons Je in the p+-type neutral region is negligibly 
small. Hence, we try to deduce only Jh . 
The minority carrier (holes) distribution pn(x) in the neutral n-type region (x>0) is given by, 
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(ii) More realistic case, that is, pn(H) is determined  
by a recombination velocity S at the back surface.  
This can be applied to a BaSi2 p-n junction diode  
on Si as shown in the right figure.  
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The photocurrent due to photo-generated electrons and holes within the depletion region SCR
LJ can be express as: 

)e(e)R(qJ WH
o

SCR
L p    11  

)L
e(e)R(q

)e(e)R(q)e(e)R(L
LqJJJ

WH
o

WH
o

H)WH(
o

h
L

SCR
L

front
total

p

pp

111
11111

22

22
22















 

when L>>1, this mean that L is large enough,  
pH

o
front

total e)R(qJ  1  
From the above result, we can understand that the following conditions should be satisfied in order to achieve 
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totalJ  
- L2 >>1    In case of BaSi2, this condition is satisfied when L > 1 m since  > 3×104cm-1 
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The above two conditions request us to achieve L exceeding 10m. 
- S/D <<1, meaning that the interface recombination velocity should be as small as possible.  
 
(2) Hole current due to photo generated holes in the n-region under illumination on the back side. 

We suppose that the forward voltage V is applied due to the voltage drop at the load resistance.  
(i) Realistic case, that is, pn(H) is determined  
by front-surface recombination velocity S, 
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The photocurrent due to photo generated electron hole pair in the depletion region SCR
LJ is express as, 
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Since H～2m and  > 3×104cm-1 , thus 11   He  . 

Just for your information, front
totalJ  is given by,  
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