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Abstract 

Single crystal silicon solar cells for use under high 

concentration sunlight presently exhibit the highest 

conversion efficiencies. The following paper represents 

further work done to improve the efficiency of crystalline 

silicon solar cells through improved design. Design 

features and processing to address the loss mechanisms 

encountered in silicon solar cells are discussed. An 

improved solar cell structure has resulted from this work 

along with a practical processing sequence. Experiments 

were performed to show the practicality of pattern formation 

on the walls of the V-groove structures using conventional 

photolithography and masking techniques. Also, new beam 

processing techniques are discussed to improve processing. 
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Chapter 1 

Description of the Monolithic Series Connected 
Solar Cell Array 

1.1 Introduction 

The purpose of this thesis is to present an improved 

photovoltaic design. This new photovoltaic cell is designed 

to be used under concentrated sunlight. The new structure 

and associated processing will add to the base of knowledge 

of high efficiency photovoltaic cells and high efficiency 

array design. This photovoltaic cell is designed for use 

under uniform, high concentration sunlight. 

Silicon photovoltaic cells have recently experienced an 

increase in efficiency to 30% [1], through improvements in 

the design of the photovoltaic cell structure and 

processing. This improvement comes from a better 

understanding of device physics gained from three 

dimensional modelling and maintaining the high quality of 

the starting silicon material through improved processing 

techniques. Much work has been done recently with p-i-n 

structures for photovoltaic cells. The Point Contact Cell 

[1] and Interdigitated Back Contact Cell [2] both exhibit 

the highest efficiencies to date for single crystal 

photovoltaic cells. The advantages of these structures have 

been Incorporated into a monolithic array in thi6 work, to 

improve array efficiencies. The use of concentrated 

sunlight allows a more expensive fabrication procedure to be 
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used in making the high efficiency photovoltaic cells, since 

fewer cells are required. Also, the cost of power 

generation on a dollar per watt basis for a concentrator 

system is more sensitive to the conversion efficiency of the 

photovoltaic cell [3] than it is for a nonconcentrator 

system. Thus, improvement in conversion efficiency of the 

photovoltaic cell and array become very important. 

1.2 Description of MSCSCA 

A monolithically connected array of silicon 

photovoltaic cells called the Monolithic Series Connected 

Solar Cell Array (MSCSCA) was designed at the University of 

Arizona. The structure of the device is shown in Figure 1-1 

and 1-2. It incorporates recent advancements in high 

efficiency crystalline silicon photovoltaic cells in a wafer 

level integrated array. This provides for reduction in 

typical array efficiency losses, which are caused from poor 

solder joints and long wiring runs. The MSCSCA offers very 

low reflection loss over a wide range of acceptance angles, 

high external quantum efficiency, high internal quantum 

efficiency, reduction in Auger recombination over planar 

cells by reduction in volume, and improved open circuit 

voltage through the use of 6mall polysilicon strip contacts. 



Antireflectlon Coating 
Sl^M4/SiGfc 

^ SIO, -
External Contact 

StC^ 

SI02 Polylmfde (75% ceramic) 

Silicon Wafer 

Figure 1-1. Monolithic series connected solar cell array 
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Isolation Trench 

p-l-n devices 

Alignment Flat 

Metal Busbar 

Trench 

Figure 1-2. Wafer level layout of MSCSCA 

1.2.1 Physical Structure 

At the heart of the MSCSCA is a p-i-n photovoltaic 

cell. The p-i-n device is 6hown in Figure 1-3 along with 

definitions of regions in the device. The regions in the p-

i-n device consist of the base (bulk) and emitter (contact) 

regions. 
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Metal 

Base 
(Bulk) 

p+ Emitter (Contact) n+ Emitter (Contact) 

Metal 

Base 
(Bulk) 

Figure 1-3. Basic p-i-n devices 

The basic structure of the MSCSCA is formed by anisotropic 

etching of <100> crystalline silicon to form V-groove 

trenches. These trenches act to form the basic wedge shape 

of the individual cells, as well as forming the isolation 

trenches to separate the individual cells on the wafer. The 

V-grooves also provide a means of masking implantation of 

the n+ and p+ emitter regions. This is accomplished by 

tilting the implantation angle such that one of the groove 

walls is in shadow. This eliminates two photolithography 

steps. Implantation is used to reduce the number of high 

temperature process steps required, hence preserving the 



excess carrier lifetime in the starting material. 

1 5  

1.2.2 Electronic Structure 

The NSCSCA consists of a plurality of p+-i-n+ diodes 

which are series connected. This allows for an array of 

devices to be fabricated to provide the necessary voltage 

for any given application. Also the high voltage low 

current device will have reduced transmission line losses, 

and require lighter gauge transmission lines. 
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2.1 Introduction 

The design of the monolithic solar cell structure 

reduces losses in the individual solar cell and the solar 

cell array which must be eventually assembled to produce 

power. The monolithic approach ensures good matching of 

individual solar cells since they are all fabricated on the 

same wafer and also high quality interconnects between each 

cell. The reduction in the number of solder joints, wiring 

interconnects and mismatched solar cells will improve the 

system efficiency while at the same time reducing the cost. 

The individual solar cells have incorporated in them the 

latest improvements in crystalline silicon solar cell 

technology. This dual approach to improving overall 

efficiency in silicon solar cells will yield a higher 

overall system efficiency, which is the purpose of this 

work. 

2.2 Cell Mismatch 

Present photovoltaic technologies use arrays of 

photovoltaic cell6 to produce power. The arrays of cells 

are connected in series and parallel arrangements, to 

maximize the power output. The individual cells which make 

up the array must have identical electrical properties in 
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order to avoid losses from the mismatch of different voltage 

and current characteristics. Minimizing the cell mismatch 

can improve array efficiency up to 3% [4]. 

To reduce mismatch, the array of photovoltaic cells 

will be fabricated on a single wafer. This monolithic 

structure is for use in a system employing a concentrating 

element and passive or active cooling. By fabricating the 

array of cells on a single wafer, good matching between 

devices can be achieved. Also the size and hence volume of 

the cells can be controlled to tight tolerances through the 

use of photolithography. The photovoltaic cells' collection 

area and volume can be controlled to within the allowable 

variation in etching across the wafer surface. The etching 

can be controlled to within 0.25 microns [5]. This will 

give a variation in the cell volume of approximately 0.3%. 

2.3 Cell Interconnects 

By using a monolithic array of solar cells, the metal 

connecting the cells can be a very high quality, low 

resistance, interconnect. In conventional photovoltaic 

arrays each individual cell must be soldered together. This 

results in failure of solder joints and increased resistance 

between cells, due to longer wiring runs and the higher 

resistance of solder joints. The monolithic structure 

allows for high quality evaporated aluminum interconnects, 

improving reliability and reducing resistance losses. The 
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metal grid pattern is also eliminated in this design because 

of the small size of the photovoltaic cells. Improving 

interconnects can achieve an array efficiency increase 

through a reduction in series resistance variation between 

cells and hence have the individual cells better matched to 

one another. 

2.4 Heat Removal 

By creating the array in a single package the entire 

array can be cooled more efficiently. This is primarily due 

to the increased simplicity of the cooling system which the 

monolithic structure allows, cooling a single package 

instead of multiple packages. This will reduce the cost of 

active cooling for high concentrations, as well as, passive 

cooling for lower concentrations of sunlight. This is 

discussed further in section 8.3. 

2.5 Summary 

The efficiency improvement given in the monolithic 

array will amount to approximately 3% for the reasons given 

above. This value represents a 3% improvement in total 

system conversion efficiency. 
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Chapter 3 

Estimated Performance of the MSCSCA 

3.1 Introduction 

The primary mechanisms in determining the efficiency of 

a silicon photovoltaic cell are its ability to collect 

sunlight and its ability to then extract the power absorbed. 

To enhance the behavior of the mechanisms involved, a good 

understanding of these mechanisms is necessary. 

3.2 Spectral Conversion Efficiency 

The spectral conversion efficiency is the ability of 

the photovoltaic material to convert the energy of the 

broadband photons of the solar spectrum into usable energy. 

This conversion efficiency is limited by the mismatch of the 

photon energy of the solar spectrum with the bandgap energy 

of the semiconductor. Photons with energy less than the 

bandgap of the semiconductor material don't generate 

electron hole pairs and so produce no usable electric power. 

Photons with energy greater than the bandgap of the material 

produce electron-hole pairs and turn their excess energy 

into heat. The solar spectrum as viewed through an air mass 

of one, also referred to as the AM1 solar spectrum has 

about 20.5% of its photons below the energy gap of silicon 

(1.12 eV). This energy is wasted as heat in the 

photovoltaic cell. Only 59.4* of the energy above the 



2 0  

bandgap of silicon can be converted to usable energy. This 

is due to the fact that one photon can only produce one 

electron-hole pair, with the excess energy being converted 

to heat. This results in a maximum conversion efficiency of 

the AM1 solar spectrum by a silicon photovoltaic cell of 

47.2% [3]. 

3.3 Collection Efficiency 

The collection efficiency, or external quantum 

efficiency describes the cell's ability to convert photons 

to usable current in the external circuit. The total 

current per square cm of active area collected by the solar 

cell is given by [6] 

J q f" F(X)-n<X)-cose-<1 - R(X.e>) dX 
SC 1 J 0 

where q is the electronic charge, F(X) is the illumination 

spectrum per unit wavelength, R(X,e) is the reflectivity of 

the solar cells surface, assuming that all surface layers 

are non absorptive, and 0 is the angle of incidence. The 

integration is performed over all wavelengths of light. The 

quantity i(x) represents the internal quantum efficiency of 

the photovoltaic cell, which is the ratio of the number of 

incident photons to the number of carriers that reach the 

external circuit. The two factors that affect the 

collection efficiency are the internal quantum efficiency 
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and the reflectivity of the front surface of the cell. 

3.3.1 Reflection Losses 

To reduce reflection losses in the MSCSCA, the top 

surface is texture etched (Figure 3-1) and uses an anti-

reflection (AR) coating specifically designed for textured 

surfaces. The combined effect of texturing and AR coating 

the front surface of the cell reduces the reflection loss 

over the usable range of the solar spectrum, wavelengths 

with energy greater than the bandgap of the material, to 

0.03 [7]. After Sapori and Pryor [7], the AR coating 

consists of 100 angstroms of silicon dioxide to passivate 

the front surface of the cell and 700 angstroms of silicon 

nitride on top of the oxide. The pyramid height of the 

textured surface can be controlled by etch composition and 

in the MSCSCA design, was chosen to be 5 microns. This 

pyramid height was chosen to allow the surface texturing to 

still be effective after the polyimide encapsulant is 

applied. Figures 3-2 and 3-3 show the reflection losses for 

the texturized and AR coated surface. These figures show 

the reduction in reflection a textured surface has compared 

to a planar surface. Figure 3-3 also 6hows that a very 

large acceptance angle is possible for the textured surface 

with only a small reflection loss. 
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Figure 3-1. Light paths in an idealized texturized 
surface, after Sopori [7]. 

Reflection (%) 

12 -

4 -

0.6 0.9 0.7 1 1.1 0.4 0.6 0;5 
Wbveiength (microns) 

Figure 3-2. Reflection coefficient over wavelength range, 
after Sopori [7]. 
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Reflection (SB) 
3 0  

25 — Planar ARC Surface 

— Textured ARC Surface 
20 

Incident Angle {Degrees) 

Figure 3-3. Reflection coefficient over angular range, 
after Sopori [7]. 

3.3.2 Internal Quantum Efficiency 

The internal quantum efficiency (IQE) is a function of 

the cell'6 thickness, which is given by the fundamental 

collection efficiency, and the excess carrier lifetime, 

given by the internal collection efficiency. The IQE 

describes the devices ability to absorb a photon and then 

move the carrier generated to the external circuit. The IQE 

is the product of the fundamental collection efficiency and 

the internal collection efficiency. 
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3.3.2.1 Fundamental Collection Efficiency 

Fundamental Collection Efficiency can be improved 

by texturing the front surface and incorporating a back 

surface reflector in the photovoltaic cell. Using these 

design techniques allows for a thinner solar cell because of 

the increased optical path length in the photovoltaic cell. 

The reduction of solar cell thickness means a decrease in 

the Auger recombination, which is the dominant recombination 

mechanism in this design under concentrated sunlight. Auger 

recombination is volume dependent, so decreasing the 

thickness reduces the volume and the Auger component of the 

recombination. 

Light trapping is a technique utilizing the front 

textured surface to randomize the incident radiation and 

help trap the light in the higher refractive index 

semiconductor material. To further enhance this light 

trapping ability of the device, the back surface should have 

a rear reflector to reflect unabsorbed rays and hence 

increase the optical path length of the device. Increasing 

the optical path length of the device will increase the 

collection efficiency of the device by increasing the 

effective thickness. Silicon has a weak absorption edge and 

requires an optical path length of 100 microns to absorb at 

least 90% of the collected radiation. The absorption 

probability (absorbance or spectral response) a(X), is the 
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probability that a photon will be absorbed by the structure. 

The absorbance for the MSCSCA is given by [8]: 

« < X  )  
a ( X  )  *  —  

2 
sin 6 

« ( X  )  +  
2 

4- n • W 

where 

© < < X )  = absorption coefficient 

n = refractive index 

W = cell width 

6 = angular range of incidence 

and shown in Figure 3-4. Figure 3-5 shows the fundamental 

collection efficiency for silicon, from Chappell [3]. The 

MSCSCA structure will randomize the incoming sunlight to 

enhance the path length. After Green [8] and Chappell [3], 

the optical path length in the MSCSCA will be approximately 

300 microns. This results in a fundamental collection 

efficiency of 0.95. 



Abeorbance 
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Figure 3-4. Absorbance for MSCSCA 

Fundamental Collection Efficiency (%) 
100 
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Figure 3-5. Fundamental collection efficiency, after 
Chappell [3] 
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3.3.2.2 Internal Collection Efficiency 

The internal collection efficiency of a photovoltaic 

cell is the ratio of the number of electron-hole pairs which 

are collected by the cell to the number which are generated 

in the cell. Chappell [3] has calculated the internal 

collection efficiency of vertical junction p-i-n devices and 

the results are shown in Figure 3-6. Thi6 predicts a very 

high internal collection efficiency for the MSCSCA which 

uses high lifetime silicon. The internal collection 

efficiency predicted for the MSCSCA is 0.999. 

Internal Collection Efficiency {%) 

09, 

05 

03 

60 

87 100 pi -X-1000JJ1 

66 
1 K> 100 1.000 10,000 

Sunlight Concentration (Suns) 

Figure 3-6. Internal collection efficiency, after 
Chappell [3] 
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3.4 Voltage Factor 

The voltage factor is the ratio of the open circuit 

voltage to the bandgap voltage of the material. To Increase 

the voltage factor the open circuit voltage must be 

increased. 

VF • V0C/.,12 

V e (kt/q)ln(pn/nA2 ) 

A high pn product is needed to achieve a high junction 

voltage. To achieve a high pn product all the sources of 

recombination must be minimized. Also by using a higher 

illumination and longer lifetime material the excess 

carrier concentration will be increased. This is the 

primary advantage in device performance: using a solar cell 

under concentrated sunlight will result in a higher open-

circuit voltage and hence increased efficiency. The Point 

Contact Cell ha6 exhibited the highest open-circuit voltages 

for silicon cells to date. Thi6 is primarily due to the 

reduced emitter area. The NSCSCA also takes advantage of 

this reduced emitter area to maximize its open circuit 

voltage. 

Auger recombination plays the major role in limiting 

open-circuit voltage in silicon concentrator cells. Auger 

recombination will completely dominate the device behavior 
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at high sunlight concentrations. Thus it sets a limiting 

value on the open-circuit voltage because it is a 

fundamental material property. Auger recombination is 

discussed in more detail in the next chapter. Green [9] 

sets the limit of the open-circuit voltage for an ideal cell 

at 950 mV. Figure 3-7 shows the open-circuit voltage for a 

vertical p-i-n as a function of bulk carrier lifetime and 

sunlight concentration. 

Open-Glrcult Voltage (Volts) 

Sunlight Cone. 

1X -+-»x 100X 1000X -*-ioxxx>x 

09 

06 

04 1,000 1 10 100 
Bulk Carrier Lifetime (microseconds) 

Figure 3-7. Open-circuit voltage, after Chappell [3] for 
p-i-n photovoltaic cells. 
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The open-circuit voltage of the MSCSCA is predicted to 

be between 0.85 and 0.9 volts, depending on the sunlight 

concentration and bulk carrier lifetime of the material. By 

maintaining high internal quantum efficiency and reducing 

the thickness of the MSCSCA cell, a higher open-circuit 

voltage should be attainable than in the planar Point 

Contact Cell. The cell volume is also reduced in the MSCSCA 

compared to planar devices, while still maintaining the same 

collection area. This creates a higher pn product than in 

planar devices and hence a greater open-circuit voltage. 

3.5 Fill Factor 

The fill factor is the parameter that describes the 

squareness of the I-V curve of the photovoltaic cell. The 

fill factor is given by: 

ff • J V /J V n n n SC 0C 

where J and V_ are the current density and the voltage at mm 

the maximum power point. The primary reduction in fill 

factor comes from the series resistance of the photovoltaic 

cell. The series resistance has two components. The 

internal resistance of the cell which is determined by the 

conductivity modulation and the external series resistance 

which represents the contact resistance of the ohmic 

contacts and the transmission losses in the metal connecting 
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the devices. 

The ohmic power loss caused by the series resistance is 

given by 

J R 
m S 

loss V 

where 

RS 85 Ris+ RES 

The fill factor for a vertical junction p-i-n device has 

been calculated by Chappell and is shown in Figure 3-8. 

0.0 
Fill Factor 

0.6 

07 

ao 

—• • 

—-+— 

Bulk Lifetime 

• 

—1>» "-+-*10 pi -*"100 jib -e-iooopt 

1 1 1 1 1 llll 1 1 ' ' ' ' ' 

10 100 1.000 
Sunlight Concentration (Suns) 

10.000 

Figure 3-8. Fill factor vs. sunlight concentration, 
after Chappell [3] 
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The reduction of the series resistance in the MSCSCA 

should give an improvement in the fill factor over the 

existing high efficiency cells. The fill factor for the 

MSCSCA is predicted to be 0.87. 

3.5.1 External Series Resistance 

In the design of photovoltaic cells for use under 

concentrated sunlight, series resistance has always played 

an important role in limiting efficiencies. In the MSCSCA 

series resistance is reduced in two ways. First the 

monolithic nature of the device allows for the production of 

high voltage and low current. This means that the 

transmission line losses will be reduced since the current 

is smaller in the MSCSCA than in a planar device of the same 

surface area. Second the structure of the array allows for 

a very thick metallization to be used reducing the series 

resistance of the metallization to an insignificant level (2 

-19 
x 10 ohms). The primary factor in the series resistance 

is the contact resistance of the metal semiconductor 

interface. Using evaporated aluminum, high quality contacts 
_C 

can be formed with resistivities on the order of 10 ohm-cm 

resulting in a voltage drop of only about 0.2% of the 

maximum power point voltage. The MSCSCA will give a very 

low series resistance which will yield an improved fill 

factor and an Increase in efficiency for high injection 

conditions. 
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3.5.2 Internal Series Resistance 

The high resistivity intrinsic material of the base 

region of the p-i-n solar cell will have it6 conductivity 

modulated under high injection conditions. The advantage 

the MSCSCA has over planar cells is that conductivity 

modulation will be greater, thus reducing the internal 

series resistance. This results from a greater collection 

surface area to volume ratio, 1.8 to 1, in the V-groove 

cells as compared to the planar cells. 

It is desirable for the photogenerated excess carrier 

18 density to be greater than 10 /cm , because it has been 

found that the Auger coefficient decreases above this value 

[10]. However, an excess carrier density this high at the 

maximum power point will require a concentration factor of 

sunlight which is unpractical. From Chappell, the ohmic 

power loss caused by the internal series resistance of the 

cell is 6hown with its dependance on bulk carrier lifetime 

and sunlight concentration factor in Figure 3-9. So, by 

using higher lifetime material, it is possible to increase 

the conductivity modulation and hence, reduce the internal 

series resistance of the photovoltaic cell. 
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Internal Ohmlc Power Loss (%) f 

Bulk Llfatlma 

10 ps -*-100 ps 1 p»  1000 pa 

1 10 100 1.000 
Sunlight Concentration (Suns) 

Figure 3-9. Ohmic power loss for internal series resistance, 
after Chappell [3] 

3.6 Conversion Efficiency 

The conversion efficiency is calculated from taking 

into account all the above factors. The efficiency is given 

by the product of the spectral conversion efficiency, 

collection efficiency# voltage factor and fill factor. 



Table 3-1 

Predicted Conversion Efficiency For the MSCSCA 

Spectral conversion efficiency 47.2% 

Collection efficiency 

Reflection efficiency .970 

Fundamental Collection efficiency .950 

Internal collection efficiency .999 

Voltage Factor .800 

Fill Factor .870 

Total conversion efficiency 30.2% 



Chapter 4 

Recombination 
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4.1 Introduction 

The most significant loss mechanisms which need to be 

addressed in the design of high efficiency solar cells are 

the recombination losses. The recombination of 

photogenerated carriers occurs in the emitter, bulk and at 

the surfaces of the solar cell. A discussion of how the 

MSCSCA can minimize each of these loss mechanisms through 

design and processing follows. 

It has been shown by several researchers [11],[2] that 

through proper design and processing, emitter and surface 

recombination can be made negligible compared to the Auger 

recombination at high injection conditions. Figure 4-1 

shows the recombination mechanisms by percentage for 

increasing intensity of sunlight. The techniques for 

minimizing emitter, surface, Shockley-Read-Hall (SRH) and 

Auger recombination in the MSCSCA will be discussed. 
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Percent Recombination by Type 
eo 

Auoer 60 Emitter • 

40 

Surlace 

Bulk Shockley-flead-Hall 

1 10 100 1000 
Sunlight Concentration (Suns) 

Figure 4-1. Comparison of recombination mechanisms, after 
Swanson [11]. 

4.2 PhysiC6 of Recombination 

After optical absorption has generated carriers in the 

bulk of the material in the photovoltaic cell, it is 

necessary for the carriers to be collected by the external 

circuit before being lost to recombination. Recombination 

attempts to restore the nonequilibrium carrier densities 

generated by photoexcitation to their thermal equilibrium 

values. 

The three major processes for recombination can be 
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separated into radiative, nonradiative and phonon assisted, 

and nonradiative and carrier excitation assisted. In the 

radiative recombination process the energy is dissipated by 

emission of photons. In the nonradiative and phonon 

assisted process the energy is dissipated by the emission of 

phonons. The nonradiative and carrier excitation assisted 

process dissipates its energy by the excitation of other 

free carriers. Auger recombination, which is the 

recombination mechanism of primary concern in the MSCSCA 

design is a nonradiative and carrier excitation assisted 

recombination. 

Regions of the solar cell and their associated 

recombination are shown in Figure 4-2. 

Surface 
Recombination 

.Generation 

-Collection -
Emitter Rec. 

Bulk 
Rec. 

Figure 4-2. Recombination regions 
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4.3 Surface Recombination 

At the surfaces of the silicon material, which makes up 

the solar cell, dangling bonds occur which act as traps for 

electrons. To remove these traps from the solar cell the 

surfaces require high quality passivation. The most common 

technique and the one that has shown to be the best for 

silicon is thermal oxide. The surface recombination 

velocity can be reduced to around 5 cm/sec [11], which is 

necessary for high efficiency solar cells. Passivation can 

also be enhanced by the use of hydrogen to fill traps in the 

material and at the surface boundary. This is done by 

performing oxidations in hydrogen gasses or ion implanting 

hydrogen [12]. Laser annealing can provide a means to 

passivate the front textured surface of the MSCSCA while 

maintaining a low temperature during processing. Laser 

annealing only raises the temperature of the material in a 

very localized area and thus does not raise the temperature 

of the bulk material [13]. To maintain the high lifetime of 

the starting material during the processing of the MSCSCA, 

high temperature steps should be kept to a minimum. This is 

important for high efficiency operation and will be 

discussed more in the bulk recombination section. 

4.4 Emitter and Contact Recombination 

Emitter recombination occurs due to the more heavily 

doped nature of the emitter. The lifetime of excess 
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carriers in the emitter will be decreased due to the shorter 

diffusion length in the highly doped material. Emitter 

processing can also affect the lifetime of the bulk material 

through diffusion related stress induced in the lattice. 

Contact recombination can also be reduced by using a highly 

doped polysilicon emitter instead of a diffused contact in 

the crystalline material [14]. Abrupt junctions will yield 

higher open circuit voltages [11], so the use of a highly 

doped polysilicon emitter will create a more abrupt junction 

at the silicon-polysilicon interface. Efficiency 

improvement resulting from polysilicon contacts is shown in 

Figure 4-3. 

Efficiency (X) 

3IPOS Contacts 

30 
/ 

^ Diffused Emitters 
29 

26 

26 

24 

23 
100 1000 10000 10 1 

Sunlight Concentration (Suns) 

Figure 4-3. Efficiency improvements for semi-insulating 
polysilicon contacts, after Sinton [11] 
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Recombination traps also come from diffusion related 

stress in the lattice. Diffusion of dopants into the 

crystalline silicon lattice will create some disorder in the 

lattice, which results in a decrease in the carrier lifetime 

of the material. High quality material is required for long 

base lifetime, so it is not desirable to introduce more 

lattice defects if it can be avoided. To deal with the 

problems of contact recombination and diffusion related 

stress a polysilicon contact is used. This polysilicon 

contact pad is located between the crystalline silicon and 

the metal contact. The polysilicon contact helps reduce 

contact recombination by creating a semi-insulating barrier 

to minority carriers but allowing majority carriers to pass 

through. The minority carriers are thus prevented from 

recombining at the metal-poly interface. The polysilicon 

also provides a gettering site for lattice defects in the 

crystalline silicon. Using polysilicon to getter lattice 

defects from the bulk material will help maintain the high 

carrier lifetime of the material. The heavily doped 

polysilicon contact eliminates the need for a deep junction 

in the crystalline silicon. This will decrease the lattice 

defects and hence the recombination traps. 

4.5 Recombination in the Bulk 

The p-i-n solar cells used in this monolithic array 

require an intrinsic base with a high lifetime for carriers. 
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High lifetime material can be obtained but usually by the 

time the processing sequence has been completed the lifetime 

of the material has been degraded significantly. To reduce 

recombination in the bulk, lifetime must be maintained or 

the distance the carriers must travel needs to be decreased. 

The goal of the MSCSCA is to maintain high lifetime and 

reduce the distance the carriers must travel to be 

collected. This is achieved in the silicon material by low 

temperature processing and decreasing the thickness of the 

cell to reduce the Auger component of the bulk 

recombination. To shorten the distance the excess carriers 

must diffuse, electric fields can be used to help steer the 

carriers away from the front surface towards the contact 

regions. Incorporating floating emitters in the textured 

pyramids of the front surface will push carriers out of this 

region with their electric fields [2]. The floating emitter 

structure acts to reduce the distance carriers must travel, 

thus reducing Auger recombination. The floating emitters 

also act to keep carriers away from the front surface, thus 

assisting the surface passivation in reducing surface 

recombination. The MSCSCA also takes advantage of the semi-

vertical junction (Figure 1-3) to reduce the distance the 

photogenerated carriers must travel, by extending the 

contacts from the front to the back of the cell. 

Auger recombination is reduced in the bulk in the 

MSCSCA by reducing the volume of the cell. Auger 
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recombination is volume dependent, so making the cell 

thinner and wedge shaped reduces Auger recombination 

compared to planar cells. 

4.6 Effect of Auger Recombination 

Auger recombination plays a major role in efficiency 

degradation at high concentration factors. For p-i-n 

devices such as the Point Contact Cell it has been shown 

that Auger recombination becomes the limiting recombination 

factor in the device. This is illustrated in Figure 4-4. 

Efficiency (%) 

AM1.6 

90 

25 

20 
15 

10 Auger Limits 

Black Body Limits 

6 • 

0 I I  I  I I I  i - 4 ,  
10 100 

Dell Thickness (microns) 
1000 

Figure 4-4. Efficiency limits imposed by Auger 
recombination, after Green [9]* 
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Auger recombination tends to limit the build up of excess 

carrier concentration by reducing the lifetime of the 

carriers. This occurs for excess carrier concentrations 
17 

above 2 x 10 cm'3 [11]. Auger recombination lifetimes 

vary inversely with the square of the carrier concentration. 

Hence, the Auger recombination lifetimes will become smaller 

than the Shockley-Read-Hall lifetimes at high enough excess 

carrier concentrations. This means that once the Auger 

recombination in the bulk region dominates the open circuit 

behavior of the device, processing improvements to raise the 

bulk lifetime through the reduction of SRH recombination 

centers will not yield any increase in the open circuit 

voltage. 

When Auger recombination is the dominant recombination 

mechanism in the device, the excess carrier concentrations 

under open-circuit conditions will be given by 

n • p • t 6 
e f f  L  

where 

T.ff •,/<sn2) 

is the effective bulk carrier lifetime, G L is the volume 
-30 

generation rate of electron-hole pairs, and g » 1.66 x 10 

cmBsec~' is the Auger recombination coefficient [11]. Since 
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the generation rate, G L , is proportional to the sunlight 

concentration X in suns, the excess carrier concentration 

can be written as 

1/3 
n = p <Xc/g> 

Hence, at sunlight concentration factors of 

approximately 100 and above, the effect of Auger 

recombination will be to limit the build up of excess 

carrier concentration. This results from the change in the 

excess carrier concentration generation, from linear to cube 

root dependence on the sunlight concentration. Once this 

occurs, the open circuit voltage will increase with the 

concentration factor at a much 6lower rate [3]. 
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5.1 Introduction 

One of the advantages of using a photovoltaic cell in a 

concentrator system is that the cell can benefit from 

improved design, due to the fact that the cost of the cell 

can be greater. Improved photovoltaic cell designs such as 

the Point Contact Cell and the Interdigitated Back Contact 

Cell both require many photolithography steps to implement 

their design improvements. The MSCSCA is of similar 

fabrication complexity but creates a more sophisticated 

structure in the process. The fabrication steps required 

are all currently attainable with standard fabrication 

processes. The processing steps and sequence follow (Table 

5-1 and Figure 5-1), along with experimental results in 

contact pattern formation on the wall of the V-trenches. 

Advanced beam processing techniques will also be discussed 

for future improvements in the processing of the MSCSCA. 
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Table 5-1 

Process Flow for MSCSCA 

1. RCA clean starting wafer <100> silicon 
2. Silicon Dioxide, plasma deposition 
3. Photolithography for V-grooves 
4. Silicon dioxide etch to form openings for V-grooves 
5. Etch V-grooves with KOH (30%) 
6. Strip silicon dioxide 
7. Ensure clean surface (RCA clean) 
8. Grow passivation oxide (1200 A)(clean oxidation tube TCA) 
9. Photolithography for contacts in V-groove 
10. Etch contact pattern 
11. Deposit polysilicon ( 0.25 microns) 
12. Implant n-type at 33 degrees off vertical 
13. Implant p-type at -33 degrees off vertical 
14. Silicon dioxide, plasma deposition 
15. Photolithography for polysilicon contact structure 
16. Etch polysilicon pattern 
17. Strip oxide 
18. Evaporate metal 
19. Photolithography to pattern metal 
20. Aluminum etch 
21. Photolithography for plated metal 
22. Electroless plate metal 
23. Bond to substrate 
24. Etch front surface to expose metal contacts 
25. Anisotropic etch front surface 
26. Bond external leads 
27. Plasma deposit silicon dioxide on front surface 
28. Plasma deposit silicon nitride for AR coating 
29. Spin on polyimide encapsulant 



<100> Root Zona Sltcon MWar 

Starting Wafer (Step 1) 

• n n n n 

Photolithography for V-grooves (Steps 2,3  and 4) 

V-groove Etch (Step 5) 

Figure 5-1. Process flow for MSCSCA 
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Strip, clean and grow passivation oxide (Steps 6,7 and 8) 

rwwwi 

Photolithography to form contact windows (Steps 9 and 10) 

Deposit Polysilicon (Step 11) 

Figure 5-1. Continued 
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n+ tnpierrt 

'//////////// 

Implant n+ region (Step 12) 

wwmw p+ Implant 

Implant p+ region (Step 13) 

Photolithography to form polysilicon contact structures 
(Steps 14,15,16 and 17) 

Figure 5-1. Continued 
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Evaporate Aluminum (Step 18) 

Photolithography to pattern aluminum (Steps 19 and 20) 

Electroless Plate Nickel (Steps 21 and 22) 

Figure 5-1. Continued 
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Bond to substrate and etch front surface (Steps 23 and 24) 

f7rX7i7S^r\ 

Texture etch front surface (Step 25) 

Bond External leads (Step 26) 

Figure 5-1. Continued 
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AR costing 

Deposit AR coating and encapsulant (Steps 27,28 and 29) 

Figure 5-1. Continued 

5.2 Oxidation 

To reduce the number of defects introduced into the 

bulk due to high temperature processing, low temperature 

deposition of oxide is desired. Electron Cyclotron 

Resonance (ECR) microwave plasmas provide a way to deposit 

high quality silicon dioxide films between temperatures of 

90 and 200 degrees C [15]. This gives the ability to easily 

deposit silicon dioxide after the metallization 6teps have 

been performed. This means that only one high temperature 

6tep needs to be performed to activate the implants. This 

high temperature step occurs before the deposition of the 

metal. Swanson [l], has shown that following oxide growth 

with a 1000 degree C Argon anneal, a forming gas anneal and 

an aluminum anneal will reduce surface recombination 
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velocities to 5 cm/s. This thermal anneal will reduce the 

number of traps on the bottom and sides of the cell by 

improving the silicon-silicon dioxide interface. 

5.3 Implantation 

To save photolithography steps and simplify fabrication 

of the MSCSCA, the implantation is performed at an angle of 

+33 degrees for phosphorous and -33 degrees for boron. This 

implantation technique, to have the opposite wall of the 

groove shadow itself from the implant, alleviates the 

necessity of two photolithography steps. This technique has 

been shown by Evans [16] and Chappell [17]. Implantation of 

the n+ and p+ contact regions will be primarily in the 

polysilicon contact structure. The polysilicon emitter will 

be heavily doped with only slight doping in the crystalline 

silicon. This has the advantage of reducing the damage 

caused by the implant in the lightly doped crystalline 

emitter region. During the activation of the dopant atoms, 

in the thermal anneal, the polysilicon will also act to 

getter defects from the crystalline material. 

5.4 Metallization 

To reduce contact resistance evaporated aluminum 

contacts are used backed by plated nickel. This combination 

will reduce series resistance and provide sufficient 

material to be bonded to the external leads. Electroless 



55  

plating of the nickel to the aluminum is a process which has 

been studied in depth and processes are available [18]. 

The aluminum anneal step at 450 C is an important step 

because it usually reduces the surface recombination 

velocity by a factor of two for thermally grown oxide [11]. 

It will be necessary to perform experiments on low 

temperature plasma oxides to see if a low temperature anneal 

can do the same to enhance the quality of the oxide. 

5.5 Etching 

The etching, of the V-grooves can be performed using 

anisotropic etching techniques. Plasma or reactive ion 

etching are desirable over wet etching for process control. 

The experimental V-groove formation was wet etched using a 

30% by weight KOH solution. The groove surfaces should then 

be cleaned to remove residual potassium contamination. An 

RCA cleaning procedure will remove this contamination. 

The electrochemical thinning etch technique, used to 

achieve the thin structure, has been shown to be able to be 

controlled to within 0.25 microns across the surface 

[5],[19]. This will allow very accurate thinning of the 

front surface, to make the MSCSCA possible. 

The electrochemical etching process uses an anode to 

cathode voltage of 10 volts, applied in a 5% aqueous HF bath 

at 18 degrees C. It should be performed in darkness, with 

the anode attached to the edge of the wafer and the cathode 
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placed parallel to the wafer about 5 cm away. Platinum 

gauze can be used as the cathode and anode. The anode can 

be clamped to the edge of the wafer. 

The etch stop mechanism can be done by forming the 

MSCSCA in a high resistivity epitaxial layer on a low 

resistivity substrate. During the electrochemical etching 

process, the anode-cathode current can be recorded as a 

function of time. The etching process is stopped when a 

constant current level is reached, indicating that the low 

resistivity substrate has been dissolved, thus leaving only 

the epitaxial layer which is now ready to be anisotropically 

etched to form the textured surface. 

It should also be possible to not have to use an 

epitaxial layer once the process has been characterized and 

etch rate established. The primary purpose of this etch 

step is to allow even etching of a thick wafer, 200 microns, 

across its entire surface. Also since it will be followed 

by another etch step, a several micron tolerance can be 

allowed in the initial etch stop location. 

5.6 Polysilicon 

Polysilicon can be deposited at 600 C using a LPCVD 

process. This is the only other relatively high temperature 

process involved in the process besides the thermal anneal 

at around 1000 degrees C. 
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5.7 Electroless Nickel 

Electroless plating of nickel from a bath is a very 

simple way of building up the thickness of the metal 

interconnects. Electroless plating does not require that a 

potential be applied to the surface for the metal to be 

deposited. The nickel is deposited from a nickel plating 

bath. Electroless plating of nickel onto aluminum is a well 

established procedure [18]. 

5.8 Beam and in-situ Processing 

New in-situ processing techniques and beam writing 

techniques will lend themselves to improved fabrication of 

the MSCSCA. Laser annealing of implanted species for 

maintaining the bulk material at low temperatures, is one 

technique. This can be used in a scanning mode across only 

the implanted regions. Collimated ion sources, used with 

stencil masks, provide a method to simplify the 

photolithography requirements required in the MSCSCA design. 

A diagram of this method is shown in Figure 5-2. This 

technique may be very useful in the etching steps and 

implantation steps. It has the advantages of low 

temperature operation and simplification of the fabrication 

procedure. 



Figure 5-2. Beam and in-situ processing techniques, after 
Ehrlich [20] 
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6.1 Introduction 

Experiments were performed to ascertain whether or not 

reduction of emitter coverage was possible, through the 

formation of strip contact patterns on the walls of the V-

groove. To answer this question 50 micron deep V-grooves 

were etched in an n-type <100> wafer. The contact mask had 

rectangular contact patterns 12 microns by 20 microns. 

Using a Perkin-Elmer projection aligner and refocusing the 

exposure beam to half way into the groove, contact patterns 

were formed in the oxide covering the silicon V-groove 

surface. Initial experiments trying to planarize the 

grooves with PMMA proved unsuccessful due to the large size 

of the grooves. Even using multiple coats of the PMMA was 

unsuccessful. Possibly using a higher density PMMA would 

planarize the grooves but this was not available. 

6.2 Masks 

A complete set of masks were laid out and fabricated to 

produce the MSCSCA. This was accomplished on the UAMEL GCA 

Mann 2600 pattern generator, which had to form masks with 

approximately a half million contact patterns, taking up to 

11 hours to expose the pattern. The MSCSCA was fabricated 

on 3 inch wafers in a 1 inch square pattern. The purpose 
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was to check uniformity of contact pattern in the grooves 

across the entire array of grooves. The test device had 300 

grooves. The V-groove mask dimensions can be seen in Figure 

6-1.  

<100> 

<111> 

0 =54.7 

V-Groove S = 2H/tan8 = 70.8 um 

Dimensions w « 10 um H * 50 um 

6 = Angle between <100> and <111> planes 

Figure 6-1. Dimensions used in V-groove etch mask 



61  

6.3 Photolithography 

To solve the problem of forming the contact regions, 

the Perkin-Elmer projection aligner was refocused to a 

distance of 25 microns below the wafer surface; this 

technique yielded good results. This can be seen in the 

scanning electron micrographs taken of the etched contact 

windows. To improve the uniformity and quality of the 

pattern an antireflection coating can be used to cut down on 

the light being reflected from one side of the groove to the 

other. The photoresist used was KTI 820, 30 CS, positive 

resist and it was spin coated onto the grooved surface at 

3000 rpm for 30 seconds. The developer used was KTI 934. 

Positive photoresist was used for this step because of the 

superior quality of the pattern edge formed in the 

photoresist. 

6.4 Planarizing 

Fabrication of the MSCSCA requires the ability to form 

contact windows on the walls of the V-grooves. Since the 

grooves are 50 microns deep it is difficult to use 

conventional photolithography techniques. To solve the 

problem of forming a pattern on a surface that has a large 

surface relief, PMMA was used to planarize the surface. The 

idea was to fill the grooves with PMMA and then perform the 

photolithography on the now planarized surface and expose to 

deep ultraviolet light. Unfortunately the PMMA was 
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insufficient to planarize grooves 50 microns deep even with 

multiple coats. This resulted in a reduced distance between 

the photoresist and top of wafer, but not sufficient to 

reduce the diffraction which was washing out the pattern. 

The real problem of forming the pattern on the walls 

of the V-grooves was that the projection aligner was focused 

at the surface of the wafer leaving the entire contact 

pattern out of focus. The advantage of using a projection 

aligner in this case, was it allowed the focus to be 

changed. The pattern was focused in the center of the 

groove, which also corresponded to the center of the 

pattern. Experiments were then performed without 

planarizing to see if the new focal point would give 

sufficient pattern resolution to form the contact windows. 

This technique proved successful and is discussed further in 

the next section. Planarizing with the PMMA was sufficient 

to reduce the surface relief from 50 microns to 25 microns. 

This means that using the PMMA and focusing the pattern in 

the middle of the now reduced surface relief will allow for 

even better pattern resolution, since the variation in the 

distance from the center of focus is reduced by half. For 

the MSCSCA the added 6teps of planarizing may not be 

necessary to achieve the desired pattern, but this technique 

may be used for more intricate patterns formed on V-groove 

walls for other semiconductor technologies. 
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6.5 Discussion of Experimental Results 

The scanning electron micrographs that follow, show the 

contact pattern formed on the wall of the V-groove. The 

contact window is oval in shape due to the defocussing of 

the rectangular pattern at either end of the contact window. 

The shape of the contact window is not very critical as long 

as the percentage of area covered by the window can be 

controlled. This appears to be easily controllable with the 

present method of photolithography used to form the pattern 

on the wall of the V-groove. 

The electron micrographs reveal the successful 

formation of the contact patterns on the walls of the 

grooves (Figures 6-2,6-3,6-4 and 6-7). They also reveal 

some areas of the pattern washing out. This is believed to 

be caused by reflection off the walls of the V-grooves. The 

nature of the V-grooves causes the light to be scattered off 

one wall and onto the other; this is how light trapping is 

enhanced by a textured surface. To reduce the amount of 

light scattered off the groove walls an antireflection 

coating can be spun on after the photoresist. This reduces 

the reflection from the groove wall by reducing the 

reflection of the photoresist surface. 

The test device was one inch square and had 300 

grooves. This required approximately 500,000 contact 



Figure 6-2. SEM of contact window, 1800X 

Figure 6-3. SEM of contact windows, 1800X 



Figure 6-4. SEM of contact window, 4000X 

Figure 6-5. SEM of flawed contact window pattern, 1000X 



Figure 6-6. SEM of contact pattern across 4 grooves. 

Flawed contact pattern, 400X. 

Figure 6-7. SEM of contact pattern across 4 grooves. 

Good pattern uniformity, 400X 
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windows to be formed over the entire pattern. The one inch 

square pattern showed a uniform formation of the contact 

pattern across the device surface. There were however, 

definite areas of the pattern that suffered from light 

scattering and thin regions connecting the bottom of the 

contacts on the same wall were observed. These errors in 

the pattern are shown in Figures 6-5 and 6-6. This appears 

to be the only problem in the pattern formation using the 

above technique. This only occurred in some areas. The 

bottom of the groove walls are much closer together and it 

is this close proximity of the groove walls that make the 

antireflection coating necessary to improve the pattern 

integrity. 

The ability to form contact patterns on the V-groove 

walls will make it possible to form p-i-n structures with 

reduced emitter coverage in a monolithic structure. This 

allows the MSCSCA to take advantage of the recent advances 

made by Stanford's Point Contact Cell and the Interdigitated 

Back Contact Cell. 
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Chapter 7 

Conclusion 

The MSCSCA has combined advanced design features in a 

structure which offers higher efficiency. A method for 

fabricating the device has been proposed and experiments 

have shown that the contact pattern required can be formed 

on the V-groove walls. The advantages of the MSCSCA are 

summarized in Table 7-1. 

Table 7-1. Advantages of MSCSCA 

1. Potential for greater than 30% conversion efficiency 
using existing technology. 

2. Higher open-circuit voltage possible than in planar 
cells. 

3. Very low series resistance permits efficient operation 
beyond 1000-suns. 

4. Reduction in Auger recombination. 

5. Excellent support for thin structure during fabrication, 
to increase production yield. 

6. Improved array efficiencies. 

Experimental results showed that it is possible to use 

conventional photolithography to form contact patterns on 

the walls of V-trenches. The technique used may be useful 

in some integrated circuit technologies which use V-

trenches. 
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Chapter 8 

Areas of Future Work 

8.1 Computer Modeling 

A three dimensional computer model can be created by 

adapting Stanford's algorithm for the Point Contact Cell to 

the MSCSCA structure. This will provide quantitative 

support to the qualitative design of the MSCSCA. Also, it 

will provide the ability to optimize the MSCSCA structure 

for a desired application. 

8.2 Prototype Fabrication 

This will give results to check against the computer 

model. Also, the fabrication procedure will be able to be 

fine tuned. 

8.3 Heat Removal 

The cooling system, either active or passive, depending 

on the sunlight concentration factor used, will need to be 

designed. There are several techniques already developed to 

perform this task. 

Passive cooling for low concentration can be performed 

using either finned metal heat sinks or phase change heat 

exchangers. Metal heat exchangers have been used 

successfully in several designs [20]. Freon phase change 

plate coil heat exchangers have also been used to keep 



70  

photovoltaic cells at near ambient temperature. 

Active cooling usually consists of a heat transfer 

fluid flowing across the back of the cell. This requires 

pumping and cooling towers which have a parasitic energy 

usage of approximately 5% of the array energy. However, the 

MSCSCA performance will be enhanced by operating at a lower 

temperature and thus operate more efficiently. It has also 

been found by Edenburn [21], that active cooling becomes 

more cost effective when very large concentrators are used. 

The MSCSCA design allows for simplified construction of the 

active cooling system by compressing the array into a single 

package. A further advantage of active cooling is that if 

the thermal energy removed from the cell can be used the 

parasitic losses of the active cooling system will be 

offset. 

8.4 Additional Experiments 

Experiments to show that plasma deposited silicon 

dioxide can sufficiently passivate the front surface and 

reduce the surface recombination velocity to required levels 

need to be performed. 
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Figure 6-2. SEM of contact window, 1800X 

Figure 6-3. SEM of contact windows, 1800X 



Figure 6-4. SEM of contact window, 4000X 

Figure 6-5. SEM of flawed contact window pattern, 1000X 



Figure 6-6. SEM of contact pattern across 4 grooves. 

Flawed contact pattern, 400X. 
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Figure 6-7. SEM of contact pattern across 4 grooves. 

Good pattern uniformity, 400X 


