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Abstract  

This project focuses on the investigation of Silicon based Tandem solar cell fabricated 

by using the Hydride Vapor Phase Epitaxy (HVPE). In the state-of-the-art multi-junction solar 

cell manufacturing epitaxial technologies are used for sub-cell formation, such as MOVPE 

(Metal Organic Vapour Phase Epitaxy) [1] or MBE (Molecular Beam Epitaxy) [2]. Tandem 

solar cell structures consist of subcells made of III-V semiconductors serially connected or 

grown on a suitable semiconductor substrate [3]. The used semiconductor materials have to be 

lattice matched to each other and with optimum band gap combinations [4]. Multi-junction 

solar cells with Si and III-V semiconductor sub-cells are promising to achieve extremely high 

efficiency.  

The objective of this project is to investigate a cost effective fabrication technology to 

realize III-V semiconductor and silicon based sub-cells in tandem solar cells. The Si p-n 

junction formation by PH3 diffusion for the silicon sub cell is studied in HVPE. A prototype 

InP solar cell was fabricated by HVPE and its I-V performance was studied.  

In this thesis, the impact of HVPE process parameters on the silicon p-n junction 

formation was examined by alternating the process temperature. Silicon samples were 

processed in the HVPE with temperature values of 1st (605 0C) < 2nd (657 0C) < 3rd (720 0C). 

It is observed that the temperature affects the quality of the formed Si p-n junction. The Si 

samples treated at 720 0C show a diode performance with a deviated I-V curve due to 

parasitic resistances. The InP solar cell fabrication consisted of the epitaxial growth of sulfur 

doped n-InP and zinc doped p-InP materials on top of each other to form n+/n+/n-/p+ [5] 

structure. Ohmic conduction through the InP solar cell structure was observed after the 

contacts formation, which could be due to the metal alloy spiking through the p-InP emitter 

layer during annealing. Process mitigations to fabricate InP solar cell by HVPE are proposed 

at the end of project. 
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Chapter 1   

1.1-Introduction 

Energy is the ability to do work. It can be converted from one form to another but 

neither created nor destroyed [6]. We can categorize energy resources under two main 

sections: nonrenewable and renewable energy resources. Nonrenewable energy is the energy 

that cannot be regenerated at an adequate speed for sustainable consumption. Examples 

include coal, oil, nuclear (uranium), and natural gas, which are the well-known sources and 

have been used as the main suppliers of the energy over centuries [8]. The fossil fuels currently 

serve as the major source of energy generation and their use causes the generation of 

enormous amount of green house gases. In addition, the limited amount of fossil fuels 

reservation calls for other alternative source of energy. The generation of greenhouse gases 

results in the well-known “Green House Effect” [7], which is known to increase the overall 

temperature of earth. The increasing temperature of earth is not only a major concern to 

environmentalist all over the globe but also causing irreversible damages to the earth like 

melting of the glaciers. The malfunctions in the nuclear power plants can lead to disasters, 

while Chernobyl and Deepwater Horizon Explosion are the two well-known accidents [7]. 

Limited amount of available fossil fuels have caused the “Energy Crisis”, and that increased 

the price of electricity. To overcome these issues scientists have been working on the methods 

to generate energy from renewable sources like the sun, water and wind [7]. Today renewable 

energy sources serves 18-19 % [8], [9] of the energy demand all over the world and it is 

increasing its percentage every year. Solar energy or the energy generated from the sun is 

currently considered as the most significant contributor in solving the energy crisis. Figure.1 
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shows the increasing market percentage of the renewable energy sources and their predicted 

market shares in year 2020.  

 

Fig.1. Energy sources by World Energy Resources 2013[8] 

The solar energy is the most abundant form of energy available on the planet earth. It 

can be utilized in many different forms such as solar heat, photovoltaic, solar thermal 

electricity and solar fuels. It attracts the attention due to these alternatives and the potential of 

fertility on producing energy. Therewith, the solar energy offers a clean, climate-friendly, 

inexhaustible energy source to mankind. Considering the energy we can get from the sun, the 

amount of energy collected within 90 min. is enough to cover the energy demand of the world 

for a year [10].  

Solar energy industry is increasing its productivity, and meanwhile decreasing its cost. 

Especially the solar thermal electricity (STE) and solar photovoltaic electricity (PV) are 

competing against the oil-fuelled electricity generation in sunny countries, usually to cover 

demand peaks [10]. There are three types of PV technology available, which are crystalline 

silicon-based PV cells, thin film PV cells and high-efficiency multi-junction solar cells. This 

project will investigate the cost effective fabrication technology for Si based tandem solar 

cell, which can have high efficiency and low manufacturing cost at the same time.  
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1.2-History of Solar Cell 

The development of solar cell started after the French scientist Edmond Becquerel 

reported the Photovoltaic effect in 1839 [11]. In his experiment, he placed two metal electrodes 

into the electrolyte solution. When he introduced light to the solution, he observed that the 

intensity of the electric current increased proportionally with the increasing light intensity. 

The effect of light on the solid materials was discovered in 1873 by Smith Willoughby. He 

discovered the photo-conductivity in selenium. After 10 years, an American inventor Charles 

Fritts described the first solar cell, which was made from selenium wafers. The mentioned 

selenium solar cells had efficiency of 1-2 %. But, selenium based solar cells are not practical 

energy converters because of their high cost and small energy acquisition. The first practical 

solar cell was demonstrated at Bell Laboratories by Daryl Chapin, Calvin Souther Fuller, and 

Gerald Pearson in 1954. They used a diffused silicon p-n junction that gave an efficiency of 4 

% [12]. After that the efficiency improvements to 11 % was recorded. For the latter half of the 

century research groups focused on different possible ways to improve the solar cell 

efficiency.  

In today’s world photovoltaic cells supply electricity for different applications such as 

space applications (for example space vehicles, satellites, etc.), simple circuits (charging the 

battery) and to very complicated structures. In today’s solar industry, silicon based solar cells 

(polycrystalline silicon and monocrystalline silicon solar cells) have the majority of market 

share. However solar cells based on multi-junction technology can reach higher efficiency up 

to 44% [3]. Their efficiencies are expected to reach over 50 % in future [13]. 
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1.3-Theory of Solar Cell 

Solar cells have diode characteristics in the dark and generate electricity under 

illumination. Solar cells convert the photon energy into the electric current by photovoltaic 

effect. As shown in Fig. 2, when the light interacts with the semiconductor material, free 

electrons/holes are generated inside the cell. These excited electrons move from the valance 

band to the conduction band and leave behind a hole and an electron-hole pair is created. 

Under normal conditions these excited electrons relax and move back to the ground state. But 

in a photovoltaic device these excited electrons will be directed to the external circuit due to 

the built-in electric field. The built-in electric field is a potential difference or electro-motive 

force (e.m.f.) that is caused by the extra energy of excited electrons. This force drives the 

electrons to the load in the external circuit to do the electrical work [14].This is the principle of 

current generation in the solar cells. 

This excitation process can take place only if the incoming photon energy is larger than 

the semiconductor band gap. There are three different ranges of light/photon energy can be 

considered with respect to the band gap of the semiconductor material.  

 Eph< Eg     The energy of the photon is lower than the band gap of the semiconductor. 

It will not be absorbed by the semiconductor and pass through the semiconductor as it 

is transparent 

 Eph= Eg     This is the required condition to create electron-hole pairs in the 

semiconductors.  

 Eph> Eg     The energy of the photons are greater than the band gap of the 

semiconductor. The photons will be absorbed and result in thermalization loss. 
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Fig.2. Illustration of photovoltaic Effect 

As seen from the equations above, the incoming light energy must be equal to the band 

gap of the semiconductor material otherwise the higher or lower energies will result in losses. 

The absorption of photons creates majority and minority carriers inside the semiconductor. 

But the concentration of the majority carriers is not affected significantly because the 

semiconductor has been doped. On the other hand, the minority carrier concentration 

increases. And minority carriers play important role for the electricity generation by the 

photovoltaic process in the solar cells. 

Simply, solar cells can be formed by a p-n junction and metal contacts (in order to 

complete circuit). However, in order to increase the productivity of the device more 

components can be added (such as anti-reflection coating). The p-n junction is the boundary 

or interface between two types of semiconductor materials, p-type and n-type. The p-n 

junctions comprise the active region of the solar cells, and most of the semiconductor 

electronic devices. The p-n junctions can be formed by ion implantation and diffusion or by 

epitaxy (layer by layer). Fig.3 shows a p-n junction structure. Semiconductors are crystalline 

materials that have valance band filled with electrons and conduction bands are empty. 

Silicon is a well-known semiconductor material that has four (4) electrons in its outer shell 

with a band gap of 1.12 eV. When an atom with five (5) electrons at the outer shell, like 

phosphorus, diffuses into silicon, it will bond to silicon and provide a free electron. These 

extra electrons in the semiconductor move freely and become the majority carriers. 
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Semiconductors with extra electrons are called n-type semiconductors. And when an atom 

with three (3) electrons at the outer shell, like boron, diffuses into silicon, it will fill the three 

of the empty bond and left behind one missing bond. These missing bonds are called holes, 

which occur in the absence of electrons. The semiconductors with majority carriers of holes 

are called p-type semiconductors. The conduction events are caused by the majority carriers 

in the semiconductor materials.  

 

Fig.3. Energy diagram of p-n junction at thermal equilibrium [15] 

When the n-type and p-type semiconductors form a contact, a p-n junction is created. 

Electrons from the n-side will diffuse to the p-side and becomes the minority carriers on the 

p-side. And holes from the p-side will diffuse to the n-side and becomes the minority carriers 

on the n-side. Those diffused carriers find their conjugate counterparts and recombine after 

having passed the oppositely charged area. During the diffusion process carriers leave behind 

a layer of fixed charges on the either side, called as ionized impurity atoms. This layer of 

fixed charges establishes an electrostatic field across the junction and retards the further 

diffusion till the equilibrium condition. At the equilibrium condition, the diffusion of the 

majority carriers across the junction is balanced by the drift of the minority carriers back 

across the junction. At the equilibrium condition Fermi levels of n and p-type semiconductors 
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become equal and work function differences of the semiconductors cause the formation of the 

depletion region. Since the work function of the doped semiconductors are different (-eΦp>-

eΦn), it results in an electric field at the junction [14]. 

When a metal is deposited on the semiconductor, schottky barrier can be formed 

between the metal and the semiconductor due to the metal and semiconductor work function 

differences [16]. The metal contacts must be chosen with proper work function to 

semiconductor materials to enable current flow. For the n-type side chosen metal work 

function has to be smaller than the semiconductor work function, Φm>Φn, and for the p-type 

side the chosen metal work function has to be greater than the semiconductor work function, 

Φm<Φp. Metal contact formation is one of the critical processes for the silicon solar cell 

fabrications [17]. Silicon has a work function of 4.01 eV. Silver (4.26 eV) is usually used on 

the n type Si and aluminum (4.28 eV) is used on the p type Si. In order to avoid the formation 

of schottky barrier and form ohmic contacts, semiconductor needs to be heavily doped and the 

contacts need to be annealed. Certain parameters must be taken into account, such as eutectic 

temperature, thickness, series resistance, contacts resistance and carrier life time. Most of 

these parameters can be extracted from the dark I-V measurements.  

 

Fig.4. The graph of the I-V curves that showing solar cell under illuminated and dark 

conditions [18] 
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Figure 4 shows the I-V responses of an ideal solar cell under dark and illuminated 

conditions. Dark I-V measurement is useful for examining the electrical properties of the 

cells, because it uses injected carriers rather than the light generated carriers. Through the 

dark characterization four solar cell parameters can be determined [19], which are series 

resistance, shunt resistance, ideality factor and reverse saturation current. In addition, short 

circuit current (Isc), open circuit voltage (Voc) and fill-factor (FF) can be extracted from the 

illuminated I-V characterization [20].  

The total current produced by the solar cell is: 

𝐼 = 𝐼𝑜 × [exp (
𝑞𝑉

𝑛𝑘𝑇
) − 1] − 𝐼𝐿                                                                                                       (1) [23] 

Where; 

Io= Reverse saturation current 

IL= Light generated current 

V= External voltage 

n= Ideality factor (≈1) 

k= Boltzmann constant 

T= Temperature 

The “-1” inside the bracket is usually neglected, because the exponential value with 

respect to the voltage is much greater than “-1”. And under the illumination the voltage 

increases more.  

Solar cell efficiency (η) is the ratio of the generated electrical power to the incident light 

energy, which is: 

η =
Pmax

𝑃𝑖𝑛
                                                                                                                                             (2) [23] 

where Pmax is the maximum output power and Pin is the input light power,  
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𝑃𝑖𝑛 = 𝐸𝑝ℎ × 𝐴𝑐                                                                                                                               (3) [23] 

Eph = Irradiance (W/m2) 

Ac = surface area of the solar cell (m2) 

The input power to the solar cell is related to the solar irradiance and the surface area of 

the solar cell (fig.5). The maximum output power of the solar cell is: 

𝑃𝑚𝑎𝑥 = 𝑉𝑜𝑐 × 𝐼𝑠𝑐 × 𝐹𝐹                                                                                                               (4) [18] 

Voc = Open circuit voltage (V) 

Isc = Short circuit current (A) 

FF = fill factor 

The open circuit voltage is the voltage measured from the solar cell at the zero current. 

The short circuit current is the current measured at the zero voltage across the solar cell. The 

fill factor is the ratio of the maximum out power of the solar cell to the product of the short 

circuit current and the open circuit voltage,  

𝐹𝐹 =
𝐼𝑚𝑝×𝑉𝑚𝑝

𝐼𝑠𝑐×𝑉𝑜𝑐
                                                                                                                                  (5) [18] 

So, the formula (1) can be written as: 

η =
Voc×Isc×FF

𝐸𝑝ℎ×𝐴𝑐
                                                                                                                                (6) [18] 

All the parameters used for the efficiency calculation can be extracted from the I-V 

curve as shown in Fig. 5. 
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 In many cases, the p-n junction formation by diffusion can be achieved by different 

techniques (like radiation enhanced diffusion [21], etc.) for the silicon solar cell fabrication. In 

this project, the process of phosphorus diffusion was studied by HVPE. HVPE works near the 

equilibrium condition where the growth is proportional to the reactants input mass rate, which 

facilitates the high growth rates. In addition, HVPE is a well-known technique for the 

epitaxial lateral overgrowth (ELOG) of InP on Si substrates. [22] ELOG is a selected area 

growth (SAG) technology. The growth initiates from the seed of the desired semiconductor 

material exposed in the openings on mask. The advantage of using seed layer is to prevent the 

lattice mismatch, dislocations and crystal defects caused by growing two different 

semiconductors one on each other. ELOG method can be used for growing the high quality 

direct band gap semiconductors such as InP or GaAs on an indirect semiconductor such as 

silicon. 

 

Fig.5. I-V curve of Photovoltaic Cell [23] 

1.4-Motivation for the Master Thesis Project 

The aim of the project is to develop the cost effective processing technology to fabricate 

the silicon sub-cell in the Si based Tandem Solar Cell by using HVPE reactor for p-n junction 

formation. The tandem solar cell has stacks of sub-cells that are serially connected. Tandem 
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solar cells have higher efficiency than the single-junction solar cells, because the 

thermalization loss is reduced during the absorption of the photons with energy higher than 

the semiconductor band gap (Fig.6 B). Each sub-cell includes a p-n junction and the stack of 

sub-cells are grown from the low band gap subcell to the high band gap subcell[24]. The 

semiconductors that can be used for the subcells include III-V semiconductors, Si, Ge and Si-

Ge alloys. [25] The design of high efficiency tandem solar cells requires an optimum 

combination of the subcell semiconductors. The constituent semiconductors must have 

matched lattice constant and optimized band gap combinations to assure high conversion 

efficiency (Fig.6 A). The tandem solar cell studied in this work consists of a silicon bottom 

cell and an InP top-cell, the material characteristics are mentioned below at Table 1. Silicon 

and InP has a lattice mismatch of 8 % [26] but ELOG can overcome this limitation and form 

high crystalline quality InP/Si heterojunctions.  

 

(A)                                                              (B) 

Fig.6. (A) The optimum band gap combinations of multi-junction solar cells [4], and (B) the 

schematic illustration of the multi-junction solar cell absorbing the solar spectrum [27] 
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Table 1. Used materials and their characteristics. 

 Structure Band Gap 

eV (at 300 K) 

Lattice Constant 

(A) 

Si Diamond Cubic 1,12 5,431 

InP Zinc Blende 1,344 5,8687 

 

This thesis aims to develop and investigate the process to fabricate the sub-cells in the 

Si based tandem solar cell. The process parameters will be optimized and the device 

characteristics will be examined by the existing techniques in house. Thus the required 

information for the tandem solar cell fabrication can be obtained. All the fabrication process 

steps will be explained in details under the “Experimental” section.  

1.5-Thesis Outline 

This thesis is organized as following: 

Chapter 2 covers the experimental part of the project. This part gives the information 

about the experimental recipe with the techniques and the tools to achieve it. In this chapter 

the processing of the semiconductors will be given separately in detail. In addition, the results 

of the semiconductor processing will be given in discussion.  

Chapter 3 draws conclusion and provides brief information for the future work. 
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Chapter 2  

2.1-Experimental Tools and Techniques 

This work utilized a number of experimental tools and techniques. The process flow of 

the Si based tandem solar cell preparation is shown below (fig.7). The processing steps 

include texturing, p-n junction formation, anti-reflecting coating, photolithography, 

metallization (contact formation), annealing and characterization, which will be explained in 

details. 

 

Fig.7. The fabrication processes of photovoltaic cell in this project 

2.1-1 Preparation and Cleaning 

The cleaning processes are important to enable the reproducibility and the continuity of 

the fabrication. In principle, the cleaning step is done to prevent contaminations and to 

remove the undesired materials from the wafer. The failure of this step can lead to the 

degradation or virtually destroy all aspects of the fabrication.  
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The high level of cleanliness by preventing the contaminations on the wafer is 

maintained by the help of preparation and cleaning. This ensures high yields at the earlier 

stages. The cleaning of the samples consists of the solvent cleaning by Acetone for 2min, 

Propanol for 2 min and rinsing in DI-water for 2 min. The solvent cleaning is performed 

consecutively with other techniques, such as acid cleaning before and after p-n junction 

formation, and plasma cleaning after the photolithography for photoresist stripping. The acid 

cleaning removes the oxides, metal contaminants and provides a clean surface. The p-n 

junction formation and the metallization steps are the examples that needed acid cleaning. The 

plasma cleaning strips off the photoresist from the resist protected surface. Figure 8 shows a 

cleansed silicon patterned sample. 

 

 

Fig.8. Si cleansed Si sample with patterns  

The cleaning process can remove the undesired materials from the surface and creates a 

possibility to work on the present step, which includes the plasma etching followed by wet 

(acid) etching.  

The Lithography process is a critical step followed by the metallization. The patterns 

applied on the surface need to be formed as required. In this project, the misalignment and the 

observed defects require the repetition of this step. Fig.9 shows the exposed area (bright area) 

after the development in the photolithography process.  
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Fig.9. Optical microscope picture of a sample after photolithography process. The exposed 

sample surface is bright. 

2.1-2 Texturing 

The Si wafers used for the solar cell fabrications have smooth flat surfaces, which can 

result in reflection. This is one of the limitation factors for the conversion efficiency of the 

solar cells. Anti-reflection coating and surface texturing are used to increase the conversion 

efficiency by reducing the reflection. Texturing is a process to increase the conversion 

efficiency. It can trap the photons in the cell.  

 

Fig.10. SEM picture of Textured Si surface 

As observed in Fig. 10, the Si wafer is covered by the pyramidal structures.  

There are different ways (e.g. photo-etching, chemical etching) and types (e.g. random 

pyramids and inverted pyramids) of surface texturing [28]. The photo-etching enables the 

texturing process to be performed on either a specific area or the complete surface. But the 

cost limits its usage for industrial purpose. On the other hand, the chemical etching can meet 
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requirements for complete surface texturing. The chemical texturing process on the 

monocrystalline silicon substrate is usually done in alkaline solutions (such as KOH). These 

types of solutions are comparably cheap, but have to be used with extra care.  

2.1-3 p-n junction Formation 

In this project low pressure hydride vapor phase epitaxy (LP-HVPE) reactor has been 

utilized to form p-n junction in p-type Si substrate. HVPE is a hot wall reactor. The wall of 

the reactor is covered by 5 independent resistive heating sources. The HVPE reactor consists 

of mainly 3 parts: loading chamber, reaction chamber, and gas supply system. The loading 

chamber and the reaction chamber can be seen in Fig.11. 

 

Fig.11. Photo of the LP-HVPE reactor. 

 The epitaxy process takes place in the reactor chamber by introducing the vapor phase 

reactants to chamber [29]. The temperature profile of the heating zones is Tzone1 = Tzone2 >Tzone3 

> Tzone4 >Tzone5. The substrate is placed in the reaction chamber at the 4th zone, where the gas 

phase diffusion takes place. Diffusion can introduce the dopants to the substrate surface with 

different concentration gradients. These dopant atoms penetrate the substrate surface to 

certain distance and the free carriers are activated for conduction. The process parameters 

investigated in our system are pressure, temperature and time. HVPE uses H2 or N2 as carrier 
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gas for precursor transportation. The PH3 is used as the precursor for P, which yields P2 by 

pyrolysis and the reaction for the phosphorus formation occurs in the HVPE system as: 

2PH3(g) -----P2(g) + 3H2(g)                                                                                                      (7) [29] 

2.1-4 Thin Film Deposition 

Optical losses or reflection of the light from the surface is one of the negative influences 

on the solar cell efficiency. For instance, silicon has a surface reflection over 30 % [30]. This 

results in low solar cell efficiency. Some methods can reduce the reflection from the surface 

of the photovoltaic cells. One is texturing, as discussed in the previous section. The other 

method is Anti Reflection Coating (ARC). Anti-reflection coating is a type of optical coating 

that is applied to the surface of the device to increase the light capture ability. The coated 

materials with different refractive indices and corresponding thicknesses can form a thin film 

structure. Several methods can apply ARC to the semiconductor surface, such as Chemical 

Vapor Deposition (CVD), Ion Beam Deposition (IBD), Atomic Layer Deposition (ALD), and 

Plasma Enhanced Chemical Vapor Deposition (PECVD) [31]. 

The CVD process is a well-known deposition technique, which requires high 

temperature. The Ion Beam Deposition operates at nearly room temperature, but uniformity 

and layer quality are low as compared to other methods. Atomic Layer Deposition is a high 

quality deposition technique at low temperature. However ALD systems have limitations and 

are very expensive. On the other hand, PECVD provides uniform quality of deposition at low 

temperatures with perfect coverage.  

One important factor for the ARC is the chosen material with an appropriate refractive 

index and the other one is the layer thickness. In order to achieve high quality and increase the 

performance of the devices, the refractive index of the coating material is chosen with respect 

to the semiconductors. The thickness of the coating has to reduce the surface reflection from 

the semiconductor. Generally the optical thickness of the ARC is taken as one fourth of the  
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incoming wavelength, 𝑑 =

𝜆

4𝑛1
                                                                                                                                               (8) [30] 

d = thickness of the dielectric material 

λ = is the wavelength of the incident light 

n1 = dielectric refractive index 

2.1-5 Photolithography 

Conventional photolithography is a technique widely used in micro-fabrication for 

patterning. Photolithography uses the light to transfer the patterns on mask to the photo-resist 

that covers the surface of wafer. The patterning resolution of the process is governed by the 

Rayleigh criterion and given by, 

𝑟 = 𝑘𝜆
𝑁𝐴                                                                                                                              (9)⁄   [32] 

Where, 

r= minimum dimension that can be resolved 

λ= wavelength of the light 

k= the process latitude factor 

NA= numerical aperture of the lens 

As shown in equation 9, the resolution can be increased by using shorter wavelength 

light sources. The photolithography process is used to generate the patterns in a number of the 

manufacturing steps. On the other hand, the photolithography process can achieve high 

uniformity. The process steps described in this section were applied to both Si and InP 

samples.  
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(A)                                             (B)                                              (C) 

Fig.12. Instruments used in the photolithography process: (A) HMDS oven, (B) Spin Coating, 

(C) Optical lithography  

Before the photolithography process, the samples and the photo mask were cleaned in 

acetone and propanol. The photolithography process includes following steps: HMDS, 

photoresist spin-coating, exposure, and development. The utilized instruments are shown in 

Fig.12. The photolithography process starts with the photo resist adhesion improvement on 

the substrate surface by applying HMDS on the surface of substrate in an oven equipped with 

the “Hexamethyldisilazane (HMDS)” vapor operated at low pressure Inside the oven, HMDS 

bonds its Si atoms to the oxygen atoms in oxide and releases ammonia. This chemical 

reaction results in the improvement of the photo resist adhesion on the sample surface. 

After the samples are removed from the HMDS oven, the photo resist is spin coated. 

Spin coating is a technique that has been used for thin film depositions with thickness of the 

order of micrometer [33]. A small portion of the photoresist, which is usually in the polymer 

solution with volatile solvent, is applied to the entire surface of wafer. Then the wafer will be 

rotated at very high speed of several thousands of rpm. During the rotation, centrifugal force 

removes the extra solution of photo resist and leaves behind a thin film coating. The wafer 

coated with the photo resist thin film is dried on a hot plate. 

The spin-coating process is followed by optical lithography. Optical lithography is 

widely used in today’s microelectronics process. The mask aligner Karl Suss MA6 is used for 
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defining the patterns and transferring the patterns to the photo-resist by exposing the sample 

to UV light. Finally, the exposed area will be removed selectively by developer. The result of 

photolithography process is shown in the fig.13-14.  

 

  (A)   (B) 

Fig.13. The patterns on the silicon samples with (A) textured and (B) non-textured surfaces 

 

Fig.14. The patterns on the InP reference samples 

2.1-6 Metallization 

Metallization is a process to deposit the metals on the surface of semiconductors. 

Metallization has effects on the performance both electrically and optically [34]. Electrical 

effect is caused by the series resistance, which is related with fill factor of solar cell. Optical 

effect is caused by the contact width, which results in shading. The metal contacts generally 

are formed on the semiconductor surface by e-beam evaporation technique. For large devices 

such as industrial fabricated panels, metallization is formed by screen printing method. The e-

beam evaporation technique operates under high vacuum conditions. This enables large mean 

free path for the evaporated metal atoms, which is much greater than the size of the vacuum 
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chamber and prevents the system from any kinds of reactions in the gas phase, hence results 

in uniform metal deposition on the sample surface. Another common technique for the metal 

contact formation is sputtering. Sputtering is a useful technique that is commonly used for 

metal, metal alloy and dielectric film deposition. In sputtering technique, the gas precursor 

(Ar as ion source gas) and the sputtering chamber are separated under high vacuum condition. 

During the operation, the precursor molecules are absorbed on the sample surface and then 

decomposed by ion beam through the surface to form desired metallization [35].  

2.1-7 Annealing 

Annealing is the last step for the process, i.e. heat treatment. Annealing finds its 

application in many fields, such as the creation of the metal-semiconductor contact, ohmic 

contact formation and dopants activation. Ohmic contact is a non-rectifying electrical junction 

that is produced between two conductors (metal-metal or metal-semiconductor). It operates on 

ohms law where current has a linear relationship with voltage. Ohmic contacts require low 

contact resistance to enable charges flow bi directionally negating rectifying effect. However, 

when a relatively high work function metal forms contact with a semiconductor, the schottky 

contact occurs due to the difference between metal’s work function and the electron affinity 

of semiconductors, such as Ag (4,26 eV) metallization on silicon (4,01 eV) material. To 

reduce the contact resistance, dopants are activated and this minimizes the defects on the 

samples. The metal-semiconductor contacts are hence treated by heating. Annealing is a 

material dependent process that shows variations based on the used materials. The concern is 

to form high quality interface between the semiconductor and metal. 

2.1-8 Characterization 

Different techniques are used to characterize the process steps in the solar cell 

fabrication. The step characterizations identify the results at each process stage and help to 
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analyze the final results. The final characterization of the product includes the measurement 

of the current as a function of the applied voltage. With the solar cell performance 

measurements (i.e. current-voltage (I-V)), important cell parameters can be identified, which 

are the series resistance, the short circuit current, the maximum power output and the 

conversion efficiency.  

I-V measurements can be conducted in dark and under illumination. The illuminated I-

V measurements give the basic cell parameters such as short circuit current, open circuit 

voltage and fill factor. The dark I-V measurements show the fundamental diode 

characteristics of the solar cell in the absence of light, which are series resistance, shunts 

resistance and diffusion saturation current. [36] 

 

Fig.15. I-V probe station and probes connection 

The capacitance-voltage measurement is important for identifying the device 

performance parameters. With the capacitance-voltage (C-V) measurements, device 

characteristics such as carrier lifetime, doping concentration, conversion efficiency and 

maximum power output are obtained [37]. 

Fig.15 shows the probe station that is used for I-V measurements. Sample with metal 

contacts are connected to the probe station to complete the circuit. The configuration of the 
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probe station includes the platform connected to the negative terminal and the positive probe 

connected to the positive terminal.  

2.2 -Analysis and Results 

In this section, the silicon and InP processes are described with the recipes for the 

experimental steps  

2.2-1 Silicon p-n junction investigation 

The following processing steps are used for Silicon solar cell fabrication. 

Table 2. Process context belongs to Si solar cell fabrication. 

Silicon Solar Cell Fabrication Recipe 

1-Texturing 

-Preparation: Acetone: IPA, 2:2 min, rinse with water 

-KOH+IPA (1:3.5) per liter of H2O at 80 0C 30 min. 

-Rinse with water, 3 min. 

2-p-n junction  

-Preparation: HF, 1 min. 

-Preparation: Acetone: IPA, 2:2 min., rinse with water 

-HVPE diffusion 

-Cleaning: BHF, 1 min., Acetone: IPA 2:2 min., DI-water 

3-Spin Coating, Photo resist coating 

-HMDS, oven: Program 1 

-Vila: 2 min. 

-2500 rpm 
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-AZ 5214E (image reversal photo resist) 

-Bake: 100 0C, 90 sec. 

-Vila: 2 min. 

4-Photolithography 

-Vac. Contact 1 sec. 

-Bake: 125 0C, 90 sec. 

-Vila: 10 min. 

-Flush exposure 10 sec. 

-Vila: 2 min. 

-Development: AZ 726, 75 sec. 

-Rinse with water 

-Photoresist stripping: (program 10), 1 min, 250W 

5-Metallization  

-BHF, cleaning, 1 min + rinse with water 

-Front metallization Thin film deposition, e-beam evaporation of Ag, 200 nm 

-Back side metallization  Thin film deposition, sputter process, Al, 600 nm 

-Lift off: front side metallization exposed area, Acetone. 

-Cleaning: IPA, rinse with water 

6-Annealing 

-Rapid Thermal Process (RTA), 450 0C, 30 sec., N2 gas flow 

7-Characterization 

-I-V measurement 
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2.2–11 Texturing 

Wet chemical texturing technique is used to create the randomly shaped pyramids on Si. 

The surface texturing has been performed with different recipes (shown at Table 3). The time 

and duration differences are summarized at the end of this section. An optimum recipe has 

been developed to form a Si surface uniformly covered by randomly shaped pyramids, which 

etches the Si in KOH-IPA (1:3.5) mixture at 80 0C for 30min. [28]. 

Table 3. Texturing recipes for the silicon solar cell.  

Mixture Time 

(min) 

Temp. 

(0C) 

Etching rate 

(µm/min) 

Recipe 

KOH/IPA 20 80 0,5 1:3.5 

KOH/IPA[28] 20 80 0,25 1:2.7 

KOH/IPA[38] 30 80 0,43 1:3.5 

KOH/IPA 30 80 0,86 1:2.7 

 

SEM pictures of texturing recipes mentioned in table 3, 

 

(A)                                                       (B) 

Fig.16. Images of the (A) front and (B) back sides of Si wafer after texturing in KOH/IPA 

(1:3.5) for 20 min  
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(A)                                                                  (B) 

Fig.17. Images of the (A) front and (B) back sides of Si wafer after texturing in KOH/IPA 

(1:2.7) for 20 min 

 

Fig.18. Images of the front side of Si wafer after texturing in KOH/IPA (1:3.5) for 30 min  

2.2-12 p-n Junction Formation 

For the p-n junction formation, phosphorus diffusion in the silicon samples was 

investigated by alternating the temperature in HVPE reactor.  

The table 4 below shows the investigated process parameters and resistivity 

measurement results. Four points probe measurement is used to distinguish the diffusion 

effects on the silicon samples. 
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Table 4. Process parameters used in HVPE reactor for PH3 diffusion on silicon samples. 

 non-textured resistivity textured resistivity temperature time pressure 

Batch no before After HF before after HF set measured   

1st. batch 4,10E2 3,27E3 5,27E2 4,33E2 2,59E3 6,20E2 590C 605C 30min 120sccm 

2nd. batch 4,10E2 8,86E2 4,68E2 4,46E2 3,48E3 7,99E2 620C 657C 30min 120sccm 

3rd. batch 4,26E2 1,92E3 3,29E3 4,28E2 1,50E2 2,09E3 718C 720C 30min 120sccm 

 

 There is an indirect relationship between carrier concentration and the resistivity [39]. 

𝜌 = (𝑁𝑒𝜇)−1                                                                                                                                    (10) [39] 

 Where; 

ρ = resistivity in ohm-cm 

N = dopants concentration in atoms/cm3 

e = electric charge in coulombs 

µ = majority carrier concentration in cm2/Volt-sec 

The silicon samples used in this experiment are 4 inch boron doped (p-type) substrates. 

Before the process, the resistivity was identified as p-type, whereas after HF cleaning 

resistivity results showed difference. The resistivity measurements from the samples show 

that phosphorus diffusion had impact on the samples.  

2.2-13 Photolithography 

Photolithography process is a pattern formation step and is applied in the same way to 

both materials. Process starts in HMDS oven to increase the adhesion for photoresist on the 

material surface. The samples are taken out from the HMDS oven. The sample surface is 

covered by image reversal photo resist and then baking is executed at 110 0C degree for 90 

sec. Image reversal photo resist enables cross linking. The patterns from the mask were 

replicated by vacuum contact mode in the mask aligner. Then the samples were baked at  
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125 0C and flush exposed for 10 sec. The samples are finally perched in the developer for 75 

sec. The exposed areas were dissolved. The surface of the samples is left with negative image 

of the mask. 

2.2-14 Metallization  

The Si sample was cleaned by BHF for a minute before the metallization process. The 

wet chemical cleaning removes the native oxide from the silicon surface and improves the 

adhesion of the metal on the semiconductor. Then the silicon samples were placed inside the 

evaporation tool (shown at fig.20 A) for the n-type metallization. 100-200 nm thick Ag layer 

was deposited on the Si samples. The samples were removed and then placed in the acetone 

for about 1 hour to conduct the lift-off process. The process time assures the lift-off results. 

The samples were then cleaned by propanol and de-ionized water.  

 

        (A)                  (B) 

Fig.19. Ag metallization on the (A) textured and (B) non-textured Silicon samples 

As seen in Fig.19, metallization is formed in the openings. This is the reversed image of 

the Fig.12.  

After lift-off, the samples were placed in the IBS (shown at fig.20 B) for the p-type 

metallization. 600nm thick Al particles were deposited. Al deposition covers the back of the 

samples.  



 

29 

 

 

(A)                           (B) 

Fig.20. Instruments used for metallization process: (A) E-beam Evaporation and (B) 

Sputtering equipment 

2.2-15 Annealing 

The Silver (Ag) metallization finds its extensive usage in the formation of ohmic 

contacts to n-type silicon. Rapid Thermal Annealing (RTA) is an attractive technique to form 

contacts in a short processing time with low contact resistivity [40]. The RTA equipment uses 

several gases such as Ar, N2, N2O and O2 and wide range temperatures, 425-1150 0C to form 

high quality contacts for different materials. The RTA heating rate varies between 5 and 100 

0C per second and the cooling rate is 50 0C per second at maximum. 

The samples were thermally annealed in N2 flow ambient for 30 sec at a temperature of 

450 0C. In this experiment, the steady-state temperature 450 0C for 3.5 sec was chosen 

because it is the eutectic temperature of the p-type contact (Al).  
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Fig.21. I-V plot of p-type silicon wafer without diffusion (measured in dark and under 

illumination) 

The IV characteristics of the reference (p-type) silicon wafer under the dark and the 

illuminated conditions are displayed in Fig.21. Ohmic contact formation by the RTA 

annealing process was observed.  

2.2-17 Results and Discussion 

The silicon sub-cell p-n junction formation and the temperature effect on the 

phosphorus diffusion in the HVPE reactor were studied experimentally. The rest of the 

process parameters in the HVPE reactor were kept constant. The process time is 30min. and 

the pressure is 20 mbar. The temperatures used in the experiments are 1st (605 0C) <2nd (657 

0C) < 3rd (720 0C). The diffusion process for the silicon p-n junction formation requires a high 

temperature. It was observed that at high temperatures (≥ ≈700 0C) p-n junction is formed in 

HVPE reactor. Whereas, the diffusion process in other systems takes place at higher 

temperatures. For example in MOVPE a temperature ≥ 850 0C is utilized and radiation 

enhanced diffusion occurs at ≈ 900 0C.  

The electrical properties of the silicon sub-cells were measured. For the Silicon sub-cell 

processing, 3 batches of samples including textured and no textured surface were studied. 
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Every sample was measured by I-V in the dark and under illumination conditions at five 

points to characterize the process uniformity and the response of the individual cell. These 

measurements were conducted before and after annealing to observe the annealing effect on 

the metal-semiconductor interface. Plots of before and after annealing for the reference 

samples are shown in the Fig.21. The plots of the annealed sample will be further discussed in 

details. 

 

  (A)   (B) 

Fig.22. Dark and light I-V plots of the silicon solar cell samples in the 1st batch processed at 

605 0C with (A) non-textured and (B) textured surfaces. 

The dark and light I-V curves of the 1st batch samples are shown in Fig. 22. The I-V 

curves show linear current increment with respect to the voltage. It is seen that there is a 

rectifying effect from both sample plots at low voltages with the upward curvature in the 

reverse bias. The ideality factor “n” could be controlled by the interface states [41]. But, there 

is no light regenerated current observed.  
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Fig.23. Comparison of dark I-V curves of the reference sample and the non-textured samples 

processed in the1st batch (605 0C)  

The comparison between the I-V curves of the reference sample and the non-textured 

sample processed in the 1st batch is shown in Fig.23. The reference sample was processed in 

the same manner as the diffused samples. It aimed to obtain information on the metal-

semiconductor structure. The reference sample is boron doped (p-type) silicon wafer. It was 

coated by Ag/Al metallization on both sides of wafer. Silver is a well-known material that has 

been used on silicon for n-type metallization. It is observed in the plot of the reference sample 

that the current increases linearly. However, at high reverse bias values a small bending was 

observed. This is due to the difference between the metal work function (Ag≈ 4, 26 eV) and 

the semiconductor electron affinity (Si≈4, 05 eV). It was observed that the bending in the 

diffused samples is stronger compared to the reference plot. That can be caused by the 

diffusion of the phosphorus in silicon. By the phosphorus diffusion on the 1st batch samples, 

p-n junction behavior wasn’t observed. It is seen from the plot that there is a shallow neutral 

region formed that causes the saturation of the current at the reverse bias region.   
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  (A)   (B) 

Fig.24. Dark and light I-V plots of the silicon samples process in the 2nd batch at 657 0C with 

(A) non-textured and (B) textured surfaces  

Fig.24 shows two different results between textured and non-textured samples 

processed in the 2nd batch. Especially in the plots of non-textured sample, the current 

increases linearly as ohmic junction. Since there were no artifacts from the characterization, 

no clear explanation can interpret the observed results. These results might have been caused 

by the probes during the measurements, which might have damaged the contacts and emitter 

layer. On the other hand, plots of the textured sample show different results than non-textured 

samples. But, the plots of the textured sample also show similar results as the 1st batch 

samples.  

 

  (A)   (B) 

Fig.25. Dark and light I-V plots of the silicon samples processed in the 3rd batch at 720 0C 

with (A) non-textured and (B) textured surfaces. 
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Fig. 25 shows the dark and light I-V curves measured on the samples from the 3rd batch. 

It is seen that the plots of both samples show similar p-n junction I-V characteristics, as 

shown in Fig.4, but with certain deviations. These deviations can be extracted from the dark I-

V curves, since the dark I-V measurement uses inject carriers. The I-V characterization of the 

p-n junction can be evaluated in three bias conditions. They are unbiased, reverse and forward 

bias conditions. At unbiased condition, the depletion of free carriers plays an important role 

and voltage drops around the depletion region due to the high resistivity. This is caused by the 

ionized carriers. At the forward bias condition, the barrier is lower, which enables the current 

to flow. The opposite event occurs for the barrier under the reverse bias condition due to the 

saturation of current. Deviations in I-V curve can occur due to parasitic affects.  

The samples (Fig.25 A-B) show both series and parallel resistance effects, which are 

shown in Fig.26. 

 

Fig.26. Diode IV curves under the influence of series and parallel resistance [42] 

Under the forward bias condition, the resistive effect has negative influence as current 

increases and results in the deviation from exponential behavior. This can be caused by the 

series resistance. Series resistance occurs on the presence of resistance between contacts and 

semiconductors, and the bulk resistance of the metallic contacts and interconnections. The 

series resistance can be measured with respect to the band gap at the high voltage values by 

𝑅𝑠 =  𝑑𝑉
𝑑𝐼⁄ |at voltages exceeding turn − on                                                                     (11) [42] 
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At high forward voltage, the I-V curve becomes linear and series resistance can be 

calculated from the tangent of the I-V curve. The series resistance is 0.845 Ωcm2 as calculated 

by equation 11. 

On the other hand in the reverse bias region of the I-V curve, the current decreases 

rather than saturation. This can be caused by the parallel resistance that occurs due to the 

bypass of the p-n junction. The bypass can be caused by the damaged regions of p-n junction 

or by the surface imperfections. The parallel resistance can be measured near the origin of I-V 

plot, where the voltage is smaller than the band gap and the p-n junction current can be 

neglected. The parallel resistance, from the Equation 11, can be measured as 11, 3 Ωcm2.  

At the unbiased region, non-abrupt turn-on is seen. That can be caused by the sub-

threshold current that is generated by carrier transport through surface states or deep levels in 

the bulk of the semiconductor.  

The plots show that the photo current is greater on textured samples than the non-

textured samples, since the light absorption increases with texturing.  

It is seen from the sample plots above that the photo-generated carriers increase with 

respect to the diffusion temperature increment. All the samples show increment of current 

(except the 2nd batch non-textured sample) on the I-V curve when the light was introduced as 

compared to the dark curves. Especially for the 3rd batch samples, I-V curves show photo-

response characteristics under illuminated conditions.  

The samples need additional characterizations and analyses to study the solar cell 

efficiency.  
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2.2-2 InP Solar Cell Processing 

The InP solar cell processing recipes are shown in Table 5. 

Table 5, process context belongs to InP solar cell fabrication. 

InP Solar Cell Fabrication Recipe 

1-Epitaxial growth of InP on InP samples 

-Preparation: HF, 1 min. 

-Acetone: IPA 2:2 min., DI-water 

-HVPE epitaxial growth 

-Cleaning: HF, 1 min., 

-Acetone: IPA 2:2 min., rinse with DI-water 

2-Anti-reflecting Coating, Si3N4 coating, 90 nm 

3-Spin Coating, Photo resist coating 

-HMDS, oven: Program 1 

-Vila: 2 min. 

-2500 rpm 

-AZ 5214E (image reversal photo resist) 

-Bake: 100 0C, 90 sec. 

-Vila: 2 min. 

4-Photolithography 

-Vac. Contact 1 sec 

-Bake: 125 0C, 90 sec. 

-Vila: 10 min. 

-Flush exposure 10 sec 

-Vila: 2 min. 
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-Development: AZ 726, 75 sec. 

-Rinse with water 

-Photoresist stripping: (program 10), 1 min., 250W 

5-Metallization  

-H2SO4, cleaning, 1 min. + rinse with water 

-p-type metallization Thin film deposition, e-beam evaporation, Ni/Au, 40/140 nm 

-n-type metallization  Thin film deposition, e-beam evaporation, Ni/AuGe/Ni/Au, 

25/90/25/150 nm 

-Lift off: front side metallization exposed area, Acetone. 

-Cleaning: IPA, rinse with water 

6-AnnealingThermal processes: programmable process furnace 

7-Characterization 

-I-V measurement 

 

2.2–21 Body formation 

The p-n junction of the InP solar cell was grown in the HVPE reactor on the n-InP 

substrate. The structure of the growth is shown in the Fig.27.  

 
Fig.27. Illustration of InP p/n/n solar cell 
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The solar cell device structure was formed as n+/n+/n-/p+. The p+/n configuration gains 

more attraction for the development of the hetero-epitaxial solar cells on low cost substrates 

such as Si and Ge [43]. A back surface field layer is formed in order to increase the current 

collection from the base. The reaction for the InP growth in the HVPE reactor given at Table 

6 is; 

InCl(g) + PH3(g) InP(s) + HCl(g) + H2(g)                                                                            (12) [29] 

The InP solar cell device structure is 400 um (n+ InP)/ 0.5 um (n+ InP)/ 3 um (n- InP)/ 

0.17 um (p+ InP).  

Table 6. The process done by InP epitaxy growth: 

 Temperature 

(0C) 

V/III ratio Time 

(min) 

InP 575 10 3 

2.2–22 Thin Film Deposition 

For InP solar cell processing, we used PECVD to deposit Si3N4 dielectric material on 

the InP samples for the ARC. Si3N4 has a dielectric constant of 2.16. The applied thin film 

thickness is calculated from equation 8, which is 90nm.  

 

Fig.28. InP samples with ARC and openings 

Fig.28 shows the InP sample surface after metallization process. The contacts grids 

were deposited and the rest of the surface is covered by the AR coating.  
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2.2-23 Photolithography 

The detailed description of the photolithography process step has been given in the 

section of the silicon p-n junction investigation. 

During the photolithography process in the InP solar cell fabrication, it was observed 

that the adhesion improvement on the InP surface by the HMDS was too weak. Therefore, the 

lithography step was repeated until uniformly shaped structures were achieved on the InP 

surface. The most significant adhesion improvement was noticed after the anti-reflection 

coating on the InP surface. Fig.29 shows the comparison of the surface before and after AR 

coating. 

 

(A)                                                (B) 

Fig.29. InP samples with (A) before and (B) after the ARC with metallization  

2.2-24 Metallization 

For the InP solar cell fabrication, both n-type and p-type metallization were conducted 

in the e-beam evaporation system. The p-type metallization consists of 40 nm Ni/140 nm Au 

[44], and the n-type metallization consists of 25 nm Ni/90 nm AuGe/25 nm Ni/150 nm Au. 

Nickel improves the adhesion on semiconductor during the metallization. However, the usage 

of Ni decreases the eutectic temperature (≤ 325C) [45]. Therefore the usage of nickel needs 

extra attention. First the p-type metallization was deposited. The samples were placed in 

acetone for the lift-off process. The lift-off process was completed by rinsing in IPA and DI 

water, as shown in Fig.30. Then the back side of the sample was covered uniformly by the n-
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type metallization. The lift-off process and cleaning was done before the n-type metallization 

to achieve high quality interface, which includes cleaning the photoresist from the surface. 

 

Fig.30. InP solar cell p-type metallization 

2.2-25 Annealing 

Annealing for the InP needs extra attention, due to the material properties and the metal 

contacts. A thermal furnace was used for the annealing in InP solar cell processing. The 

furnace processing time was one hour, which includes sample loading, temperature ramping 

up-down and steady state for annealing. The annealing process was performed at 380 0C for 5 

min. It is a quite high temperature and long duration for Ni consisting contacts.  

It is seen from the I-V plots in the Fig.31 that after the furnace annealing, contacts show 

ohmic behavior.  

 

Fig.31. I-V plots of dark and illuminated InP samples 
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2.2-26 Results and Discussion 

The InP sub-cell fabrication by epitaxial growth of InP on InP substrate was 

experimentally studied. The results provided necessary information for the tandem solar cell 

fabrication. The InP solar cell processing consisted of one batch. The same procedure was 

used for the characterization, which was applied for the silicon.  

For the InP solar cell processing, InP was grown epitaxially on the n-InP substrate with 

an emitter thickness of 0.17 um. Layers of InP were formed as n+/n+/n-/p+. The p/n device 

structure design was chosen with respect to the silicon solar cell processing. The device 

structure was covered by Ni/Au for the p-type contact and Ni/AuGe/Ni/Au for the n-type 

contact. Nickel was used for both types of metallization processes to improve the adhesion of 

the metal on the semiconductor.  

Figure 31 shows the combined dark and illuminated I-V plots of the InP sample. Results 

show the ohmic behavior of the device. It is seen that the illuminated curve and dark curve 

increases correspondingly. However, InP processing had no significant impact on the 

electrical characteristics of the solar cells as shown in the I-V plots. Several possible reasons 

might cause these results, such as the annealing temperature of the furnace at 3800C, the 

emitter thickness and the usage if Ni. Nickel was chosen to substitute the Zn-Au p-type 

contact. But, during the heat treatment, Ni might diffuse into the InP and further reduce the 

emitter thickness, which was 0.17 um. The essential annealing temperatures for Ni composed 

metals are ≈3250C [45]. High temperature resulted in the alloy formation and the shallow 

emitter thickness was negatively affected.  

During the I-V measurements, it is observed that the metallization covered the sides of 

the samples. This might also cause a negative effect on the electrical characterization such as 

short circuit. Sample was examined after cleaving off the edges of the sample, but the desired 
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diode characteristic results weren’t observed. Since the contacts define the cells, the side 

metallization has no effect on the individual cell results.  
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Chapter 3   

3- Conclusion 

This project investigated the cost effective processing technology to fabricate the silicon 

sub-cell in the Si based tandem solar cells. The individual sub-cells in Si based Tandem cell 

were hence fabricated.  

A new approach for p-n junction formation by using HVPE reactor was studied 

experimentally with two different materials, silicon and InP. 

The Si p-n junction formation was investigated by the temperature dependent PH3 

diffusion in the HVPE reactor. This is the first attempt to fabricate the silicon solar cell by 

HVPE reactor. The silicon sub-cell fabrication process involved texturing, photolithography, 

metallization, annealing and electrical characterizations of the samples. For the surface 

texturing, several investigations were undertaken to reach the optimized recipe for randomly 

shaped pyramidal structures. The uniformly distributed randomly shaped pyramidal structures 

on Si were achieved by etching the Si substrate in KOH: IPA (1: 3.5) for 30 minutes at 80 0C. 

The solution etched Si at a rate of 0.43 µm/ min and the surface texturing results were 

examined by SEM. The Si p-n junction formation in HVPE reactor was studied with the focus 

on the impact of the temperature on diffusion. The silicon sub-cell fabrication was conducted 

in 3 batches with diffused silicon samples (pairs of textured and non-textured) under 

temperatures of 1st (605 0C) < 2nd (657 0C) < 3rd (720 0C). In the photolithography process, 

TLM patterns were prepared on the sample surfaces. The image reversal photoresist was used 

and the process was completed with removing the pattern areas selectively by developer. The 

image reversal photoresist was chosen to attain the negative pattern of the mask. Ag (200 nm.) 

and Al (600 nm.) were deposited by e-beam evaporation and sputtering respectively for the 
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metallization on the prepared samples. The metallization process was followed by lift-off and 

uniformly deposited Ag metal layers on surface were observed by the optical microscope. The 

samples were thermally treated in the RTA system to achieve the desired metal-

semiconductor properties (e.g. ohmic contact) at the interface. Annealing process in the RTA 

was conducted at 450 0C for 30 sec. under N2 flow. The annealing temperature was chosen 

due to the aluminum eutectic temperature of the materials system. Finally, the device 

properties were examined by electrical characterization. The results from the sample 

processed at the high temperatures (> 700 0C) showed electrical characteristics of p-n diode. 

These operational temperatures in the reactor are promising as compared to the state-of-the-

art results, such as the MOVPE operational temperatures ≥ 850 0C. However, it was observed 

from the measurements that the formed p-n junction was under the influence of the parasitic 

resistances, such as the parallel and series resistances.  

A prototype InP solar cell was fabricated by HVPE reactor and its I-V characteristics 

were studied. The InP solar cell fabrication involves epitaxial grown body formation, AR 

coating, photolithography, metallization, annealing and electrical characterizations. The p-n 

junction formation of the InP solar cell was achieved by epitaxial growth of sulfur doped n-

InP and zinc doped p-InP materials with a device structure of n+/n+/n-/p+. The n/p 

configuration of InP solar cell was selected with respect to the bottom cell. AR-coating was 

applied on the samples, which were coated with Si3N4 with a thickness of 90 nm in the 

PECVD system. The photolithography process was used for InP solar cell processing. But for 

all sample the surface patterning attempts were failed due to the poor photoresist adhesion 

prior to the AR-coating. It was observed that the anti-reflecting coating process improved the 

surface adhesion along with HMDS in the photolithography. The metallization process was 

carried out in e-beam deposition system for both types metallization. Ni/Au layers with the 

thickness of 40/100nm were deposited to the p-type side and Ni/AuGe/Ni/Au with thickness 
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of 25/90/25/150 nm were deposited to the n-type side. Nickel was used because it improves 

the metal adhesion to the semiconductor surface during the metal-semiconductor hetero-

structure formation. Then the metallization patterns were formed by lift-off process. It was 

observed by the optical microscope that the metallization was uniformly formed. Afterwards, 

the samples were treated in the thermal furnace at 380 0C for 5 min. Finally, the devices were 

examined by the electrical characterization. Unfortunately, the fabricated prototype InP solar 

cell didn’t show the solar cell I-V characteristics.  

The fabricated samples of silicon sub-cell demands further characterizations to study the 

efficiency. The silicon p-n junction processing needs more efforts to evaluate the influence of 

the parameters such as the process time and the pressure in the HVPE reactor. The silicon 

sub-cell metallization needs to reduce the parasitic resistance at the metal-semiconductor 

interface. 

On the other hand, the fabricated InP solar cell didn’t show solar cell I-V characteristics. 

To reveal the possible reasons for the non-functionality, InP solar cell processing requires 

more experiments with thicker emitter layers (≈2 um). The p-n junction formation and the 

annealing process for optimizing Ni composed metallization could be proposed as future 

works. 
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