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ABSTRACT 

The high cost of conventional diffused homojunction 
solar cells has been the major stumbling block for 
largescale terrestrial application of photovoltaic energy 
converters. Metal-Insulator—Semiconductor Schottky Barrier 
Solar Cells (MIS SBSC) are currently of considerable 
interest due to their potential for low cost junction 
barrier formation and more importantly, their compatibility 
with non—single crystalline materials. 

An experimental study involving design, fabrication and 
testing of MIS SBSC on p—type<100> single crystal silicon by 
vacuum evaporation technique is described. Parameters 
considered include substrate resistivity; Schottky metals; 
grid patterns; antireflection (A/R) materials; thicknesses 
of the interfacial insulator, Schottky metals and A/R 
coatings; active solar area; surface preparation and 
interfacial oxide formation techniques deposition rate and 
vacuum condition. Also presented in this thesis are a 
systematic experimental investigation and evaluation of the 
structure, as well as a qualitative study of the spectral 
response and stability of the devices fabricated. 

With the improved process parameters, stable and 
reproducible semi-transparent metal MIS SBSC of 11-12% 
efficiency are developed with extreme cases of 15-16% for 
Al/SiOx/P-Si configuration. An experimental study of the 
effects of active solar areas has revealed that these 
devices are limited mainly by surface resistance. Advances 
along this course is expected to enhance the potential of 
the MIS structure for a low cost production process. 
Moreover, the low temperature(420-500 °C) fabrication process 
has clearly illustrated its adaptability to non-single 
crystalline semiconductors. 

A direct spin-off of the present work is a new in-lay 
approach in the fabrication of mechanical masks allowing 
"fingers" line widths of few microns to be possible. 



III — 

TABLE OF CONTENTS 

page 

Acknowledgements I 

Abstract   II 

Table of contents   III 

List of Figures   VI 

List of Tables   IX 

Principal symbols. X 

1. 

2. 

INTRODUCTION 1 

2 
4 
6 
7 
7 

9 

1..1 Development of photovoltaic cells 
1.2 State of the art 
1.3 Justification of the present work 
1.4 Scope of the present investigation 
1.5 Outline of thesis 

THEORY 

2.1 Introduction 9 
2.2 Equivalent circuit of a solar cell 10 
2.3 Current -Voltage characteristics of 

a MIS solar cell 13 
2.4 Effects of oxide charges and interface states 18 
2.5 Loss mechanisms 21 

2.5.1 Current losses 21 
2.5.2 Open-circuit voltage losses 22 

2.5.3 Fill factor and resistance losses 22 

3. DEPOSITION SYSTEMS, MATERIALS AND EXPERIMENTAL 
TECHNIQUES 25 

3.1 General introduction 25 
3.2 Vacuum system 26 
3.3 Deposition rate and thickness monitor 29 
3.4 Oxidation and annealing chambers 31 

3.5 Semiconductor substrate 33 

3.5.1 Semiconductor bandgap 33 
3.5.2 Crystallographic orientation 34 

3.5.3 Conductivity type 34 
3.5.4 Surface preparation of Silicon wafers 35 



- IV -

TABLE OF CONTENTS (cont.) Page 

38 

39 
42 
44 
47 

3.6 
3.7 

3..8 
3.9 
3.10 

Glass substrate 
Materials and sources for Schottky metals 
and antireflection coatings 
Materials for electrodes 
Masks and mask fabrication   .. 
Fabrication techniques and limitations 

4. PROPERTIES INVESTIGATIONS 51 

4..1 Sheet resistance and transmittance 51 
4.2 Conversion efficiency and I=V characteristics 52 
4.3 Spectral response and diffusion length 

measurements 57 

5. EXPERIMENTAL RESULTS AND DISCUSSION 63 

5.1 Selection of Schottky metals 63 
5.1.1 Schottky metals of low work function .. 63 
5.1.2 Reduction of sheet resistance of Schottky 

metals using Cu overlying conductive layer 65 
5.1..3 Reduction of sheet resistance of Schottky 

metals using Al overlying conductive layer 71 
5.2 Surface preparation and oxide growth techniques 73 

5.2.1 Effects of pinholes and surface states .. 77 

5.2.2 Effects of deionized water 80 

5.3 Effects of substrate resistivity 81 

5.3..1 Effects of substrate resistivity on 

device characteristics 82 

5.3.2 Effects of substrate resistivity on 
minority carrier diffusion length .... 85 

5.4 Deposition rate of Al Schottky metal and 

vacuum condition 89 
5.4.1 Deposition rate of Al Schottky metal .. 89 

5.4.2 Effects of vacuum conditions on 

device characteristics 91 
5.5 Effects of Schottky metal thickness on device 

characteristics ...  95 

5..6 Effects of A/R thickness on device characteristics 97 

5.7 Thickness of interfacial oxide   ... 104 

5.7.1 Effects of interfacial thickness 

on device performance 105 

5.7.2 Estimation of oxide thickness using 

capacitance measurement 109 

5.8 Grid designs and active solar area 112 

5.8.1 Grid designs 113 

5.8.2 Effects of active solar area 117 



V 

k 

TABLE OF CONTENTS (coat.) Page 

5.9 A comparison of devices fabricated with those 
recently reported 122 

5.10 Spectral response and quantum efficiency  125 
5.11 Reliability 130 

5.11.1 Initial degradation of device performance 
under AM1 illumination 131 

5.11.2 Long term aging effect of unencapsulated 
MIS SBSC 131 

6. CONCLUSION AND RECOMMENDATIONS   142 

6.1 General conclusion 142 
6.2 Recommendations for further study   148 

7. REFERENCES   151 

8. APPENDICES   159 

Appendix A: Calculation of Rs of a solar cell .... 159 
Appendix B: Dimensions of the current collecting 

grids •162 
Appendix C: Barrier height and ideality factor 

measurements 163 



- VI - 

LIST OF FIGURES 

Fig. Page 

2.1 Equivalent circuit of a photovoltaic cell  10 

2.2 Solar cell I—V characteristics  12 

2.3 Energy band diagram of a MIS structure being 
illuminated 13 

2.4 Schematic diagrams showing current collection 
in a solar cell .........  23 

3.1 Schematic diagram of the deposition system  26 

3.2 Photograph of the deposition module  .. 28 

3.3 The Linberg tubular furnace for sample annealing 
to be possible in any ambience  32 

3.4 The Fisher Isotemp box muffle furnace  32 

3.5 Sample holders for the above furnaces .....  32 

3.6 Surface discontinuities on a substrate   .... 37 

3.7 Energy band diagrams showing the requirement of 
an ohmic contact   .. 42 

3.8 Fabrication of aperture grid masks of micron 
finger width  45 

4.1 Photograph of the device--testing station  60 

4.2 Spectral irradiance of an ELH source  53 

4.3 Observed drift in I—V characteristics during 
device testing  54 

4.4 I—V plotting circuit using a Moseley X—Y recorder  55 

4.5 An I—V trace of device #115D by the X-Y recorder 
and the corresponding curve tracer polariod picture  56 

4.6 Experimental set up for the spectral response, 
quantum efficiency and diffusion length measurements 60 



- VII -

LIST OF FIGURES (cont.) 

Fig. 

4..7 Schematic diagrams of a p—n junction and a MIS 
structure being illuminated 

Page 

61 

5.1 (a) % transmission and Absorption 
(b) sheet resistance of Cr/Cu films   67 

5.2 (a) % transmissio.n and Absorption 
(b) sheet resistance of In/Cu films   67 

5.3 (a) % transmission and Absorption 
(b) sheet resistance of'Mg/Cu films   68 

5.4 (a) % transmission and Absorption 
(b) sheet resistance of Al/Cu films   68 

5.5 Measured 9 transmission versus sheet resistance 
of films of different composition   69 

5.6 Schematic diagram of a pinhole and its 
equivalent circuit  ..   79 

5.7 Diffusion length measurements for devices 
#53D and #124D 87 

5.8 Measured short circuit current density as a 
function of diffusion length   88 

5.9 Effects of Al Schottky deposition rate on the 
operating characteristics of Al/SiOX/P-Si devices .... 90 

5.10 I—V characteristics of devices fabricated with 
and without N2 implementation   92 

5.11 Calculated and measured values of F.F versus Rs   94 

5.12 Schematic diagram of an actual MIS structure   96 

5.13 % transmission and Absorption of Si0 and CeO2 films   99 

5.14 7 transmission and absorption of various thicknesses 
of Si0 on 70A Al   99 

5.15 % transmission and absorption of various thicknesses 
of Si0 on 40A Cr/35A Cu   99 

5.16 Operating characteristics of Al/Si0X/P-Si MIS SBSC 
as a function of Si0 A/R thickness   100 



LIST OF FIGURES (cont.) 

Fig. 

5.17 Operating characteristice of Cr—Cu/Si0x/P-Si 
MIS SBSC as a function of SiO A/R thickness 

Page 

101 

5.18 Operating characteristics of Al/SiOx/P—Si MIS SBSC 
as a function of insulator thickness in terms of 
oxidation time 0  106 

5.19 Operating characteristics of Cr—Cu/SiOx/P-Si 
MIS SBSC as a function of insulator thickness in 
terms of oxidation temperature   108 

5.20 1/CFB versus oxidation time of MOS devices   111 

5.21 Completed devices with different grid patterns   115 

5.22 Operating characteristics of Al/Si0x/P-Si MIS SBSC 
with different active solar area   118 

5.23 Spectral response of a typical Cr/Cu and Al MIS SBSC 
without correction for the p—n junction reference - cell 126 

5.24 Quantum efficiency of a typical Cr/Cu and Al MIS SBSC 
without correction for the p—n junction reference cell 127 

5.25 Spectral response as a function of A with 
correction for the different junction structures ...... 128 

5.26 Quantum efficiency as a function of A with 
correction for the different junction structures   129 

5.27 Degradation of Voc under AM1 illumination   132 

5.28 Variation in 3sc under AM1 illumination   133 

5.29 Temperature recorded by a thermocouple in the 
vicinity of the device under AM1 illumination   134 

5.30 Typical aging effect of Voc of unencapsulated 
MIS SBSC 136 

5.31 Typical aging effect of Jsc of unencapsulated 
MIS SBSC 137 



LIST OF TABLES 

Table Page 

3.1 Materials calibration at room temperature  - 30 

3.2 Properties of materials and sources used in 
device fabrication   41 

5..1 Preliminary selection of Schottky metals   ... 64 

5.2 Reduction of Schottky sheet resistance using 
Cu conductive layer   66 

5.3 Reduction of Schottky sheet resistance using 
Al conductive layer   71 

5.4 Oxide growth involving 
(a)Double surface etching 73 
(b)Separate oxidation and alloying process   74 
(c)Combined oxide growth and alloying process   75 

5.5 Effects of substrate resistivity on device 
characteristics   83 

5.6 Measured diffusion length of devices on 
different substrate resistivities   86 

5.7 Characteristics of devices fabricated with 
and without N2 implementation   93 

5.8 Optimization of Al Schottky thickness   95 

5.9 Effects of A/R coating   98 

5.10 Output solar parameters of devices with linear 
and linearly—tapered grids   114 

5..11 A comparison of devices fabricated with those 
reported in reference 13   121 

5.12 Typical values of barrier height and ideality 
factor of MIS SBSC   123 

5.13 A comparison of devices fabricated with other 
reports with reference to their fl and active 
solar area   124 

5.14 Typical stability data of unencapsulated 
MIS SBSC   139 



PRINCIPAL SYMBOLS 

Ti Solar cell power conversion efficiency 

Voc Open circuit voltage 

Js~ Short circuit current density 

F.F Fill factor 

Rs Series resistance 

Rs,h Shunt resistance 

RD Sheet resistance 

'ph Photogenerated current 

Id Voltage induced diode current 

Ds Surface state density 

d ox Insulator (oxide) thickness 

tox Oxidation time 

Egi Energy bandgap of insulator 

Egs Energy bandgap of semiconductor 

Ec Energy of the conduction band edge 

Ev Energy of the valence band edge 

Ef Energy of the fermi level 

V Energy difference between the fermi level and the 
p valence band 

Dn Diffusion constant of electrons 

Ln Diffusion length of electrons 

Tn Lifetime of electrons 

Ei 
ss Relative permittivity of insulator, semiconductor 

Eo Permittivity of free space 



PRINCIPAL SYMBOLS (cons:) 

ns

ni

ps 

Density of electrons at the surface 

Intrinsic carrier concentration 

Density of holes at the surface 

NA Acceptor density 

npo Electron concentration in P—region under equilibrium 

q Electronic charge 

A Wavelength 

$ Metal work function m 

j BP 
Schottky barrier height 

. 

P Resistivity 

Metal—insulator interfacial barrier height 

psi 
Semiconductor—insulator interfacial barrier height 

Surface potential of semiconductor 
S 

6 

h 

k 

t 

A*

Capture cross section of surface states for holes 
and electrons 

Plank's coonstant 

Boltzmann's constant 

Richardson's constant 



1. INTRODUCTION 

Photovoltaic technology provides a clean, noiseless and 

simple way of converting solar radiation into electrical 

energy directly. Since the first solar cell of 5% 

conversion efficiency was reported in 1954 [1], research 

advances in this area have been tremendous. Major 

application of these devices began in 1958 when other means 

of providing a continuous power supply for space satellites 

was found difficult if not impossible. Obviously, the 

primary design criterion was then a high output power to 

weight ratio rather than low cost. As a result, widescale 

application has been inhibited owing to the high cost of 

photovoltaic cells. Even with the recent development and 

advances in the photovoltaic technology which have resulted 

in an increase in conversion efficiency as well as a cost 

reduction, applications have been limited to remote 

localities to provide power for lighting, drinking water 

supplies, irrigation, navigation aids, radio and microwave 

repeaters and railway signalling. However, increasing 

awareness of the fast depletion of the conventional 

non-renewable fuel and the possibility of solar-electrical 

conversion for terrestrial application have shifted the 

research emphasis from efficiency to weight ratio (n/wt) to 

the development of an energy conserving fabrication 

technique and the realization of low cost solar cells. 

- 1 - 
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1.1  Development of Photovoltaic cells 

Photovoltaic cells are basically large area 

semiconductor diodes so constructed that part of the 

incident light radiation can be converted into electricity 

directly. Photovoltaic properties (to be discussed in 

greater detail in chapter 2), are based on the absorption of 

photons with energies greater than the band gap of the base 

semiconductor and the generation of free electrons and 

holes. These photo—generated charge carriers are then 

separated by the local electric field in the region of a 

junction barrier, causing a current flow and delivering 

useful power to an external load. 

Conventional solar cell consists of a single crystal 

silicon substrate similar to those used in the electronic. 

industry, and a junction barrier created by a high 

temperarure (>1000 °C) diffusion process. A front and back 

electrodes with an antireflection coating on the top 

complete the sandwich structure of a solar cell. Recent 

efforts to achieve a low cost solar cell have been directed 

towards using polycrystalline or amorphous silicon as the 

base material because the price of single crystal silicon 

wafer used in conventional solar cells is not expected to 

decrease dramatically owing to the expensive and wasteful 

processes of growing, cutting and polishing the substrate 

materials [2-6]. However, much investigation and research 
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are needed before non—single crystalline solar cells can be 

a viable option for largescale terrestrial applications 

because of the low efficiencies(<10%) so far achievable for 

this class of solar cells. The main factors that seriously 

degrade the conversion efficiency of non—single crystalline 

solar cells are problems of grain boundary diffusion which 

effectively reduce the carrier lifetime especially when the 

junction depth is much greater than the grain size 17,8]. 

The use of conventional high temperature diffusion technique 

to create a junction barrier in a non—single crystalline 

silicon material therefore appears highly inappropriate. 

This constitutes the goal for the investigation of a new 

structure (Schottky barrier) which eliminates the need for 

high temperature diffusion process and becomes a 

particularly promising candidate for application to 

non—single crystalline silicon solar cells intended for 

terrestrial applications. In addition to the advantage of 

adaptability to polycrystalline or amorphous substrate, this 

low temperature fabrication process with its technical 

simplicity can give device performance equivalent to or even 

better than the diffused junction cells because of the 

absence of the diffusion induced—lattice damage and carrier 

lifetime degradation inherent with the high temperature. 

This means a more effective capturing of charge carriers 

near the surface and better ultraviolet response since the 

problem of excessive surface recombination is automatically 

avoided. 
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1.2 State of the art 

Theoretical conversion efficiency of solar energy into 

electrical energy for solar cells operating at room 

temperature is limited to about 25%. Silicon is the most 

commonly used semiconductor having a potential efficiency of 

about 22% [9-11]. High efficiency of ideal Schottky barrier 

cell consisting of a metal—semiconductor contact only, has 

not been realized because of its poor photovoltage response 

and high leakage. Schottky barrier solar cell has open 

circuit voltage limited to about half the band gap of the 

semiconductor and its leakage current is considerably higher 

than in many diffused p—n junction cells due to the usual 

thermionic dark current in a Schottky barrier junction. 

This has led to the investigation of another new structure 

—MIS SBSC sometimes known as the second generation of SBSC. 

Recent studies [7,12-14] have shown that with the inclusion 

of a thin oxide between the metal and semiconductor, current 

transport through the device can be beneficially controlled, 

reducing the thermionic emission dark current component and 

increasing the photovoltage and efficiency substantially. 

Replacing the high temperature diffusion process with simple 

vacuum evaporation and low temperature thermal oxidation 

processes, MIS SBSC with efficiencies comparable to the best 

diffused p—n junction cells have been fabricated on the same 

kind of substrate. 
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Within the class of MIS SBSC, the most commonly studied 

structure is the semi—transparent metal cell in which an 

ultrathin (<100A) layer of metallic film forms the Schottky 

metal which lets light through, and a conventional coarse 

grid is put over this to reduce resistance. Silicon MIS 

solar cells with conversion efficiencies of 13.2% and 12.6% 

for Cr/Cu and Al Schottky metal respectively have been 

reported recently [15,16]. Another structure which has 

gained considerable interest is the grating cell in which 

the Schottky metal is eliminated completely and a 

closely—spaced fine fingers current collecting grid defined 

photolithographically is used to collect the carriers 

generated between the fingers. AM1 ( Air Mass One=100mw/cm2

is the condition when -the sun is directly overhead) 

efficiency of 18.3% has been achieved using this latter 

approach [17]. Grating structures have recently given rise 

to a 16% efficient MINP (metal/insulator/n—Si+p-Si) 

configuration which combines both the MIS technology as well 

as the diffusion process for np—Si formation [82]. 

Another structure which quickly gains research interest 

is tandem cell systems with semiconductors of different 

energy gaps stacked in series. By arranging the 

semiconductor having the largest band gap to be the topmost 

layer, photons which are not absorbed in this layer are 

transmitted into the lower layers for carriers generation. 

A theoretical efficiency of 32.4% and 42.8% for a two 
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semiconductors tandem structure and a seven semiconductors 

system respectively is possible [18]. Upon perfection of 

the single semiconductor system, further investigations are 

warranted by the potentially high efficiencies achievable by 

these complex systems. 

1.3 Justification of the present work 

While the focus of attention is shifting towards 

low—cost polycrystalline and amorphous cells., the inherent 

advantage of thin film technology requiring only low 

temperature processing and less materials is becoming 

increasingly evident. Recently, work has been focussed on 

the growth of thin (15-30 ).lm) epitaxial silicon layer on 

metallurgical grade (MG) silicon [83].. Cells fabricated on 

these epitaxially grown silicon have yielded comparable 

results both in the p/n and MIS structures. In these types 

of work much of the technical insight is derived from the 

single—crystal cell technology where the material parameters 

are at their premium. It is therefore no wonder that 

studies in the single—crystal cells are being perpetuated at 

various laboratories. The present study was undertaken 

largely on this ground and in view of the fact that a 

parallel project on the development of polycrystalline 

silicon film by electron—beam evaporation is underway. 

Thus, as a part of our over—all research program on low cost 

solar cells, MIS SBSC on single—crystal silicon has been 
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studied for a better understanding of the barrier properties 

and the network of interacting mechanisms and processes 

which influence the device parameters and its reliability of 

performance. 

1.4 Scope of the present investigation 

This project is primarily of experimental nature, 

centered on the semi—transparent metal structure of the MIS 

SBSC and aimed at the study and improvement of the 

fabrication conditions and design in relation to the output 

current_  voltage characteristics, conversion efficiency, 

reproducibility and stability of such devices. Different 

fabrication conditions, oxide growth and surface preparation 

techniques, different Schottky metals, antireflection 

materials, grid designs, deposition rate and thicknesses of 

the Schottky metals, insulator and A/R coatings are among 

some of the parameters being studied in this project. Also 

included are a systematic investigation and evaluation of 

the structure as well as a qualitative study of the spectral 

response and reliability of the devices fabricated. 

1.5 Outline of thesis 

The thesis starts with a brief discussion on the 

photovoltaic properties of a MIS solar cell. Effects of 

surface states and charges, as well as the various loss 
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mechanisms that could degrade device characteristics are 

briefly described. 

A description on the thin film deposition system, 

experimental techniques, equipments and materials for device 

fabrication is given in chapter 3. Problems encountered and 
k 

limitations leading to inadequate control of some of the 

parameters are also briefly discussed. 

Chapter 4 deals with approaches taken in the 

investigations of device output characteristics and solar 

parameters that are common to all completed cells. 

Characteristics that are more ,specific (e.g., indirect 
a 

measurement of oxide thickness) are left to the appropriate 

sections in chapter 5. 

Chapter 5 presents the experimental results and 

intepretation of the observations. 

Finally, a conclusion of the experimental findings 

1 

together with suggestions for further development are 

summarized in chapter 6. 



2. THEORY 

2.1 Introduction 

While theoretical analysis [9-11,24,28] of the 

fundamental limitation of the Si solar cell have predicted a 

maximum attainable efficiency of 20-22 % under AM1 

illumination, such efficiencies have not been reached in 

practice. Several reports attempting to explain this 

difference have pinpointed various loss mechanisms and 

limitations of each type of cell.. MIS cells are shown to 

have properties which are intermediate between those of a 

Schottky barrier (M—S contact) and a p—n junction. 

Theoretical investigations have also led to two classes of 

MIS SBSC called the majority and minority carrier cells 

depending on which is the dominant dark current of the 

device. The photocurrent, however, in either case is always 

due to the minority carrier current. 

Green et al [12] have studied in great detail using 

numerical methods for a particular operating mode — the 

minority carrier diode, of MIS system. In this case, the 

majority carrier flow between the semiconductor and metal is 

impeded. This results in a diode with properties similar to 

those of an ideal p—n junction diode. In references 19 and 

20, the barrier height and interface voltage contribution 

have been considered for the case of interface states being 

— 9 — 
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in equilibrium with the metal or the majority carriers. The 

effect of interfacial charge on barrier height and device 

performance was further considered by Pulfrey [21].. The 

following sections described some of these theoretical 

considerations to provide supportive background to the 

general discussion of the results reported in this thesis. 

Additional postulates, however, will be introduced in 

chapter 5 to explain new features reported in this 

investigation. 

2.2 Equivalent circuit of a solar cell 

A practical photovoltaic cell including the shunt and 

series resistances can be represented by the equivalent 

circuit [22] as shown in Figure 2-.1. 

Figure 2.1 Equivalent circuit of a photovoltaic cell 



where 

'ph 
= current generated due to incident photons 

Id = voltage induced diode current 

Rsh = shunting resistances from shorting paths due to 
improper construction, fine metallic bridges 
along defects and imperfections or edge 
conduction via high conductivity channels 
induced by charges within the insulating layer 
along the side of the device 

R = series resistance from thin Schottky metal and 
s imperfect contacts 

It can be appreciated that in general it is important 

to have a large Rsh and small 1?s so that current I given by 

equation 2.1 is large. 

I - I d + Ish Iph 

V—IR 
I - 

s  
- I d — 'ph 

Rsh 

where Id ==Io{exp[q(V-IRs)1%nkT —1} 

n = diode ideality factor 

Typical desired values for Si cells are Rs  <0.5 and 

Rsh>500c~ [361. The actual operating point on a given solar 

cell I—V characteristics is determined by the load resistor 

RL , and it is clearly desirable to choose RL such that 

biasing occurs at the maximum power point Pmax(Imax,Vmax) as 

shown in Figure 2.2. 
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Vmax Voc 
Voltage 

max 

' Sc 

r 
Imax'Vmax)

Figure 2.2 Solar cell I—V characteristics 

The energy conversion efficiency is given by 

Pmax density J x v 
n 

=   =  max max 

Pinput density Pinput density 

where Jmax = current density = Imax/solar area 

(2.3)-

Another important parameter is the fill factor (F.F) defined 

as 

F.F - 
max 

x Vmax 

Voc X  Jsc 
(2.4) 

which is a measure of the sharpness of the I—V locus and 

allows fl to be written as 

F.FxV xJ 

n 

oc sc 
=  

 
  (2.5) 

Pinput density 
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2.2 Current-Voltage characteristics of a MIS solar cell 

Vacuum level 

M S(P—Si) I 

Ohmic contact 

Al 

Vp = energy difference between the fermi level and 
the valence band 

s 
= surface potential of the semiconductor 

Ef = fermi level 

E gs= energy bandgap of the semiconductor 

Egi= energy bandgap of the insulator 

Xs = electron affinity of the semiconductor 

psi =

metal—insulator barrier height 

semiconductor—insulator barrier height 

doX= insulator thickness 

~Bp= Schottky barrier height for P—type device 

Ds = density of surface states 

Figure 2.3 Energy band diagram of a MIS structure 

being illuminated 
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Figure 2.3 shows the band diagram of a 

Metal—Insulator—P Silicon structure under illumination. The 

various current components can be.•listed as follows 

Jh = current density due to holes 

Jdiff 
current density due to diffusion from the bulk 
as a result of electron—hole production in that 
region 

Jrg= current density due to electron—hole 
recombination—generation in the depletion 
region 

Js = current density due to recombination at the 
surface states 

J = current density due to electrons tunneling from 
e the semiconductor to the metal = Jrg + Jdiff 

J = Je — J 
h 

 (2.6) 

For a M—I—P Si system as shown " .above, Je and Jh are 

therefore the minority carrier current and majority carrier 

current respectively. Jh is given by the usual result for 

Schottky barrier, except for a factor accounting for 

tunneling through the insulator layer. Using the 

WKB(Wentzel—Kramers—Brillouin) approximation to define the 

barrier height as described by Card and Rhoderick [25], 

3h = Jho [ exp(gV/nkT) — 1 ]   (2.7) 

Jho = A*T2 exp(4BP/kT) exp(—X1/2dox)  (2.8) 

where A*=32 A/cm27K2 is the effective Richardson's constant 

for holes, X and dox are the effective tunneling barrier 

height (eV.) for holes and thickness (A) of the insulator 

layer respectively. 
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The photogenerated minority carrier current, 
e' 

is 

composed of two components. (1) diffusion from the bulk 

(Jdiff) as a result of electron—hole production in that 

region, and (2) Jrg as a result of electron-hole 

recombination — generation in the depletion region. 

.Therefore, 

Je = Jrg + Jd i f f 

which may be expressed as [261 

Je Jph — Jo[ exp(gV/nkT) - 1 1 

(2.9) 

I  (2.10) 

where p h is the light generated current density, 'and the 

saturation current Jo is given by [12,261 

J 

.2 
npo 

Dn q ni Dn

o = L NA T n 
n 

where npo = electron concentration in P—region 
at equilibrium 

NA acceptor density - 

Tn = minority carrier lifetime 

Ln minority carrier diffusion length 

(2.11) 

Combining equations 2.6, 2.7 and 2.10, the current supplied 

by a MIS cell takes the form 

J = Jph — AT2 exp(-4BP/kT —X1/2dox)[eXp(gV/n1kT) —11 

q ni Dn 
s 

N T [exp(gV/n2kT) —11 
A J fl

 (2.12) 

Therefore, the light generated current Jph is opposed by 

a current of density JD also called the dark current, given 
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by the second term in equation 2.12; which includes both the 

majority and minority carrier components. 

JD = A*T2 exp("4BP/kT —X1/2dox)[exp(gV/n1kT) —1].+ 

,t 

q n? D 

NA T 
n 
[exp(gV/n2kT) -1] (2.13) 

In general, the first term of equation, 2.13 (majority 

carrier term) .is orders of magnitude larger than the other 

component (minority carrier term). .. The majority carrier 

thermionic• current therefore sets the upper bound and the 

minority carrier diffusion current sets the lower, bound of 

JD. Solar cell is termed a majority carrier device if the 

dark, current is governed by the majority carrier component. 

In this case, at the open circuit condition, current density 

J (see equation 2.12) is equal to.zero and hence 

*2 
JD = A T exp(—PBP/kT —X1/2dox)[eXp(gVoc/nkT) -1] = Jsc 

Thus, 

Voc a nkT 
[in J*c2 + 

ABP + X1/2 dox  (2.14) 

q A T kT 

where the barrier height BP in the absence of oxide charges 

is given by [13,21] 

ABP 
= [ E +x — 

gs S ~m  (2.15) 

L 
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with the surface state factor 

Y = [1+ 
g dox Ds  (2.16) 

e i ~a

where Egs= semiconductor energy gap in eV 

= electron affinity in eV 

~m = metal work function in eV 

~o = neutral level of surface state in eV 

dox = oxide thickness in cm 

E1,E0= relative oxide permittivity, permittivity of 
free space 

Ds = surface state density in states/cm2/eV 

Whereas in the case of a minority carrier device, 

Thus, 

J D = 
g 

L po Dn[exp(gVoc/nkT) —1] = Jsc 
n 

V 
_ nkT 

In 
Jsc Ln 

oc q ( q Dn npo ) 

 (2.17) 

(2.18) 

Clearly, effective solar cell structure requires a 

small JD , which means a minority carrier device is 

desirable. One approach to reduce the majority carrier dark 

current is to ensure a large barrier height and small 

tunneling probability of holes. It can be seen from 

equation 2.15 and 2..16 that the barrier height is a function 

of oxide thickness, metal work function and surface state 

density. This feature is discussed in the following 

section. 
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2.4 Effects of oxide charges and interface states 

In a practical MIS structure, if positive charges (Qox) 

is introduced into the interfacial layer, an increase in 

barrier height for P-Si is expected. Using charge 

neutrality consideration, Pulfrey [21] has shown that the 

increase in ABP is given by 

2 2 

BP 
= D + - C( 

4 + D - B )1/2 

where D =— + CB1~
2

2F 

(2 ss q NA )1/ 2

C-  

F 

F = q Ds + Ei~dox 

B = ~BP(.without Qox) 
- VP 

(2.19) 

Vp is the energy difference between the bulk fermi level and 

the valence band edge (see Figure 2.3). Alternatively, 

Fonash [20] has studied an effective lowering in metal work 

function to account for the increase in barrier height such 

that 

eff - Qo
-

x dox 
m In 

£ i c o 

..... .............(2.20) 

Thus, the effect of oxide charges (Qox ) is to increase the 

barrier height 
BP 

and is indistinguishable from an 

effective lowering in the metal work function. The effect 

of surface state density Ds is however, more complex than 

the oxide charges. 
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An interface or surface state 'is an allowed state or 

energy level within the forbidden bandgap. These 

perturbation states may arise from the termination of the 

periodic structure of the semiconductor at the surface as 

well as from any adsorbed impurities on the surface [27]. 

The probabilty of a charge carrier from the semiconductor 

being captured by the surface states depends on the location 

and the capture cross section ( `~t ) of this state, the 

transmission coefficient of the charge carriers and the 

density of the interface state (Ds). A surface state which 

upon giving up an electron becomes positive or neutral is 

called a donor state. On the other hand, one which becomes 

neutral or negative by accepting an electron is called an 

acceptor state. Thus, surface states near the conduction 

band edge (Ec) and the valence band edge (Ev) are donor 

state and acceptor state respectively. 

Several theoretical and experimental studies on 

interface states in Si [10,29-32], have shown that trap 

states near Ec and Ev may appear for dangling Si bonds in 

the oxide. Kar and Dahlke [29] have further shown that 

Ds is a function of Si orientation, oxidation procedures and 

charge in the oxide. Increased oxide thickness is generally 

accompanied by a reduced Ds. Locations of the interface 

state peak were shown to be a function of the type of 

Schottky metal, annealing temperature and oxidation 

conditions [12,32]. 
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A metal of low work function would tend to induce 

negative charge in the semiconductor (P-type) giving a large 

concentration of electron at the surface. It follows that 

surface states will be heavily occupied by electrons and 

will also tend to contribute a negative charge. For surface 

state density greater than 1013/cm2/eV [34]; barriers 

induced in the semiconductor can depend more on 

surface—state properties than on the metal used. 

In addition to their charge—storage role, surface 

states act as recombination — generation centers as well as 

sites for current flow between the semiconductor and the 

metal. Recombination at the interface states leads to an 

additional dark current term Js (see Figure 2.3) given by 

[34,35] 

n? 

J = q Ds 6 t v l [exp(gV/nkT) —1] 
S t n 

S 

(2.21) 

where Qt = capture cross section of electrons or holes 
(assumed equal) 

vt = thermal velocities of the electrons and holes 

ni = intrinsic concentration of the semiconductor 

ns = electron concentration at the surface 

The effect of Js is less significant if the surface is 

strongly inverted (minority carrier device) or accumulated 

as these states will be heavily occupied with electron or 

hole, making them less effective as recombination centers. 

A minority carrier device with strong surface inversion 

therefore is less sensitive to surface state effects. 
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2.5 Loss mechanisms 

Conceptually, HIS SBSC is a simpler device than either 

the homojunction or the~heterojunction. Unfortunately, in 

practice, the mechanisms which control the behaviour of the 

device are not as well understood as the homojunction and 

practical observations do not always bear the same 

relationship to theories. In what follows, some of the loss 

mechanisms that usually degrade the conversion efficiency of 

MIS SBSC are briefly discussed. 

2.5.1 Current losses 

Minority carriers produced by the sunlight can be lost 

by many mechanisms. 

(a) bulk recombination due to finite lifetime -T and 

1/2 
diffusion length L of the carriers L =(kT),IT) , where p is 

q 
the mobility of the carriers.. L and T are critically 

dependent upon the doping concentration of the substrate and 

processing temperature and condition of the device. 

(b) Surface recombination due to additional 

perturbation states introduced by surface discontinuities or 

impurities. The rate at which carriers are lost at the 

surface is characterized by the surface recombination 

velocity S given by [34] 

MA 
ns+ ps+ n + p 

(2.22) 
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where the symbols are explained under equation 2.21,.. except 

n and p, which are the usual parameter related by np = n2. 
i 

Extreme precautions in device handling and proper oxidation 

step are believed to 'favorably reduce the surface state 

density and recombination velocity, and hence the lost of 

carriers. 

2.5.2 Open circuit voltage losses 

It is clear from equations 2.14 and 2.18 that any 

factors which affect JD or Bp will affect Voc . These 

include the surface state density, oxide charges, 

interfacial thickness., doping concentration and metal work 

function etc. 

(a) In the presence of significant surface 

recombination effects, Voc can be greatly reduced due to the 

increased dark current. 

(b) Work function loss of the ultrathin Schottky metal 

film because of preparation methods and metal—insulator 

interaction. 

2.5.3 Fill factor and resistance losses 

Photogenerated carriers must travel through the bulk as 

well as laterally along the surface, as shown in Figure 2.4 

before being collected. 
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at 

Figure 2.4 Schematicdiagram showing current collection 

in a solar cell 

Rs therefore includes contributions from the carrier 

collecting grids, thickness of the various layers, surface 

and other defects scattering in the thin Schottky metal upon 

which the grid rests.. The reduction in fill factor F.F due 

to Rs is given by [24] 

L F.F 
CI R 

Sc s 

Rs Voc 

(2.23) 

The shunt resistance (Rsh) given in equation 2.1 can 

have a significant effect on the form of the IV 

characteristics, on the magnitude of the fill factor and on 

the open circuit voltage of the device. However, the causes 

of Rsh are less easily traced than those on Rs . In an ideal 

MIS cell, Rsh should be infinite but in practice, a number 

of effects can lead to an effective shunt resistance. 

Shunting can occur through pinholes or impurities (e.g., 

conducting bridges) in the interfacial layer, at the cell 

edges where metallization touches both the top and base 

layers simultaneously. The effect of Rsh is to reduce the 
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fill factor by 

( 

)2 

Vmax 
p F.FR V I R R

sh oc sc sh 
(2.24) 

It is usually justified to neglect Rsh in a practical 

MIS solar cell on single crystal substrate as Rsh is often 

of megaohms, and thus its effect on device characteristics 

is less significant compared to that of Rs [36]. 

Having established the various parameters and loss 

mechanisms that could degrade the conversion efficiency of a 

practical device, considerations to reduce these losses in 

device fabrication and results of the investigations will be 

described in the following chapters. 



3. DEPOSITION SYSTEMS, MATERIALS AND 

EXPERIMENTAL TECHNIQUES 

3.1 General Introduction 

Fabrication of a MIS SBSC requires some means by which 

films of various materials may be laid down in a desired 

sequence. The choice of a deposition technique which may be 

sputtering, ion implantation, electroplating, electron beam 

or resistive heating evaporation [37,38], depends upon the 

properties of the materials to be deposited and the 

configuration of the final devices. The most common method 

for solar cell fabrication is vacuum thermal evaporation 

(resistive—heating or boat evaporation) and is chosen for 

the bulk of this work.. Basically, in this method, the 

pressure of gas in the deposition chamber is reduced to as 

low a value as possible (" 10 Torr) to ensure [59] a large 

mean free path of the depositing evaporants and the least 

contaminant from the residual gases. The source material is 

heated to a sufficiently high temperature to ensure that 

evaporation or sublimation of the material would occur at a 

preselected rate. 

A description of the deposition system and other 

relevant equipments and materials used in the fabrication of 

MIS SBSC in this study is presented in the following 

sections. A general device fabrication procedure and some 

- 25 -
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of the problems involved will also be described. 

3.2 Vacuum system 

The deposition system used throughout the course of 

this study is a Norton (NRC) vacuum equipment model #3117 

consisting of a b" oil diffusion pump and a mechanical pump 

for roughing as shown schematically in Figure 3.1. 

Deposition 
Chamber 

Roughing 

valve 

Mechanical 
Pump 

Air 

Admittance 
valve' 

-D4 

TC 
Chamber 

-D~ 

C ~ 
Ion 

gauge 

TC 

Foreline 

9 

Foreline 
valve 

Main Vacuum 
valve 

Diffusion 

Pump 

Figure 3.1 Schematic diagram of the deposition system 
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The: mechanical pump is capable of evacuating the 

chamber from atmospheric pressure to less than 0.02 Torr in 

:about 10 minutes roughing time. Upon opening the main 

vacuum valve which releases the chamber pressure to the 

diffusion pump, an additional 20=30 minutes is required for 

the attainment of a stable high vacuum condition in the 

range of 10 7̀Torr. 

Deposition was never begun unless system pressure was 

less than 3 x 10 7̀Torr, and pressure was kept below 

1 x 10 6̀Torr during evaporation of any material. All 

depositions were done by thermal evaporation using an Allen 

John Electronics power supply model # AJ2A 2KVA. By 

monitoring the power supplied to the source, desired 

deposition rate with acceptable chamber pressure (during 

deposition) can be obtained. 

The basic system is equipped with a versatile mask 

changer capable of holding up to 15 masks or substrates 

stacked in a magazine.. Any desired substrate or mask may be 

picked up from the magazine by a carrier arm which brings 

and places it in a substrate holder which can be clamped by 

remote operation. A source turret which could accomodate up 

to eight sources may be rotated to bring the desired source 

to the normal deposition position while keeping the 

substrate stationary. These mechanisms permit the 

depositions of all layers (up to 8 different materials) on a 
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A. Crystal head E. Shielding plates 

B. Shutter F. Source 

C. Substrate holding mechanism G. Deposition position 

D. Substrate heater 

Figure 3.2 Photograph of the deposition module 
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surface in a single pump down. A resistive heater box above 

the substrate holder clamp provides any necessary substrate 

heating and a chromel alumel thermocouple close to the 

substrate records the temperature. All of these operations 

are made possible through a series of feedthroughs which 

were designed subsequent to the purchase of the basic 

system, by staffs from thel Materials and Devices Laboratory 

and built in the Central Workshops of the college of 

Engineering, U of S.. A general view of the deposition 

module is shown in Figure 3.2. 

3.3 Deposition rate and thickness monitor 

a 

For MIS devices, films of less than 100 A are often 

deposited. Although such thin films are probably highly 

discontinuous in form and "thickness" is not strictly a 

valid concept, the term will be retained to give an 

intuitive average thickness. 

Thickness of all the deposited film is monitored in 

situ with a Sloan thickness monitor model #DTM-3 in terms of 

the frequency change of a gold or silver coated quartz 

crystal oscillator. The change in oscillating frequency is 

due to a proportional increase in mass deposited [41] on the 

crystal which is situated in the vapour stream very close to 

the substrate. This monitoring technique requires empirical 

calibration which is specific for a particular material and 
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monitoring devices, and it is essential to leave the source, 

crystal oscillator and substrate in fixed positions once 

calibrated. For each material, frequency change during 

deposition is noted accurately by both the thickness monitor 

and a Moseley X-Y recorder:. The absolute thickness is 

measured independently by an interferometer technique [42], 

using a Sloan Angstrometer model #M100. The conversion: 

factor (cy/A) obtained for each material (Table 3.1), mostly 

at room temperature, is then retained and any thickness 

desired for device fabrication can be determined directly by 

the corresponding change in frequency. 

Table 3.1 Material calibration at room temperature 

Material cy/A 

In 7.52 

Au 7.31 

Cr 4.82 

Al 2.20 

Mg 1.74 

Si0 1.40 

Si0 (120 °C) 1.70 

As a film'is deposited, the thickness monitor drives a 

X—Y recorder which records both the frequency change and the 

0 

deposition time. Rate of deposition (A/sec) is determined 



T 

- 31 - 

from the slope of the X=Y curve which is usually linear 

(constant rate is preferred) or nearly so. 

3.4 Oxidation and annealing chambers 

The importance and advantages of an interfacial 

insulating layer have been discussed in the preceding 

chapter, and investigations concerning the effects of 

different processing sequences and growth techniques on 

device performance will be presented in detail in section 

5.2. Throughout the course of this study,'-interfacial 

insulating layer of interest is thermally grown silicon 

dioxide. 

A Lindberg tubular furnace used for the oxide growth 

consists of a power supply type 59544 and a type 54352-A 

furnace tube of 3.5 cm diameter, allowing sample to be 

oxidized and annealed in any desired ambience. Oxygen and 

nitrogen, both of 99.95% purity supplied by Canadian Liquid 

Air are used in this study. A small positive pressure is 

created within the furnace by allowing the outgoing gases to 

escape through water and constant. temperature is maintained 

and recorded by an iron-Constantine thermocouple placed 

close to the sample (Figure 3.3). During heat treatment, 

the sample is placed at the center of the $0 cm furnace tube 

to ensure minimum disturbance from outside atmospheric 

gases. This requires a special sample holder and tongs so 
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Figure 3.3 The Linberg tubular furnace for sample 

annealing to be possible in any ambience 

1i1IIIIIIIIIIII:il: 

o~ 

Figure 3.4 The Fisher Isotemp box muffle furnace 

r 

Figure 3.5 Sample holders for the above furnaces 
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that the least amount of•foreign contaminants is introduced 

and secure transfer of the sample can be done within the 

least time possible. 

In the case of ordinary room air being the oxidation 

ambience, oxide growth is done more conveniently in a Fisher 

Isotemp box muffle furnace model ̀#182 (Figure 3.4). Using 

this cubical box furnace, a clean glass slide has proved 

sufficient to be a sample holder as shown in Figure 3.5. 

3.3 Semiconductor substrate 

3.5.1 Semiconductor bandgap 

Of all the available solar radiation reaching the 

earth, only photons with energy greater than the bandgap 

energy will be: absorbed by an electron-hole pair. An 

optimum bandgap therefore exists so that the sum of energy 

loss at the low energy infrared end and energy loss as heat 

at the high energy ultraviolet end o€ the spectrum is a 

minimum. Under AMI illumination (when the sun is directly 

overhead), InP and GaAs which are both direct gap materials 

[43,44], have higher conversion efficiency than Si [101. 

Nevertheless, Si is still the most widely used material due 

to its availability (Si is the most abundant material on 

earth), and in many respects, photovoltaic technology has 

been able •to borrow the well developed technology of Si from 
ti

the electronic industry. One of the inherent advantages of 
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Si over GaAs is that it is non—toxic.. Single crystal 

silicon will be the substrate material for device 

fabrication in this study. 

3.5.2 Crystallographic orientation 

Parameters affected by crystallographic orientation are 

surface states (Ds), tunneling probability (e °X) and 

diffusion length (L) in the semiconductor [29]. For optimum 

device operation in the minority carrier mode (section 2.4), 

effects of tunneling probability is not appreciable as 

compared to that of Ds or L . Investigation [29] has shown 

that in most .cases, the advantage of achieving a higher 

L is substantially greater than the disadvantage of 

tolerating the high D . Therefore, L becomes the 

determining factor for selection of semiconductor 

crystallographic orientation. 

For both p—and n—type Si, Ds  <100>< D5<110>< D5<111>, 

however, carrier lifetime and hence diffusion length is 

maximum for <100>orientation for P—Si and <111>orientation 

for n-Si [45]. Preferable crystallographic orientation 

would therefore be P<100> or n<111>. 

3.5.3 Conductivity type 

Mention has been made in section 3.4 that thermally 
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grown SiO2 is the interfacial insulating layer of interest. 

Gaseous oxidation processes, especially those involving 

short growth time, tend to be incomplete producing a gross 

inhomogeneity in the Si02 layer. A Si—rich region usually 

results near the semiconductor—insulator interface. The 

•donor like surface states r or 'positive charges associated 

with this Si—rich region' induces favorable band bending ,in 

p—type substrate. This phenomenon is characterized by an 

effective lowering of the metal work function and a 

corresponding increase in barrier height and Voc . There 

are experimental evidences' that MIS SBSC on p—type substrate 

generally has a higher values of Voc than on n-type 

substrate [14]. P—type (Boron doped) Si<100> are used 

throughout this study in solar cell fabrication. 

3.5-.4 Surface preparation of Silicon wafers_ 

Ideally, substrate surface should be "atomically" 

clean, smooth and flat, absolutely free of crystalline 

defects and chemical impurities because of the vital role 

that surface properties play in film growth and nucleation 

process. Since the supplied silicon substrates were not 

specially packaged or stored in vacuum, native oxide, major 

contaminants that come from manufacturing and packaging, 

lint, finger prints and airborne particulate are expected on 

the substrate surface. Diffusion of these impurities from 

the surface into the crystal would invariably lead to the 
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development of a large number of trapping centers. Unless 

proper cleaning steps are taken, a high density of 

recombination centers and surface states is expected in the 

final device. Cleaning process both inside and outside the 

vacuum chamber followed by immediate deposition is 

recommended as surface reasonably free of adsorbed gases and 

`impurities can exist only at very low pressure. Due to the 

difficulty of cleaning inside the deposition chamber using 

the existing mechanisms, cleaning procedures in this study 

are confined to the ones that could be done outside the 

chamber. 

To remove the native oxide and other possible 

contaminants from the silicon surface, chemical etchant such 

as hydrofluoric acid (HF) is used. Additional treatment 

with aceton vapour degreasing, and other etchant such as 

Sirtl solution (10 gms anhydrous Chromium Trioxide + 20 ml 

H2O +20 ml HF) commonly used for polycrystalline silicon [3] 

are also attempted briefly in this atudy. Silicon wafers 

subjected 

agitation 

different 

to different etching times and rinsing/ ultrasonic 

in distilled/deionized water (1-17 Ma —cm) for 

time durations and then dried with nitrogen gas 

were examined under a microscope. The "cleanest" surface 

was achieved by a cleaning procedure of 5 minutes HF etching 

followed by a 10 minutes ultrasonic agitation in deionized 

water. Excessive etching (>15 minutes for HF or >2 seconds 

for Sirtl solution) and ultrasonic agitation (>15 minutes) 
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pinhole 

have resulted in observable roughness and scratches 

aggravating the substrate surfaces. 

Smoothness and microfinish of the surface are required 

for the close fitting of a flat mask with the. substrate so 

as to achieve a well defined grid design. These 

requirements are usually satisfied by the polished silicon 

wafer as supplied. From device operation point of view, 

however, surface smoothness and microfinish requirements are 

much more critical since the oxide layer under consideration 

0 

is the order of 10 to 30 A. Any sharp discontinuity due 

either to surface defects or impurity atoms adhering to the 

substrate surface, could behave as a pinhole (Figure 3..6) 

providing a low resistance path as will be discussed in 

section 5.2.1. 

\ 

M—S contact and 

p 

M 
I 

S 

M 
I 

S 

Figure 3.6 Surface discontinuities on a substrate 

Surfaces rinsed with deionized water are usually 

"cleaner" with less problem of static cling than those 
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rinsed with distilled water. Experimental studies on device 

fabrication involving rinsing of the substrate with water of 

different quality reveal convincingly, the superior effects 

of deionized water of resistivity greater than 15 Me-cm 

(available at the later stage of the work) as will be 

discussed in section 5..2. 

3.6 Glass substrate 

A knowledge of the amount of light transmitting through 

the top layers (A/R + Schottky + oxide) and an estimation of 

the sheet resistance of the thin metal layer is important in 

device fabrication. These measurements were readily done by 

depositing films on glass substrate (Corning. 7059 barium 

alumino borosilicate), rather than on silicon wafer owing to 

its opaqueness and brittleness. These, therefore, can only 

provide a qualitative picture as transfer of information 

from glass substrate to silicon substrate may not be valid 

because film adhesion and surface structure on different 

substrates may be quite different. Similar assumptions are 

inherent in thickness calibration and conversion factor 

(cy/A) determination (see Table 3.1) where glass substrate 

were being employed. No major problem is expected from such 

assumptions as optimization of solar parameters are done on 

Si substrate in actual devices. However, thicknesses 

referred to in the devices fabricated are only relatively 

accurate. 
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3..7 Materials and sources for Schottky metals and 

antireflection coatings 

It has been established in chapter 2 that in order to 

achieve maximum barrier height for photovoltage enhancement 

on P—Si, work function (4m) of the Schottky metal must be 

sufficiently low. Furthermore, to minimize resistance and 

fill factor losses, the Schottky layer must be highly 

conductive for effective collection of carriers and hence 

enhancing the photocurrent of the device. 

Reflection from the Schottky metal and the polished 

surface -of the silicon substrate constitutes another loss 

mechanism.. To couple the maximum amount of incident light 

radiation 'into the semiconductor for carriers generation, 

some means of minimizing reflection from the surface of the 

device must be employed. 

Charlson et al [46] have reported that transmission 

(for A =.5—.9um) of 100 A Al Schottky metal may be increased 

from 20% to about 62% by using a slow deposition rate. Such 

a low deposition rate implies a high percentage of oxygen 

[47] being incorporated into the deposited film. The thin 

film so formed is a transparent aluminium oxide layer of low 

conductivity not suitable for solar cell applications. 

Optimization of deposition rate for high light transmission 

and low sheet resistance therefore becomes important in 

solar cells fabrication. 
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Alternatively, antireflection coating of either single 

or multiple layers may be employed to reduce reflection 

losses. Single layer coating with refractive index (nR) 

greater than 2..1 has been shown to give reflection losses as 

low as 6% for silicon-substrate [47,48]. 

Materials and sources used in this work for Schottky 

metal and antireflection purposes are listed in Table 3.2 in 

conjuction with their purity, form, supplier, melting point 

and in the case of Schottky metals, ~m and p , while in the 

case of A/R material, nR. It should be pointed out that the 

values of p , ~m and nR serve only as a guide because these 

values in ultrathin films may be-. quite different from their 

bulk,,. depending largely upon the surface properties and 

formation techniques. Included also in Table 3.2 are the 

appropriate sources for evaporation of the materials. 

Tungsten boats are recommended for materials with higher 

melting point. Although certain materials when in the 

liquid state form alloys with tungsten (e.g.,aluminium), the 

"dissolved" tungsten does not vaporize at the same 

evaporation temperature as Al, and hence no major problem of 

contamination is expected. 

It is quite evident that maintaining the high purity of 

the materials and sources is important and special attention 

must be given to the handling and storing of these 

materials. Any impurities and grease (e.g., from finger 



Table 3.2 Properties of materials and sources used in device fabrication 

Material Purity 
(y) 

Form MP Sources Other Properties Supplier 
( °C) 

Al 99.999 .062" dia wire 660 W boat ' m=408&' p =2 . 65~uSZ-cm MRC 
99.99 .062" dia wire 660 W boat ESPI 
>99.999 1/8"x3" rod 660 W boat SII 

Cu 99.999 shot 1083 W boat km =4.40eV p=1.67.uSi—cm AP 

Cr 99.99 Cr/W rod 1900 direct resist ~m=4.60eV p=12.9,uSt—cm SEP 
ive heating 

In 99.999 shot 157 W boat cm=3.75eV p 8.37).1 -cm"  ICA 

Au 

Mg 

shot 

flake 

Alumina -cm 1063 coated m=4.80eV p=2.35,1 
dimple boat 

--cm 651 Alumina coated m =3.65eV p=4.45ii 
crucible 

Si0 99.9 Granular 1700 Baffled box nR =1.8 -- 1..9 RDMC 

Ta2 05 99.9 Powder 1800 Baffled box nR = 2 .2 2.3 MRC 

CeO2 99.9 Sintered grains 2395 Graphite .3 MRC 
crucible 

Sb2 03 99.8 Powder 656 Baffled box =2 nR =2.0 MRC 

SnO2 99.0 Powder 1127 Baffled box MRC 

MCR=Material Research Corporation; ESPI=Electronic Space Product,Inc.; SII=Spex Industries,Inc; 
ICA=The Indium Corp. of America; AP=Alfa Products; SEP=Sylavania Emissive Products. 
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prints) introduced iato the deposition module would get 

degassed upon pumpdown. There is experimental evidence that 

[49] material components touched by hand and clean cotton 

gloves evolved 20 times and 4 times respectively the gas of 

materials handled with tweezers. Throughout this work, 

tweezers have been used for material handling and gloves are 

always worn for sources installation. 

3.8 Materials for electrodes 

Regardless of how perfect a junction barrier may be, 

high contact series resistance would hold back the 

achievement of high efficiency. Good ohmic contact is a 

fairly well developed technology in the electronic industry 

and is essential for successful solar cell operation. The 

term ohmic contact means that the electrode can readily 

supply electrons to the semiconductor as needed. This 

requires the work function of the metal electrode to be 

lower than that of the semiconductor as shown in Figure 3.7. 

Vacuum 
A 

~m 

Electrode 

Y 
XS 

~s 

— — — •—E 
f 

Before contact 

Figure 3.7 Energy band diagram showing the requirement 

of an ohmic contact 

After 

~s~ ~m 

contact 
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Al is used for back metallization on P—Si throughout 

this study. The low melting point of Al and its ability to 

withstand a`  current density of more than 105 Amperes/cm2[39] 

imply an easily attainable high deposition rate and 

consequently a shorter deposition time with less 

susceptibility to oxidation. The metallization step is 

usually followed by a low temperature (400-500 °C) annealing 

process which serves the purpose of alloying the Si and Al 

in order to form a good ohmic contact. The annealing 

process also helps to relieve any stress in the Si—wafer 

developed during scribing and cutting operations. 

Besides being the most abundent metallic element on 

earth, Al has a lower diffusion coefficient and bulk 

resistivity than most other conductors. Therefore, despite 

the disadvantages of low scratch resistance and high 

affinity to oxygen, Al has also been used extensively in the 

metallization of front grid contacts. Cr/Cu and Mg front 

grid contact metallization were attempted briefly without 

much success, probably due to the higher resistivity of 

these materials as compared to Al. 

Another material, Sn02 , was also attempted as a 

transparent grid contact but deposition using boat 

evaporation was not successful. Although Sn02 was deposited 

satisfactorily using electron—Beam evaporation technique, 

the high sheet resistance (>30 MWo) precluded its use as 
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the carrier collecting grid for the time being. Sn02 films 

prepared by spray pyrolysis gave better results and further 

studies are continuing. 

3.9 Masks and mask fabrication 

Direct deposition of thin film patterns for device 

fabrication requires selected area of the substrate to be 

shielded from the vapour stream by a sequence of suitably 

shaped aperture masks. At present, there is a multitude of 

masking techniques available to thin film circuit designers 

[42]. The choice of a particular technique depends largely 

upon the complexity of the designs, registration 

requirements and desired definition of the patterns.- For 

solar cell purposes, contact grid definition requires the 

most attention especially along the edges of the grid 

fingers. Aperture masks or sometimes known as mechanical 

masks are commonly used but grid patterns defined by 

photolithographic technique are also being employed by 

several investigators for grating MIS SBSC [17,34,35,50]. 

Owing to the lack of photolithography facility and since 

this technique is not consistent with the often—claim simple 

fabrication technology of MIS process, only mechanical masks 

are considered in this study. 

Several contact grid masks with linear and linearly 

tapered fingers were built in the central shop. The grid 
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patterns are based upon the minimum power loss requirement 

which has been treated in great details in references 51-54. 

However, a major difficulty was encountered when grid 

aperture of dimension smaller than the lower limit (30 mil) 

of the milling drill was desired. A novel technique was 

later devised for an aperture of about 1 mil to be 

fabricated. Manufacturing of these masks requires milling 

of thin narrow strips of stainless steel on a specially made 

jig and then spot welding them on a stainless steel plate 

mil thick) as shown schematically in Figure 3.8. 

spot-welded 

Sty 

J —

Stee: 
Lless 
;trip 

-& _J1_ - - 

Aperture in the 
  20 Iim range 

Figure 3.8 Fabrication of aperture grid masks of 

micron finger width 

(3 

The main difficulty with this technique is the buckling of 

both the finger strips and the stainless steel plate during 

cutting and welding operations. As a result, the mask could 

not be pressed firmly against the substrate by the weight of 

its holder. This leads to the development of a poorly 
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defined pattern especially along the edges of the fingers. 

Apart from the possible reduction of the effective solar 

area of the device, the thin and spread out edges so formed 

means a metallic layer of discontinuous grains presenting an 

excessive series resistance. to carriers fl.owing to these 

collecting grids. Upon subjected to.. several heating and 

cooling cycles during evaporation, further buckling of the 

mask has developed because of the gradual release of the 

surface stresses from the cutting and polishing processes 

during mask fabrication. This problem may be lessened if 

thick strips and plate were used, but spot welding of thick 

stainless steel strips would be difficult and a gradual 

slope could result in the deposited grids having the same 

effect as a spread -out edge. This problem was later 

improved slightly by the addition of a thick aluminium frame 

around the grids and helped press the plate more uniformly 

against the substrate. 

Puifrey [75] has recently reported a technique using Si 

wafer as the mask materials. V—grooves are etched into one 

surface while a simultaneous thinning of the Si wafer is 

done from the back. This would solve the problem of 

buckling as encountered here in stainless steel strips but 

his method still requires grids defined by means of 

photolithographic technique and furthermore, durability of 

this mask, especially after thinning, is still not known. 
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3.10 Fabrication techniques and'limita.tions 

Using the apparatus and materials described, devices 

were fabricated following the basic steps of :—

(1) Substrate cleaning in 49% HF, rinsing and 
ultrasonic agitation in distilled or deionized 
water, and then dried with pure nitrogen. 

(2) Deposition of back Aluminium contact, removing 
from deposition chamber for oxide growth and ohmic 
contact formation in a preselected ambience, time 
and temperature.. 
In the studies of oxide growth techniques however, 
the sequence of these processes are varied as will 
be discussed in section 5.2. 

(3) Returning the sample to the deposition module 
for deposition of front Schottky metal, current 
collecting grid and A/R .coating. 

To study the effect of each parameter, numerous devices 

are fabricated, often on different days. A certain degree 

of uncertainty is expected because an exact replica of the 

deposition parameters and fabrication conditions from run to 

run is rather doubtful. Problems encountered in controlling 

the many interdepending factors during device fabrication 

further complicate the task of comparing and evaluating 

these devices. Partial solutions to some of these problems 

are discussed next. 

As will be seen in section 5.4, a change in deposition 

rate affects device performance significantly. Deposition 

rate was controlled by drawing the desired slope on the X-Y 

recorder and monitoring the power supplied to the source in 
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an attempt to "duplicate" the slope. In a deposition run 

however, additional attention to other factors is required 

such as materials in the; source might be running out after 

one or two minutes of trying to obtain the slope 

unsuccessfully or the boat might be failing due to the 

different coefficient of expansion of W+Al alloy and W, 

causing breakage to the tungsten boat long before the 

attainment of the desired deposition rate or thickness. A 

greater trouble arose when very thin film and fast 

deposition rate were desired as for the structure of 

Al/Si0x/P-Si. Due to the thinness involved, thickness 

monitor must be set at a lower scale for frequency change to 

be denoted accurately.. Thus, the desired slope must be 

achieved within a very short time after evaporation have 

begun in order to stay within the range. Decisions on the 

processes of opening the shutter for film deposition at the 

desired rate, noting the frequency change for correct 

thickness determination, monitoring the power if a change in 

slope (deposition rate) occurs due to the lessening of 

material in the source, and closing of the shutter and 

stopping the power at the desired thickness, must be done 

within a matter of, sometimes, a few seconds. Original 

shutter mechanism that allowed a >180O swing did not seem to 

help as extra attention was required to stop the shutter 

exactly below the substrate. A stop was later implemented 

to allow for a 90 swing which reduced the difficulties in 

controlling the deposition rate. For very refined studies 
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of the device parameters, however, a more accurate control 

such as a system with feedback capability for automatic 

adjustment of the evaporating power and shutter mechanisms 

will be advantageous. 

Investigation [49] has shown that homogeneity of 

deposited films depends to a large extent on the partial 

pressure of certain critical gases.. In the present vacuum 

system, control over the amount of a specific gas species is 

not possible.. To improve the situation however, NZroughing 

the system chamber was introduced throughout the latter part 

of this study (from cell #35D onwards) to increase the 

overall content of N2 and reduce all other reactive residual 

gases before deposition begins. N2 admittance instead of 

air admittance was also adopted when the freshly deposited 

films were to be removed from the deposition chamber. With 

this N2 implementation, the problem of lack of 

reproducibility from run to run was almost eliminated. The 

resulting improvement in device performance will be 

presented in section 5.4.2. 

From surface preparation to the completion of a solar 

cell, a minimum of 4-5 hours is required. During such time, 

frequent transfer of substrate between the vacuum system and 

oxidation chambers are necessary. Substrate in the high 

vacuum has been subjected to degassing and is fairly 

unstable. Therefore, interaction with ambient air is 
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inevitable eventhough maximum care has been taken. in 

protecting the substrate in. covered glass=ware. Ambient air 

condition was standard clean—room air for the first part of 

this study (up to cell #43D) and ordinary room air for the 

latter part of this work when the lab moved to the Education 

Building. With the same fabrication parameters, several 

attempts at the new location failed to reproduce the best 

cell obtained in the first part of this work. This problem 

of contamination from ambient impurities was not corrected 

due to the temporary placement of the laboratory. 

Impurity contaminations due to degassing of the source 

materials, residual gases and the evaporator itself are held 

to a minimum by using high speed evaporation at low residual 

pressure. The use of the shutter mechanism also provides an 

important experimental control. The depositing film 

materials most sensitive to residual gas pressure are those 

which readily absorb or getter these gases. It is possible 

that this gettering characteristics be used to advantage in 

reducing the residual gas pressure in the evaporator 

immediately prior to device deposition. This is readily 

done by a fast evaporation of the depositing material onto 

the walls of the chamber while the shutter is protecting the 

substrate from the evaporating stream. After several 

seconds, the shutter is opened exposing the substrate for 

film formation. In this manner, the gettering action of the 

material coating the evaporator effects as a pump to reduce 

the residual gases before and during device depositions. 



4. PROPERTIES INVESTIGATIONS 

4.1 Sheet resistance and transmittance 

Metallic films such as Al and Cr are widely known to 

have the least transmission capability compared to other 

metals [46,47]. Preliminary tests on the sheet resistance 

(Ro) and transmittance (%T) of the Schottky metals under 

consideration were done by depositing films of different 

thicknesses and with various combinations of overlying 

conductive layer (Cu and Al), on barium—alumino—borosilicate 

Corning 7059 glass substrate. The effects of additional 

antireflection coatings on light transmission and absorption 

properties were also investigated on a Beckman Ratio 

Recording Spectrophotometer model #DR2 , providing a scan 

from 0.35 um to 0.96 pm wavelength. Sheet resistance 

measurements were done using a Fluke digital multimeter and 

a curve tracer via electrodes of either silver paint or 

vacuum deposited aluminium. 

As discussed in section 3.7, the amount of residual 

gases incorporated into the depositing films can be reduced 

by increased deposition rate. The effect that this 

phenomenon has on the electrical and optical properties of 

thin Al films has also been studied. Measurements of yT and 

RO have, in most cases, provided supports to the solar 

parameters obtained in this investigation. 

- 51 - 
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4.2 Conversion efficiency and I—V characteristics 

Energy conversion properties of MIS SBSC fabricated in 

this study are evaluated at a test station as shown in 

Figure 4.1. A quartz halogen ELM lamp, which is a less 

expensive solar simulator light source than Xenon lamp [55], 

is used. Intensity of the ELH,source is carefully adjusted 

via a Variac power supply until a calibrated p—n junction 

cell supplied by the NASA-Lewis Research Center gives the 

desired current for AM1 illumination. Later, a Pyroelectric 

detector supplied by Oriel Corporation was used to measure 

the power of the source which indeed gave a close agreement 

to AM1 solar illumination of 100 mw/cm2. 

A spring contact arrangement holds the solar cell in 

position for testing and the current voltage 

characteristics of the device is displayed on a Tektronix 

type 575 curve tracer which enables polaroid picture of the 

output power performance of each device to be taken 

immediately after fabrication. Open circuit voltage and 

short circuit current of the device are also measured using 

a Fluke digital multimeter and a Helwett Packard multimeter 

for comparison purpose. 

By plotting the power output versus voltage, maximum 

power point Pmax(Imax and. Vmax), and hence fl and F.F can be 

determined (see Figure 4.5). 
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It is worth mentioning that a measure of the incident 

power performed by Green [35] has shown a decreased short 

wavelength content of ELH lamp for a<.60 um compared to 

sunlight. This is due to the filament's temperature which 

cannot exceed 3400°K. Consequently, the ultraviolet end of 

the solar spectrum cannot be reproduced. As a result of 

output normalization, a''higher infrared content exists in 

the spectrum of an ELH source. Therefore, efficiency 

reported using ELH source can be considered as conservative 

since MIS cell is most responsive in the ultraviolet region 

where the power content of the source is low. Figure 4.2 

[87] shows the deviation of the spectral irradiance of an 

ELH source from the standard AMO and AM1.5 solar irradiance. 
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Figure 4.2 Spectral irradiance of an ELH source 

It is important to note that eventhough the spectrum of 

the ELH source is not expected to change significantly over 

a heating period of a few minutes during device testing, a 

cooling fan has proved to be a necessary piece of equipment 

to keep the temperature of the solar cell low during 

testing. The device upon illuminated even for a mere few 
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seconds, exhibits instant degradation especially in its open 

circuit voltage, often before a complete I—V characteristics 

can be recorded.. This problem can be corrected slightly by 

increasing the separation between the ELH source and the 

device while maintaining the AM1 illumination by increasing 

the intensity of the lamp. A major drawback with this 

arrangement is that overheating of the ELH source would 

shortened its useful life and the solar spectrum simulated 

may vary within a short period. Throughout this study, a 

single ELH lamp was left at a distance 4.8" away from the 

solar cell and the picture taken usually showed a decrease 

of 10-20 millivolt in the open circuit voltage first 

observed even with the cooling fan (see Figure 5.27). The 

drift results in a lower device performance being recorded 

which makes the values of efficiency and fill factor 

reported in this study conservative as shown in Figure 4.3. 
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Figure 4.3 Observed drift in I—V characteristics 

during device testing 
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A'current-voltage plotting circuit was later developed 

(Figure 4.4). An I-V plot using this circuit, and a 

corresponding curve tracer picture are shown in Figure 4.5. 

The possibility of implementing this onto a computer so that 

data collected can be processed for automatic computation of 

n and F.F as well as other parameters of interest is 

recommended for a • future study of surface states 

characteristics, potential profile etc. which are not the 

primary object of this project. 

To realize 0-~-1 volt, 

~i  d 150 mA 

0}-1 volt 

v1 -V 1 
Figure 4.4 I—V plotting circuit using a Moseley X—Y recorder 

V=15volts 
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Figure 4.5 An I—V trace of device #115A by the X--Y recorder and 

the corresponding curve tracer picture. 

Included is a P--V plot obtained from the I—V characteristics 
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Testing mechanisms employed by other investigators but 

were not considered in this study include four terminal 

probe station [34] which eliminates the effects of contact 

and lead resistances, and vacuum holder [56,57] equipped 

with effective cooling mechanisms or other temperature 

—controlled block [35] for devices being tested. It is felt 

that contact resistance effects inherent with the device is 

a design problem associated with the structure itself and 

should not be ignored. Comparing results obtained here with 

these investigators' would further make this report 

conservative. 

4.3 Spectral response and diffusion length measurements 

Solar cell is a light sensitive device which does not 

respond equally to every wavelength of the spectrum due to 

the inherent properties of the semiconductor band gap and 

processing history of the device. A knowledge of the 

quantum efficiency and spectral response of the structure, 

and more importantly the diffusion length or lifetime of the 

generated carriers, is useful in the understanding and 

interpretation of the experimental observations, and the 

optimization of its energy conversion capability. 

A Schoeffel GM 100 grating monochromator in conjunction 

with an ELH lamp source was used to provide a spectral range 

of .40—.95 um despite the lower ultraviolet content of the 
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source as compared to sunlight. A reference cell, which was 

either a commercial diffused junction cell from Solarex 

Corporation or a diffused p—n junction cell supplied by the 

NASA Lewis Research Center, was mounted side by side with 

the test cell on a movable plateform under the monochromator 

focussing arrangement. The system with precise machined 

tracks allows a two dimensional movement and registration 

accuracy. This was developed and built by staffs in the 

materials and devices laboratory. A Keithley digital 

electrometer model#616 which can measure a current of less 

than a microampere was used for short circuit current 

measurement and a Variac provided the necessary power for 

the source (Figure 4.6). 

There are basically two methods commonly employed for 

diffusion length measurements, constant photovoltage or 

constant photocurrent. A major disadvantage with the 

constant voltage technique is that it requires low 

illumination levels to produce an open circuit voltage no 

more than 20.0 millivolt [56,58] because of the nonlinearity 

between Vocand light intensity at high illumination level. 

Short circuit current however, is a linear function of light 

intensity upto high illumination levels and thus, constant 

photocurrent method is the approach being followed in this 

study. 

Referring to equations 4.1 and 4.2 [59], spectral 

response (S.R) and quantum efficiency (Q.E) of the test cell 



-59 -

were determined by measuring the short circuit current 

density of both the reference cell and the test cell in the 

spectral range of .40—.95 ,um keeping the incident power 

constant. 

_  J s~(VTest cell 
S.R( A) Test J ( ) 

x S..R(a) 

cell Sc ' ref cell ref cell
4..1) 

E 
hO.E(a) = S.R(A) x  p .(4.2) .

Test Tes.t cell 
cell q 

where Eph= energy of incident photons in eV = he/q1 

Reproducible spectral response characteristics were obtained 

for some of the representative cells fabricated and will be 

discussed in section 5.•10. 

The diffusion length Ln is obtained by measuring the 

incident light intensity required to provide a given short 

circuit current for the spectral range .70—.95 pm. In this 

interval, the response of the diffused surface layer (in the 

reference cell) is negligible and the influence of the rear 

side contact does not yet dominate [60]. Extrapolating the 

intensity vs al plot where ct is the absorption coefficient 

of Si [181, the intercept on the a 1 axis gives the 

diffusion length 1 as predicted by the following equations 

[611, 

~Ca) = Jsc(,l) 
[a

)+ t] 1t Ln TO)]  (4.3) 

J 
(k)  1   

~CX)T(a) - sc 1 
q ILn a Cl ) 

(4.4) 
+ 
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Figure 4.1 Photograph of the device testing 

Figure 4.6 Experimental set up for the spectral response, quantum 

~! efficiency and diffusion length measurements 
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where (A) is the photon flux density and T(X) k is the 

optical transmission into the Si at wavelength a , 

It is important to note that the reference cells being 

used are p—n diffused—junction structures which response 

differently to solar spectrum from a MIS structure. 

Absorption due to the "dead" layer in diffused junction cell 

and that due to the Schottky metal and oxide layer in MIS 

SBSC may be quite different. To account for this 

discrepancy, the following corrections are made in diffusion 

length measurement. 

Figure 4.7 shows a MIS and a p-n junction cell, and the 

assumptions made in correcting for unequal Pol and 

Pot reaching the junctions are illustrated. 

P 

Pol Pol 

0 

n 

P-S; 

A/R (Sid) 

Junction 

Figure 4.7 Schematic diagrams of a p—n junction and 

a MIS structure being illuminated 
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Thus, 

PO1= 87%  Po P 2= T( A) PO

Po 1 = Po 1 e 

Pot PO T().) _ T(A) 
, -   

Pol P 87% a—ax 87% a—ax 
0 

(4.5) 

Absorption of the NASA p—n junction solar cell 

(reference cell) was estimated by assuming a junction depth 

of 0.1 um [81], and an antireflection allowing an 87% 

transmission (Figure 5.13) through the A/R coating. 

Transmission data for the MIS cells were obtained as 

discussed in section 4.1. %T recorded over the spectral 

range of .34—.96 um therefore enables correction to be done 

for any particular A . 



5. EXPERIMENTAL RESULTS AND DISCUSSION 

5.1 Selection of Schottky metals 

The basic structure of the devices fabricated is MIS 

SBSC with p—type single crystal silicon as the base 

semiconductor and thermally grown silicon dioxide (SiO2) as 

the interfacial insulator. To obtain high Voc, metals with 

low work function (gym) are necessary. Out of a series of 

low m materials studied for the Schottky metal, Cr/Cu and 

Al are found to be the most promising materials. These 

findings are described in the next three sections. 

5.1.1 Schottky metals of low work function 

The metals which were studied for the metal/SiOx/P—Si 

configuration include Al, Cr, Cu, In, Mg and Au. Work 

function and resistivity of these materials in their bulk 

form as well as characteristics of devices fabricated using 

these materials under similar conditions are shown in Table 

5.1.. The open circuit voltage, Voc, has the most effect on 

conversion efficiency and depends mainly upon the metal work 

function and the interfacial oxide properties of the device. 

Therefore this criterion was used as a guideline to select 

the appropriate metal with the anticipation that Jsc can be 

improved by an additional conductive layer. Also included 

in Table 5.1 is the series resistance (Rs) of the devices at 
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their maximum power point Pmax(Imax,Vmax)• Rs is determined 

by considering the dark and illuminated I—V characteristics, 

and using the expression (equation A.8) derived in Appendix 

A. 

_  .,dark 
R "Vmax

s  I Pmax ilsc1 
(5.1) 

where Vdarkis the voltage of the dark I—V characteristics at 

current Idark_ 'max" 'Sc 

Table 5.1 Preliminary selection of Schottky metals 

Schottky 
metal 

Bulk work 
Function 
~m(eV) 

Bulk 
resistivity 
p(p —cm) 

Voc 
(volt) 

Jsc 
(mA/cm2) 

G 

RslP 
( )max 

Mg 3.65 4.45 0.54 12.24 5.6 

In 3.75 8.37 0.44 0.48 35.7 

Al 4.08 2.65 0.57 28.86 0.96 

Cu 4.40 1.67 0.24 25.85 0.5 

Cr 4.60 12.90 0.47 5.10 6.0 

Au 4.80 2.35 .074 0.49 

From Table 5.1, Cr seems to be appropriate for P—Si 

despite its high work function. This is in agreement with 

Anderson [13] and Cowley's [27] observations that Cr has an 

effective lowered ~m in thin film form on an oxide surface. 
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Au and Cu Schottky metals have a relatively high 

~m and consequently the low Voc appears inappropriate for 

application for P—Si. The former is believed to have formed 

a majority carrier device on P—Si not suitable for 

photovoltaic application [16]. The latter is, however, 

highly conductive and thin film of Cu is known to be 

relatively transparent [46]. This explains the high 

Jsc observed for Cu devices. Thus, Al with a high Voc and 

Jsc appears to be most appropriate for MIS structure. Mg, 

Cr and In are possible Schottky metals for P—Si if some mean 

of reducing Rs and hence increasing Jsc is available. One 

way to reduce the apparently high Rsof these devices to an 

acceptable values of (section 2.2), is to reduce the 

sheet resistance (RD) of the thin Schottky metal. 

5.1.2 Reduction of sheet resistance of Schottky metals using 

Cu overlying conductive layer 

To reduce the overall Rs of the device, Cu with a 

higher conductivity than the other Schottky metals is used. 

This is readily done by depositing Cu film of different 

thicknesses over the Schottky metal under consideration on a 

glass substrate. %T as a function of a , and RO of these 

samples are given in Figures 5.1 through 5.4. RO and 

%T( A=.60 um) data from these measurements are replotted in 

Figure 5.5 which shows that %T increases at a much higher 

rate as RO for Ro <100 /O , than for higher values of RO . 
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o i 
Since a high yT and low RO is required for Schottky metals, 

an optimum ratio of Cu/Schottky metal should exist at the 

lower end of the %T vs Rp plot. Based upon the measured 

~I 
values of %T and R❑ , the thickness ratio of Cu/Schottky 

metal which gives a high %T and low Rois selected. Solar 

output parameters Voc' Jsc and Rs(Pmax) of devices fabricated 

under similar condition using the selected thickness ratios 

for each Schottky metal are tabulated in Table 15.2. For 

comparison purposes, those fabricated without Cu layer are 

also included. ± 

{a 
if Table 5.2 Reduction of Schottky sheet resistance using 
f; Cu conductive layer 

I 

Schottky 
metal (A) 

Cu 
thickness (A) 

Voc 
(volt) 

r 

Jsc 
(mA/cm2) { 

RsP 
( )max 

j Mg(80) 0 0.54 12.24 fi 5.6 
(40) 60 0.20 29.93 0.74 

i 
In(80) 0 0.44 0.48 [ 35.7 
(30) 50 0.19 27.21 0.50 

Cr(50) 0 0.47 5.10 
I 

6.0 
j (40) 35 0.50 32.65 0.92 

AI(80) 0 0.57 24.80 0.35 
(70) 0 0.57 28.86 0.96 
(70) 30 0.56 13.85 1.3 

i 
It is clear from Table 5.2 that with Cu conductive 

layer, the reduction in Rs is accompanied by an almost two, 

six and fifty fold increase in Jsc of Mg, Cr and In devices 

q 

I~ 
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respectively. On the other hand, Jsc value in Al-device was 

actually decreased by almost a half. 

The increase in Jsc of Mg/Cu., In/Cu and Cr/Cu devices is 

mainly due to the fact that Mg, Cr and In form an interface 

of lower resistance with Cu as can be seen from Figures 

5.1(b) through 5.3(b). The lower values of Rs and higher 

Jscobserved for Mg/Cu and In/Cu may be explained by 

diffusion of Cu through the Mg and In, resulting in a 

copper=-like device. This feature is supported by the 

significant decrease in Voc observed for these devices. 

Al/Cu interface, on the other hand, has a higher sheet 

resistance and hence Rs than a pure Al layer as supported by 

sample#ST14—j and #ST16 in Figure 5.4(b). The ease with 

which Cu forms an alloy with Al [62] is believed to be 

mainly responsible for the higher resistance of the Al/Cu 

contact and hence the lowering in Jsc. Although 

transmission loss which means less carriers are being 

generated, at the short wavelengths of the Al/Cu sample (see 

for example sample#ST16 of Figure 5.4(a)) could partially 

account for the lowering in Jsc, the effect of series 

resistance is believed to be dominant over the transmission 

property. This is most apparent when comparing the pure Al 

and pure Cr devices. Pure Cr Schottky (see for example 

sample#ST7—f of Figure 5.1(a)) has a generally higher 

percent transmission than pure Al Schottky (sample#ST14—j of 
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Figure 5.4(a)). Jsc of Cr device is however much lower than 

that of Al because of the much higher sheet resistance of Cr 

(32 k52/❑ ) as compared to that of Al (36.5 /❑ ). 

Therefore, Cr/Cu which has an increase in both Jsc and 

Voc with a corresponding decreased Rs appears to be the only 

acceptable combination. 

5.1.3 Reduction of sheet resistance of Schottky metals using 

Al overlying conductive layer 

Although for the same thickness of Al and Cu, sheet 

resistance of Al is six times larger than that of Cu (see 

for example sample#ST7—e of Figure 5..1(b) and sample#ST14—j 

of Figure 5.4(b)), the higher effect of Voc of Al than Cu 

Schottky observed in Table 5.2 may be used to advantages. 

Measured characteristics of devices using Al as overlying 

conductive layer are shown in Table 5.3. 

Table 5.3 Reduction of Schottky sheet resistance using 
Al conductive layer 

Schottky 
metal (A) 

Al 
o 

thickness (A) 
Voc 

(volt) 
Jsc 

(mA/cm2) 
Rslp 
( )max 

Mg(80) 0 0.54 12.24 5.6 
(60) 40 0.51 2.21 100 

In(80) 0 0.44 0.48 35.7 
(20) 60 0.50 2.72 11.3 

Cr(50) 0 0.47 5.10 6.0 
(40) 60 0.47 6.80 6.0 
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Experimental results in Table 5.3 further support the 

phenomenon of metallic interdiffusion. The In/A1 device 

adopted the charactristics of an Al Schottky solar cell with 

a high Voc but the slight increase in Jsc was insufficient 

for photovoltaic application. Decrease in both Voc and 

Jsc observed for the Mg/A1 device was due to the same reason 

of higher Mg/A1 contact resistance [62] as that responsible 

for the Al/Cu device. This is supported by the 20 fold 

increase in the measured values of Rs. In the case of Cr/A1 

the Voc value was maintained with a slight increase in Jsc' 

This together with the Cr/Cu characteristics in Table 5.2 

have suggested a fairly "stable" Cr layer that discourages 

diffusion of either Cu or Al through it. 

Based upon the experimental evidences (see Tables 5.1, 

5.2 and 5.3) presented, Cr/Cu and pure Al have been selected 

for devices that constitute the bulk of this work. However, 

this does not mean that a complete rejection of the other 

materials, especially Mg, is being suggested. Mg has been 

used successfully by Green [12,17,34,35], but in the present 

study it proved inferior to the two metals selected. 
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5.2 Surface preparation andoxide growth techniques 

The effects of surface preparation and oxide growth 

techniques on device characteristics is studied through a 

comparison made between devices fabricated under different 

oxidation conditions with slight variation in their 

deposition parameters and current collecting grids. Output 

solar parameters V
oc' Jsc' 

F.F and fl of these devices are 

shown in Table 5.4. 

Table 5.4(a) Oxide growth involving double surface 
etching 

Surface Preparation and 
Oxide growth processes 

Voc 
(volt) 

Jsc 
(mA/cm2) 

F.F 
n 

(%) 
Device 
no, 

HF—D rinse—N2/600 °C—Air—
lhr/HF—D rinse—N2/Back 0.46 34.70 0.46 7.4 1OD 
Al/Front H20/460 °C—Air-
1/2hr 

HF—D U.A.—N2 /500 °C —N2 —
1/4hr/HF—D U.A.—N2/Back 0.37 31.97 0.47 5.6 22D 
Al/500 °C—N2 -1/4hr 

HF—D U . A . —N2 / 5 00 °C —N2 —
1/4hr/HF—D U.A.—N2/Back 0.36 31.97 0.40 4.6 23D 
Al/500 °C—N2 -1/2hr

HF—D U.A.—N2 /Front 112 0 / 
450 °C—Air-1/2hr/HF—D 0.50 31.29 0.42 6.,5 27D 
U.A.—N2/Back Al/Front 
112 0/460 `~—Air-1/2hr 

D = Distilled water 
D U.A. = Distilled water ultrasonic agitation 
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Table 5.4(b) Oxide formation-'involving separate oxide 
growth and alloying processes f 

Surface Preparation and 
Oxide growth processes 

Voc
(volt) 

Jsc
(mA/cm2) 

F.F U 
(%) 

Device 
no. 

HF—D U.A.-N2/Front H20/ 
460 °C-Air-1/2hr/Back HF 0.48 34.01 0.51 8.3 28D 
(7min)-A1/500 °C-N2-1/4hr 

1 
HF-D U.A.-N /Front H20/ 
460 °C-Air-12J2hr/Back HF 0.52 34.0 0.61 j9.5 35D 
(lmin)-A1/500 °C-N2-1/4hr 

- f 

HF-Di( 1N 2.)U.A.-N2/Front 
H22O/460 °C-Air-1/2hr/Back 0.44 21.9 0.41 4.0 89D 
HF(lmin)-A1/500 °C-N2-1/4hr 

Sirtl(2sec)=Di(1MS2)U.A-. 
N2' 460 °C-Air-1/2hr/Back 0.5.4 4..8 108D 1 

HF-A1/500 °C-N2-1/4hr 

HF=-Di(17MS2)-N /Front H20/ 
460 °C-Air-1/2h/Back HF- 0.50 31.4 0.63 .9.7 127D 
Al/500 °C-N2-1/4hr 

t 
HF-D U.A.-N2/Front H20/ I 

460 C-Air-1/2hr/Back HF- 0.54 14.6 0..71 ,5.6 39D 
Al/500.°C-N2-1/4hr (Al) 

HF-Di(1M52)U.A.-N2/420 °C-
02-l0min/Back HF/500 °C- 0.57 26.5 0.73 111.0 98D 
N2-1/4hr (Al) 

HF-D U.A.-N2/Back A1/ l 
500 °C-N2-1/4hr/Front HF 0.48 30..6 0.35 5.1 32D 
(5m1n)H20/460 °C-Air-1/2hr 

HF-D U.A.-N2/Back A1/ 
500 °C-N2-1/4hr/Front HF 0.54 33.33 0.57 { 10.3 42D 
(lmin)-H20/460°C-Air=1/2hr 

i 

i 

Di(XMS2) U.A.= Deionized water(xM&—cm) ultrasonic agitation 

k 
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Table 5.4(c) Oxide formation involving combined process of 
oxide growth and alloying 

Surface Preparation and 
Oxide growth processes 

Voc
(volt) 

Jsc
(mA/cm2 ) 

F.F 
n 

(%) 
Device 

no. 

HF—D rinse —N /Back A1/ 0.53 31.97 0.39 6.6 12D 
Front H2 0/46?3 °C—Air-1/2hr 

HF—D U.A.—N2 /Back A1/ 0.32 9.2 0.32 1.1 21D 
500 `t—N2 -1/4hr 

HF—D U.A.—N2 /Back A1/ 0.53 28.97 0.27 4.1 25D 
Front H2 0/460 °C—Air-1/2hr 

HF—D U.A.—N22 /Back A1/ 0..45 8.16 0.41 1.5 26D 
460 °C—Air-1/2hr 

HF—Di(1MS2)U..A.—N2 /Back 0.49 35.71 0.67 11.7 106D 
A1/420 ` —02 -1/4hr 

HF—Di(17MS2)U.A.—N2 /Back 0.51 34.01 0.65 11 3 118D 
Al/420 °C-02 -1/4hr 

HF—Di(1MS2)U.A.—N2 /Back 0.57 26.05 0.72 11-.3 100D 
A1/420 °C-02 -1/4hr (Al) 

HF—Di(1MS2)U.A.—N /Back 0.59 26.30 0.66 10.2 104D 
Al/580 °C--02 —lOmin (Al) 

As discussed in section 3.8, sample annealing is 

desired for the formation of Al —Si ohmic contact, this 

together with the oxide growth process means the possibility 

of a combined or separate heating processes. Both single 

(combined oxide growth and alloying), and double steps 

growth processes are investigated in this study. These are 

divided into three main groups. The first (Table 5.4(a)) 
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deals with double surface etching in which the first etch is 

done prior to a controlled oxide growth. Then a ,second HF 

etching is done to partially remove this newly grown layer. 

The second group (Table 5.4(b)) involves oxide growth and 

alloying processes done separately, while the third group 

(Table 5.4(c)) deals with the combined oxide growth / 

alloying process. 

Judging from the experimental observations, it becomes 

clear that the surface subjected to one HF etching followed 

by a combined oxide growth / alloying step in 02 gives the 

best results. Separate oxide growth / alloying process is 

acceptable provided 02 is again used for the oxidation, or 

deionized water of high resistivity (>15 Pia—cm) is applied 

to the wafer surface prior to oxidation in air. 

It should be noted that an ellipsometer was not 

available, so a direct determination of the oxide thickness 

was not made. This introduces a certain degree of 

uncertainties which makes interpretation difficult. For 

instance, a process with air annealing at a temperature of 

460 b for 30 minutes may produce the desired thickness and 

properties. Another process with 02 annealing at the same 

temperature for the same time interval may produce an 

equally favorable or better properties except that thickness 

of the interfacial layer could have been too far off the 

tolerable range leading to a wrong conclusion. Therefore, 
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instead of making one device of a fixed oxide thickness for 

each surface preparation and oxidation process,, numerous 

devices were fabricated. Only the ones with the best 

Voc values are documented here. 

A limited range of oxidation temperature is considered 

in this study because for each temperature chosen, a number 

of devices is required to establish the optimum oxidation 

time for acceptable thickness. Interface state studies by 

Kim et al [32] have reported that unannealed Si-Si02 

interfaces, produced by dry oxidation at 1030 °C has a high 

density of effective recombination states which are reduced 

by annealing at 450 °C. Hence, only temperature within the 

range of 400-500 °C are considered. 

5..2.1 Effects of pinholes and surface states 

- Process involving double etching (group 1) was 

anticipated to provide a more uniform growth condition, but 

device performance has been found to be consistently lower 

(p<8%) as can be readily seen from Table 5.4(a). This is, 

however, not totally unexpected as subsequent exposure of 

"fresh" surface to heating usually encourage more impurities 

from both the substrate surface, holder and the furnace tube 

to be absorbed. These adsorbed matters introduce surface 

discontinuities and become active trapping centers at the 

interface. 
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Combined oxidation / alloying process in pure 02 at 

420°C for 15 minutes.. appears to be the most desirable oxide 

growth condition (Table 5.4(c)). Oxidation process in an 

02—rich ambience is probably more complete and the 

silicon—oxide interface would tend to be more Si-SiO2 than 

Si-SiO. It is known that dangling bond density for Si—Si

is more than for Si—Si02 [63], and because the surface—state 

density is related to the dangling bond density at the 

interface, the density of surface states (Ds) for Si—Si0 is 

expected to be much higher than for Si—SiO2 interface. 

When oxide growth is done in N2 without water soaking 

on wafer surface prior to oxidation, a low Voc is almost 

certain (see for example devices #21D, #22D, #23D). One 

possible explanation for this phenomenon is that since 

N2 is not an oxidation—supporting agent, the high 

surface—state density associated with the Si—SiO interface 

so formed may lead to an increase in the dark saturation 

current density (equation 2.21) due to recombination at 

these states. 

J = q a vt Dsso 

2 
n, 

i 

ns
(5.2) 

and consequently, a decrease in Voc to a value Voc given by 

equation 5.3. 

J 
V = nqT Lln(J +cJ

 )+ X1/2dox + kTP1 
oc 

o so 
(5.3) 
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Furthermore, the absence of water film in this process 

has probably resulted in a less uniform oxide growth. 

Microcracks and pinholes in the patchy oxide layer so formed 

allow the Schottky metal (Al or Cr/Cu) to contact the Si 

directly. The result is a M—S structure rather than a MIS 

structure with a consequently reduced performance. 

It can be seen from the equivalent circuit of a pinhole 

(Figure 5.6) that effects on device performance become 

significant when the pinhole branch has very low resistance 

as it allows a significant amount of the device short 

circuit current to flow through the M—S branch. The low 

resistance [64] could result from a single large pinhole 

(dpinhole>50-100 um) or a high density of small pinholes 

(>1000/cm2 of 1 um diameter). 

dpinhole 
A 

R= 
2 dpinhole 

Figure 5.6 Schematic diagram of a pinhole and 

its equivalent circuit 
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A survey of the literatures reveals that under AM1 

condition, the maximum Voc for ideal Schottky (M—S) solar 

cells is 0.2-0.3 volt [63,651. Whereas under AM 

illumination, the theoretical Voc for MIS (on P—Si) is about 

0.65 volt [12,631. The parallel combination ^ of ideal 

Schottky diode (pinhole regions) and MIS structure should 

therefore give a Voc between 0.2-0.3 volt and 0.65 volt. 

Table 5.4 clearly shows that techniques with no water 

soaking prior to oxidation in N2 produce solar cells with 

Voc less than 0.4 volt but higher than 0.3 volt in good 

agreement with the theoretical predictions. 

w 

5.2.2 Effects of deionized water 

In the combined process of oxidation and alloying in 

02, the oxide layer is formed on the silicon surface most 

likely through the basic chemical reaction 

Si + 02 —'-SiO2 (5.4) 

Use of water soaking prior to oxidation is not necessary in 

the above process. Thus, the device performance is not 

significantly affected by the quality of the water as can be 

seen from a comparison between device #106D and #118D in 

Table 5.4(c). On the other hand, techniques involving water 

soaking of substrate surface prior to oxidation in air at 

460 °C for 30 minutes before alloying of back Al contact in 

N2 at 500 °C for 15 minutes or vice versa do, to some extent, 
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affect device performance depending on the quality of the 

water. This is clearly illustrated by device #127D and 

#89D(Table 5.4(b)), and furthermore by Figure 5.17 on page 

101 which shows the output solar parameters of two sets of 

devices fabricated using 1 Na —cm and 15-17 Me—cm deionized 

water. The techniques of separate oxide growth / alloying 

are equally favorable as the combined process, provided the 

deionized water is of high quality (>15 MSS—cm). The water 

can supply a good source of oxygen to ensure a more complete 

oxidation which proceeds as 

Si +2H2O -- -Si02+ 2H2  (5.5) 

so that a homogenous interface of Si—Si02 can be attained 

even if the oxidation process is not done in an 02 ambience. 

5.3 Effects of substrate resistivity 

As seen from equations 2.17 and 2.18, one way to 

increase the open circuit voltage of the device is to 

increase the doping concentration of the semiconductor, or 

alternativly, to increase the carrier lifetime and1 diffusion 

length which would also result in an increase in the short 

circuit current density Jsc. However, an increase in doping 

concentration is associated with a reduced minority carrier 

lifetime and diffusion length. A tradeoff between a low 

resistivity substrate (high doping concentration) required 

for large Voc and a high resistivity substrate needed for 
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high Jsc is therefore necessary. 

I~ 

i 
Three ranges of wafer resistivity (.O6—..12 —cm, 

1.9-2.72—cm, 1.9-2.752—cm, 1.0-3.OS2—cm) of <100>P—Si have been considered 

in this study and their effects on device characteristics 

and minority carrier diffusion length are presented in the 

following sections. 

ii il. 

i 
5.3'1 Effects of substrate resistivity on device 

characteristics 

li 
I~ 

and   Al devices in terms of their solar parameters{Vo ' Jsc' 

F.Fi and Ti are shown in Table 5.5. Overlapping of 

1.9-2.7 52 -cm and 1.0-3.0 a-cm was due to unavailability of 
~1 Y 

the required range of 1.0-2.0 and also 0.1-1..0 a-cm silicon 

The effects that wafer resistivity has on both Cr/Cu 

li 
substrate at the moment. For purpose of comparison, results 

reported in references 12 and 35 for Al-MIS and A1—grating 

structure respectively are also included in Table 5.5. 
I

1 
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Table 5.5 Effects of substrate resistivity on device 
characteristics 

Substrate 
resistivity 
p (S2—cm) 

Device 
configuration 
(Area cm2) 

Voc
(volt) 

Jsc 
(mA/cm2) 

F.F fl
(y) 

Device 
no. 

.06—.12 Cr/Cu (2.9-4) 0.43 23.81 0.56 5.71 48D 
Cr/Cu (2.94) 0.39 24.49 0.61 5.78 49D 
Cr/Cu (2.94) 0.43 23.81 0.52 5.31 53D 

1.9-2.7 Cr/Cu (3.34) 0.46 32,34 0.66 9.82 93D 
Cr/Cu (2.94) 0.50 32.65 0.63 10.48 52D 
Cr/Cu. (2.94) 0.54 33.33 0.57 10-..34 42D 

1.0-3.0 Cr/Cu (2.94) 0.49 35.7I 0.67 11.67 106D 
Cr/Cu (2.94) 0..51 34.01 0.65 11.2;7 118D 

.06-..12 Al (3.47) 0.49 14.43 0.71 4..99 124D 

Al (2.94) 0.55 28.57 0.60 9.40 59D 1.0-3.0 
Al (3.47) 0.57 28.86 0.64 10'.56 76D 

0.7-1.3 Al (3.0) 0448 0.030 * 

1.6-2.4 Al (1.0) 0.402 0.033 * 
Al (1.0) 0.424 0.034 * 

0.1 Grating (3..0) 0.642 35.6 .770 17.6 ** 

0.5 Grating (3.0) 0.615 36.0 .778 17.2 ** 

1.0 Grating (3.0) 0.600 36.2 .772 16..8 ** 

* from reference 12 
** from reference 35 

The reported increase in Voc by other investigators (marked 

by asterisk in Table 5.5) as substrate resistivity decreases 

is contrary to what has been seen in this study. The 

difference is attributed to the lower resistivity 

(0.06-0.12≤-cm) substrate used in this study. It is 

possible that above a certain critical doping level, Voc is 
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reduced due to an increase in dark saturation current from 

injection of the majority carriers (holes) from the base 

into the surface region ..[35,60]. 

The decrease in J
SC

 with substrate resistivity may be 

explained by the proportional increase in surface 

recombination velocity (S) with doping concentration given 

by equation 5.6[34,35] 

NA 
S= D s a t v t n s +p s +n +p 

(5.6) 

A large surface recombination velocity means a reduced 

carrier lifetime or diffusion length and hence a 

corresponding decreased Jsc of the device. This effect is 

supported by experimental measurements to be discussed in 

the following section. 

For substrate resistivity higher than 0.06-0.1252—cm, 

the combined effect of increasing Voc with decrease in 

"Sc as substrate resistivity decreases predicts an optimum 

doping concentration. Due to the limited range of substrate 

resistivities studied, the optimum value was not clearly 

observed, but it is quite evident that 1-3SZ—cm is closer to 

being the optimum than the 0.06-0.12S —cm. 

In In this study, Cr/Cu consistently gives a lower 

Voc than Al , and a greater percent reduction in Voc with 
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resistivity. When p decreases from 1.0-3.0 2—cm to 

.06—..12 a—cm, a reduction in. Voc of about 20% is observed 

for Cr/Cu as compared to a 14% reduction for Al (see Table 

5.5). This is in agreement with theoretical prediction that 

for a higher doping concentration, more electrons are 

required at the Si—surface to invert a P—type substrate by 

an equal amount. This means a metal of lower work function 

is needed for low resistivity Si to ensure strong inversion 

and high Voc. Thus, although Cr/Cu is believed tot have an 

effective lowered ~m on an oxide surface [13.,27], it appears 

insufficient for inducing a strongly inverted surface on low 

p substrate. It is therefore conceivable that Cr/Cu 

devices fabricated in this study on 0.06-0.12 S —cm substrate 

are most likely to be majority carrier devices in agreement 

with results reported by Anderson [67] for Cr/Cu on 0.4 2 —cm 

substrate. 

5.3.2 Effects of substrate resistivity on minority carrier 

diffusion length 

Measured values of Ln using the method described in 

section 4.3, for both Cr/Cu and Al devices on different 

p substrate, are shown in Table 5.6. Results reported in 

reference 34 for A1—grating structures are also included for 

purpose of comparison. 
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Table 5.6 Measured diffusion length of devices 
on different substrate resistivities 

Substrate 
resistivity 

p ( S —cm) 

Device 
configuration 

Diffusion 
length 
(sum) 

Device 
no. 

.06—.12 Cr/Cu Schottky 17.8 53D 
1.9-2.7 Cr/Cu Schottky 235.0 52D 
1.0-3.0 Cr/Cu Schottky 330.0 118D 

.06—.12 Al Schottky 14.5 124D 
1.0--3.0 Al Schottky 224.0 59D 
1.0-3.0 Al Schottky 294.0 76D 

.06 Grating 20-30 * 
0.1 Grating 35-50 * 
1.0 Grating 200-250 ;* 

* from reference 34 

Within the limits of the experimental error, the 

measured Ln shows an increase with P . This explains the 

increased Jsc obtained for these devices as shown in Table 

5.5. A typical diffusion length measurment is shown in 

Figure 5.7 for devices #53D and #124D. 

The rather high diffusion length (>200 um) of both 

Cr/Cu and Al devices on 1-3 or 1.9-2.7 l—cm P—Si maybe 

attributed to the lower processing temperature (420-500 °C) 

which have annealed and improved the bulk properties of the 

semiconductor [68]. The close agreement of these results 

with those reported by others [59] is clearly illustrated in 

Figure 5.8 which shows the dependence of Jsc upon Ln of MIS 

devices. The solid line gives a theoretical calculation 

[59] of J sc=gJ~(X)T(a)Q(A)da where Q(a) is the collection 

efficiency. 
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Figure 5.7 Diffusion length measurements for Device #53D and #124D 
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5.4 Deposition rate of Al Schottky metal and vacuum 

condition 

It is known that metal film of high purity can be 

obtained by using high deposition rate at low pressure. 

However, in the presence of certain active gases such as 

oxygen or other gases having a greater chemical affinity to 

the depositing materials, formation of thin films containing 

a high concentration of oxygen and chemical compounds is .not 

unlikely even at very low pressure. The presence of 

molecules of different compositions and sizes, surface 

roughness and porosity of thin film especially those on the 

light illuminated surface of the device could result in a 

higher loss in light transmission due to ' excessive 

scattering from these surfaces. However, if the film were a 

layer of homogeneous compound (e.g.,A1203), transmittivity 

may in fact be increased. 

The effects that deposition rate and vacuum condition 

have on device performance are presented in the following 

sections. 

5..4.1 Deposition rate of Al Schottky metal 

The dependence of output solar parameters upon 

deposition rate of Al Schottky metal is shown in Figure 5.9. 

Reduced F.F, Jsc and fl are observed for low deposition rate 
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because of an increase in Rs, but the values of Voc remains 

fairly constant. Increasing deposition rate however, 

reduces Jsc and '0 of the device because of reduced %T. 

Supporting data of yT and RO are also included in Figure 5.9. 

For high deposition rate, metal film of high 

conductivity results due to the less time susceptible for 

oxidation or interaction of depositing vapour with other 

ambient residual gases and hence the lower values of 

Rs measured. A high deposition rate can also lead to a rise 

in substrate temperature and consequently the desorption of 

any gas contaminants on the substrate. For higher 

transmission however, lower deposition rates are probably 

desirable as exhibited by the measured data of %T (see 

Figure 5.9) because of more homogenous films. The inverse 

relationship of transmittivity and conductivity suggests an 

optimum deposition rate which can be seen from Figure 5.9 to 

be 4-5 A/sec for Al/SiOx/P—Si devices fabricated in a 

nitrogen—flashed chamber at a pressure of 1-3x10-7Torr. 

5.4.2 Effects of vacuum condition on device characteristics 

The damaging influence of reactive constituents on 

devices fabricated in chamber without N2 implementation (ie. 

without N2 flashing prior to deposition nor N2 admittance 

after deposition) is convincingly demonstrated in Figure 
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5.10 and in Table 5.7 where the computed data are (obtained 

from the I—V characteristics shown in Figure 5.10. As seen, 

Voc, F.F and r values are consistently lower for the case 

of air venting. The only exception is Jsc which appears to 

improve due presumably to higher transmittance. Rs is also 

increased in air venting as expected. 

Table 5.7 Characteristics of devices fabricated with 
and without N2 implementation 

Sample 
no. 

Schottky 
Metal 

N2
Impleme— 
ntation 

Voc
(volt) 

Jsc 
(mA/cm2) 

F.F n 
(%) 

RSIpmax 
(~) 

39D Al YES 0.54 14.6 .71 5.61 .70 
(.78)*

13D Al NO 0.46 17.7 .34 2.81 5.2 
(.25)*

38D Cr/Cu YES 0.54 33.3 .60 10.8 .92 
(.67)*

28D Cr/Cu NO 0.48 34.0 .51 8.27 1.6 
(..51)*

* calculated values of F.F 

Thus, although control over a particular constituent in 

the residual gases was not possible in the existing system, 

the use of N2 of 99.95% purity helped to reduce the overall 

reactive gas content in the deposition chamber. By filling 

the chamber initially with N2, adsorption of N2 on the 

substrate is encouraged. However, this can be easily 

desorbed by pumping the ambience away unlike oxygen and 

hydrogen sulfide which react readily with the film or the 
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substrate and desorption of these constituents do not take 

place when the residual gas is pumped away [69]. 

N2 flashing therefore reduces the probability of oxidation 

of the substrate surface and Schottky metal. An improvement 

in the fill factor resulting from a reduced Rs can be 

estimated following the expression developed by Barnett [24] 

C 'Sc Rs 
L F.F =  

Rs Voc 

(5.7) 

where C is a constant with a numerical value close to 1. 

The theoretical limit of F.F=0.84 [16] minus fl F.F gives the 

calculated values of fill factor. These are in reasonable 

agreement with those obtained from the I—V measurement as 

shown in Figure 5.11. 
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Figure 5.11 Calculated and measured values of F..F vs Rs 
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5.5 Effects of Schottky metal thickness on device 

characteristics 

Experimental evidence on the effects that thickness of 

the Al Schottky metal films (deposited at 4-5 A/sec) have on 

device performance is shown in Table 5.8. 

Table 5.8 Optimization of Schottky metal thickness 

Al Schottky 
thickness (A) 

Voc
(volt) 

"Sc 
(mA/cm2) 

F.F fl
(y) 

Rslp 
( )max 

100 0.54 14.6 0.71 5.6 0.30 

80 0.57 24.8 0.74 10.4 0.35 

70 0.57 28.9 0.64 10.6 0.96 

60 0.54 0.48 

0 0.52 9.52 0.26 1.2 15.6 

The increased values of Jsc with corresponding increased 

0 

Rs as thickness decreases to 70A is as expected. Further 

0 

decrease in Al Schottky to a thickness of 60A however, 

exhibits an extremely low Js c although a grating structure 

with no Al Schottky has a reasonably high Jsc. This 

phenomenon may be accounted for by a simplified model [70] 

in which the various layers of materials interacts, at least 

along the interfaces. At the interface of thermally grown 

Si02 and Al Schottky, it seems very likely that a thin layer 

of A1xOy exists. Similary, at the interface of Al Schottky 
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and SIC, another layer of A1xOy is expected as illustrated 

schematically in Figure 5.12. 

----
----

— — 
SIC 

1 0 

_Al _ 
AZ 0~ 

Si02

i 

Figure 5.12 Schematic diagram of an actual 

MIS structure 

With decreased Al Schottky thickness, the effect of the 

AIxOy layers (non—conductor) increases as a thinner "pure" 

aluminium is left as a Schottky metal. For thickness (as 

a 
deposited) above 70A, the reduction in %T and the increase 

in reflection become more important than the effect of 

decrease in sheet resistance. The sudden decrease in Jsc as 

0 0 
Al thickness descends from 70A to 60A implies a total 

0 
thickness of roughly 60A Al that has gone into the 

SiO layer and the SiO2 layer for the formation of 

AlxOy layers. A study of depth concentration profile by 

Olsen et al [70] for a 50A Al has shown that 33A is used up 

in the formation of Al2O3 at the interfaces with only a 

patchy thin Schottky to define the MIS structure. As a 

result, the effective Schottky metal thickness of a device 
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is actually much smaller than the as—deposited thickness due 

to oxide formation from both sides. This is in agreement 

with what has been observed here. The increase in the 

effective oxide thickness (now Si02 + A1x0y ) presents a 

high tunneling resistance to carriers flowing to the 

surface, and hence the reduced current collected by the 

grids and the increased values of Rs measured. Thus, for Al 

a 

thickness less than 70 A, the effect of resistance to 

carrier flow becomes critical. However, in a grating 

structure, although there is no Schottky metal to reduce 

surface resistance, the absence of A1x0y layers also explains 

0 

the higher value of Jsc compared with a 60A Al structure. 

5.6 Effects of A/R thickness on device characteristics 

e o 

Pure Si0 coating of 350 A to 1430 A on glass monitor 

slides have a relatively high transmittance (>85%) over the 

spectral range of .34 pm to .96 um as shown in Figure 5.13. 

Included in this figure also is the transmittance data of 

slowly deposited Ce02 which shows a much higher absorption 

and lower transmission than Si0. Attempts to evaporate the 

other A/R materials (Ta205, Sb203) in the existing systems 

has not been successful. Therefore, the bulk of this work 

was concentrated on Si0 material. 

Si0 of various thicknesses were deposited on 70A Al and 

40A Cr/35A Cu on a series of glass slides and their 
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transmission properties are shown in Figures 5.14 and 5.15. 

Included also in Figure 5.14 are results reported in 

0 O 

reference 46 which shows a higher %T for 600A Si0 than 750A 

0 

Si0 on a 100A Al.. In this study however, both Figures 5.14 

a 

and 5.15 indicate an optimum AIR thickness of about 750A. 

Based upon this observation, both Cr/Cu and Al devices with 

0 

650-850A Si0 were fabricated under similar fabrication 

conditions. The dependence of output solar parameters upon 

the SiO layer are shown in Table 5.9 and Figures ,5.16 and 

5.17. 

Table 5.9 Effects of A/R coating 

Device 
configuration 

A/R (Si0) 
a 

thickness (A) 
Voc

(volt) 
Jsc

(mA/cm2) 
F.F 11 

(%) 

A1./Si0X/P-Si 786 0.57 27.13 0.69 10.6 

Al/Si0X/P-Si 0 0.57 17.03 0.70 6.81 

Cr-Cu/Si OX/P-Si 770 0.51 32.99 0.61 10.2 

Cr-Cu/Si0X/P-Si 0 0.45 22.22 0.67 6.70 

With Si0 coating, both n and Jsc increase by about 50% 

(see Table 5.9). The increase of 10-20%T (see Figures 5.14 

and 5.15) in the long wavelengths as compared to the one 

with no Si0 (see Figure 5.1 and 5.4) is therefore more than 

offset the loss in %T in the ultraviolet region resulting in 

an increased carrier generation in the device. 
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c 
a a - 680A Si0/Cr-Cu 
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0 
c - 857A Si0/Cr-Cu 
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Figure 5.15 % Transmission and Absorption df Si0 on 40A Cr/35A Cu 
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In Figure 5..17, both sets of Cr/Cu devices fabricated 

using 1 Ma-cm and 15-17 Ma-cm deionized water have indicated 

0 

an optimum Si0 thickness of about 770A. The best solar 

parameters of Al devices are achieved with the same Si0 

thickness. These are in close agreement with results 

a 

obtained from the transmittivity study (ti750A) of the 

Si0/Schottky metal samples. 

Ideally, antireflection coating should effect; merely as 

a coupling mechanism allowing more light to penetrate into 

the bulk of the semiconductor for carriers generation 

without significantly affecting the open circuit voltage of 

the device. The constancy of VQc is clearly observed for 

Al/SiOX/P—Si but in Cr-Cu/Sio x /P—Si devices, Voc decreases 

as Si0 thickness increases. This phenomenon is attributed 

to the deposition condition during device fabrication. 

Deposition rate of Si0 in this study is usually high 

0 

( ti 20 A/sec), so as to maintain the stoichiometry of the 

0 

material since a slow deposition rate (<10 A/sec) has been 

shown [71] to result in film of Si02 composition. 

Deposition of Si0 is generally accompanied with pressure 

reduction which means residual oxygen is being used up. As 

A/P, thickness increases, the sample is being exposed to 

depositing vapour for a longer period of time. This might 

be sufficient to drive the oxygen into the Si02 interfacial 

layer via the Cr/Cu Schottky and consequently a lowering in 
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I 

Vocdue to an increase in the effective interfacial 

thickness. ••The initial increase in Voc as Si0 thickness 
I 

increases from zero A to 770A (see Table 5.9) presumably 

results from an improvement in the insulator layer (e.g., 

filling in of pinholes in the oxide). As the accumulation 

of these excess 02 slowly increases, Voc of the device 
1 

remains constant as long as the interfacial layer allows 

carriers to tunnel freely through it. However, when 

thickness of the insulator layer is sufficient to limit the 

tunneling process, carrier conduction from the semiconductor 

to the metal is impeded and the device becomes 
G 

tunnel—limited which leads to the decrease in Jsc and 

Voc (Figure 5.17). 

0n the other hand, a decrease in Voc 

1 

, 

j 

has j not been 

t 

observed (see Figure 5.16) for the A1J/SiOx./P—Si 

1 
configuration as Al is believed to be easily oxidized, does 

a 

r 

not allows 02 to pass through it without itself being 
i. 

diluted first. Partial dilution of Schottky, metal or 

formation of AlxOy would introduce a high contact resistance 

i 

at the interface which is supported by the decrease in fill 

factor as SiO thickness increases. Based upon these 

observations, it may be concluded that in addition to being 
1 

v 

an antireflection coating, Si0 layer introduces mechanisms 

of increase effective Sick thickness in Cr/Cu devices and 

increase contact resistance in Al devices. 
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i

i 
i 

I~ 

5.7 Thickness of interfacial oxide 

One of the key parameters that controls the conversion 

efficiency of a MIS solar cell is the thickness of the 

interfacial insulating layer. The effect of interfacial 

layer2d is 

ii ox 
e u 

circuit voltage by 

to reduce the majority carrier current by 
i 

increase the barrier height and hence the open 

I 

Voc -Voc ( dox- O ) + nkT XI/ 
dox Q 

  ..(5.8) 

Or alternatively, introduces an effective lowering of the 

metal work function by 

eff _ Qox dox 
m ~m e 

i o 
(5.9) 

i 
In this study, almost all the devices fabricated are 

expressed in terms of growth time at a fixed temperature., or 

in terms of oxidation temperature at a fixed growth time, in 

a preselected oxidation ambience. Since oxidation process 

and rate are highly dependent upon the ambience (e.g., pure 

02 accelerates oxidation while pure N2 decelerates the 

process), the best oxidation time was determined by 

comparing the solar parameters of actual devices fabricated 

under similar conditions incorporating changes only in the 
i 

duration of oxidation. An attempt to estimate the optimum 

thickness using capacitance measurement will be discussed in 

section 5.7.2. 
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5.7.1 Effects of interfacial thickness on device performance 
t 
f 

i 

Figure 5.18 shows the measured values of Voc., Jsc 

T and F.F of Al/Siox /P-Si devices subjected to oxidation in 

02 at 420 °C for different oxide growth time: For 1purpose of 
1 

comparison, results reported in reference 16 are also 

1 

i 

time of 15-20 minutes. 

included. The best results are obtained for an oxidation 

The drop in 11 for increased oxide growth time is 
I 

accompanied by a gradual decrease in Jsc and Voc. This 
i 

phenomenon can be thought of as due to an increasingly 
a. 

effective series resistance as interfacial oxidei, thickness 

increases.. In this region the effect of tunnel—limited 
i 

operation becomes increasingly important and hence a larger 

back diffusion current results in the low Jsc and Voc. It 
1 

is quite evident that the open circuit voltage varies rather 

slowly (note the blown up scale of Voc) with thickness in an 
1 

apparently linear fashion with oxidation time. The linear 
d 
f 

dependence can be explained by the expression { (equation 

2.14) 

4

Voc = 
--- 
- Cln 

*S2 
+ 

k
T + X1/2dox J A T j 

(5.10)' 

The rapid decrease in Vocfor growth time less; than 15 
1 

minutes is mainly due to the increasing effects of pinholes 
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and Schottky diode (M-S contact) characteristics as oxide 

thickness decreases. The exponential dependence of pinhole 

density upon oxide thickness is given by equation 5.11 [63] 

_  
Dpinhole - 

exp(-d2 ox/2do) + Do  (5.11) 

where Dpinholels the pinhole density in the oxide, do x is 

the interfacial oxide thickness, do is the Si-0 bond length 

(1.62A) and Do is the density of pinholes even at large 

oxide thickness. Corresponding data reported by Shewchun 

(see insert of Figure 5.18) shows areas of agreement as well 

as differences with devices fabricated in this srudy. The 

deviations can be accounted for in two ways: 

(1) A direct comparison between oxidation time and oxide 

thickness for short growth time is inappropriate as direct 

proportion between them is highly doubtful. Oxidation in 

the initial stage is expected to be brisk, until the 

attainment of a few monolayers because of the omnipresent 

excess unsaturated bonds on the silicon surface. The rapid 

change in oxide thickness, therefore, corresponds to the 

greater change in Voc at the initial stage of the oxidation 

process. 

(2) Although experimental characteristics of Al/Si Ox /P—.Si 

for smaller thickness were not reported by Shewchun [16] nor 

Card [72], a decrease in n and Voc should be expected due to 

the increasingly significant effect of N—S contact as 

thickness decreases. Partial experimental results were 

reported in references 73 and 63 showing the decrease in 
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close agreement with that observed in the present study. 

Figure 5.19 shows the measured characteristics of 

Cr—Cu/Sio x /P-Si as a function of Si02 thickness expressed in 

terms of oxidation temperature for a growth time of 1/2 hour 

in air. 

Reasonable agreement is seen between Figure 5.19 and 

Figure 5.18, but Cr/Cu devices developed are found to be 

quite sensitive to ambient atmospheric condition (see 

section 3.10) and generally have a lower 1] and Voc than Al 

devices. This phenomenon contradicts Anderson's report [32] 

which claims that Cr on Si gives a higher Voc value than 
i

most other materials. The reason for this discrepancy is 

not clear. 

5.7.2 Estimation of oxide thickness using capacitance 

measurement 

In the absence of a direct measurement of the oxide 

thickness, it was of interest to estimate the value 

indirectly after the growth condition were finally 

determined. This was done by capacitance measurement as 

follows. 

A number of NOS devices were fabricated using different 

oxidation time and their capacitances were measured. Based 
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on the model described in reference 22, the total 

capacitance of the MOS system is a series combination of the 

oxide capacitance (Ci ) and the silicon space charge 

capacitance (CD 

[22] 

). 

CD = .2 e s 
/ LD

At zero bias condition, CD is given by 

(5.12) 

also known as the space charge flat band capacitance where 

L.D is the Debye length [22]. Thus the flat band capacitance 

of the MOS system is given by 

1 = 
1 + 1 

CFB Ci CD 

which may be reduced to 

d L 
_  ox.  D 1 

C FB ~i 2 Es 

(5.13) 

This expression therefore should give a straight ,line when 

inverse capacitance is plotted against the oxidation time at 

a fixed temperature if it is assumed that tox and dox are 

linearly related. Such a plot is shown in Figure 5.20. The 

capacitance was measured at 1KHz frequency under zero bias 

condition and using a bulk value of Si02 permittivity 

(c 1 =3.4x10 13 f/cm ) , the corresponding thickness was 

computed. Use of the linear portion of the curve resulted 

0 
in a growth rate of 0.34A/min. Hence for the 15-2`0 minutes 

duration used in the cell fabrication, an oxide thickness of 

0 
about 5-7A is obtained. The ratio A Voc/Adox which 

characterized the drop in Voc with increase oxide thickness 

0 
is therefore approximately —3mv/A. These values are not far 
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off 

5.8 

from what was expected. 

Grid designs and active solar area 

Theoretical investigations by Lehovec and Fedotowsky 

[51], 
l 

Wyeth [52] and Serreeze [53] have provided the 

necessary mathematics to 
{ 

minimize the sum of I—V losses due 

to surface 'recombination and excessive shading. Sharlack 

[54] has further shown that for solar cells of any arbitrary 

geometry the shadowing and ohmic losses are minimized if the 

current flux density in the contact grid was kept .constant. 
i 

A constant flux can be attained by either increasing the 

width of the grid lines towards area of current 

concentration,. (ie. tapered fingers) or increasing the 
~
I
1 number of lines or both. 

Based upon the above conditions, aperture grid masks of 

both linear and linearly tapered fingers with different 

finger spacings are considered in this study. 

In the past, active solar area as small as 

0.026 cm2[48] and 0.08 cm2[74] have been reported. Such 

investigations do not usually reveal the true performance of 

a useful solar cell, except serving as an indication of the 

potential of the structure. This is because a small area 

cell operates at very low current at which level the I—V 

characteristics is governed mainly by the shunt resistance. 
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Surface resistance and hence the importance of'grid design 

become significant only at high current level. Eventhough a 

theoretical analysis of series resistance has shown that for 

proper evaluation of a solar cell, the device should be 

larger than 0.25 cm2[74]., an experimental systematic study 

in this aspect appears to be lacking. 

f 
Devices fabricated in the present study have active 

areas of 1.0-3.5 cm2 depending on the grids designs. 

Experimental investigations of the effects that grid designs 

and active solar area have on device characteristics are 

presented in section 5.8.1 and 5.8.2 respectively.) 

5.8 1 Grid designs 
11 
Ij 

Solar parameters of devices fabricated using similar 

fabrication processes but different grid designslare shown 

t 

in Table 5.10. Figure 5.21 shows some of the completed MIS 

SBSC of different grid patterns including those! attempted 
4 

which gave little promise and were rejected for any detailed 

study. Although theoretical investigations on grid pattern 

optimization [51-53] do not usually emphasize on the 

properties of the, barrier layers, it appears from this study 

that grid pattern that is best for one Schottky metal is not 

for another. Based on the overall efficiency of the device, 

patterns C and D seem more appropriate for Al/Si0x%F—Si but 

grid patterns A and B appear to be better for 



Table 5.10 Output solar parameters of devices with linear 
and linearly--tapered grids 

Grid SiO/Cr-Cu/Sio x /P--Si SiO/A1/Si0X/P-Si 

Pattern 
Cell V c Is J c F.F 11 
no. (volt) (mA (mA}cm2) (%) 

Cell Voc 'Sc Jsc F•F Ti 

no.. (volt) (mA) (mA/cm2) (%) 

115D .53 60.0 30.3 .63 10.0 116D .57 51.0 25.8 .63 9.3 

1 19 D .57  52.0  26.3  .66 9.8 
A 

----- 

B 
r 

52D .50 96.0 32.7 .63 10.5 

106D .49 105 35.7 .67 11.7 

118D .51 100 34.0 .65 11.3 

59D .55 84.0 28.6 .60 9.4 

66D .55 70.0 23.8 .72 9.4 

nsx • t ':sskus 

C

921) .47 108 32.3 .65 9.8 

931) .46 108 32.3 .66 9.8 

100D .58 93.0 27.8 .70 11.3 

D 

701) .47 114 32.9 .59 9.1 

741) .45 116 33.5 .53 8.0 

871) .45 108 31.2 .58 8.0 

76D .57 100 28.9 .64 10.6 

82D .58 106 30.6 .69 10.2 

86D .57 94 27.1 .69 10.6 
.., 
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40 

I$ 

Figure 5.21 Completed devices with different 

grid patterns 

26 



F —116-

Cr—Cu/Si0x/P—Si (see Table 5...10). This may be best 

explained by the difference in sheet resistance offered byj 

different materials in a semi—transparent metal MIS SBSC.1 
t 

r 

However, this problem is absent in a grating MIS SBSC in` 

which sheet resistance of Schottky metal does not present at 

all. It is therefore not surprising if optimization of grid 

pattern for semi-transparent metal MIS SBSC for a particular 

Schottky metal were dependent upon the thickness and even 

deposition rate of the Schottky metal. There is, however, 

at present no detailed theory to account for this general 

the Schottky' behaviour of dependence of grid patterns upon 

parameters. 

The variation in Voc from one grid design to another, 

especially for Cr/Cu devices, is distinctively exhibited. 

This can be accounted for by excessive surface' recombination 

and leakage from the undesirable surface property. If grid 

path or Schottky layer happens to short defects or pinholes, 

the overall parameters will be altered. 

Tapered—finger grids were expected to be most effective 

for carriers collection maintaining a constant current flux 

as in fluid flow,. This property, however, was not manifest 

in the configurations studied because the finger widths are 

much larger than what is required for the current flux, and 

thus the change in shape does not influence the current 

drastically. 
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5.8.2 Effects of active solar area 

It should be noted that the conversion efficiency and 

short circuit current density of a solar cell are usually 

reported based upon the active solar area of the device. 

Active solar area is the area, excluding the portion covered 

by the opaque collecting grids, of the Schottky—covered 

semiconducting material which upon illumination gives the 

maximum short circuit current density Jsc• 

Using the same tapered grid mask, devices of different 

active solar areas were fabricated by blocking off unwanted 

areas along the sides of the mask so that symmetry of the 

pattern was maintained. Output solar parameters of these 

devices are shown in Figure 5.22. The increase in 
r 

, 

Jsc and F.F as area decreases (Figure 5.22) indicates thatY 

there is still room for further improvement in the grid 

design so that series resistance of the ultrathin Al 

Schottky metal can be further reduced. The dependence of 

Isc(=Jscxarea) on series resistance is readily seen by 

considering the equivalent circuit of a solar cell (Figure 

2.1). The illuminated I—V characteristics is given by 

V — IR 
I -  

R 
s _ Io{exp[q(V-IRs)/nkT] - 1} - ' ph

sh 

(5.14) 
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For short circuit condition, I=Isc, V=0, equation 5.14 may 

be reduced to 

I R 
I + 

Rh 
` = IOLexp( glscR5/nkT) — 1] — Iph

(5.15) 

The constancy of Voc observed in this study despite the 

change in Jsc is understandable as the contribution to 

Voc from the Jsc dependent term (see equation 2.14 and 2.18) 

is much smaller than the others. A change in Jsc from 

27 mA/cm2(#91D) to 38 mA/cm2(#97D) would introduce an 

increase in Voc by only 0.009 volt. 

The decrease in fill factor in device #97D having an 

active solar area of .0.785 cm2 is due to inefficient current 

collection of the two outermost fingers. Carriers were 

being generated only along the inner side of these fingers 

and consequently power loss due to excessive shading by the 

grid become significant resulting in a lowering in fill 

factor. Assuming a fill factor of 0.76 as of #96D, 

conversion efficiency of #97D could have been 16.4%. This 

is being conservative as the fill factor of 0.76 was 

obtained from an active area of 1.03 cm2(#96D) as compared 

to a fill factor of 0.76 being used by Anderson {15] for 

efficiency extrapolation obtained from an area of 0.16 cm2. 

A comparison of the effects solar area has on Cr/Cu 

devices is not provided due to the consistently lower device 
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performance obtained for this configuration at the new lab'
r 

location for reasons already discussed in section 3..10.. Al 

search through literatures shows that a systematic study on 

• active solar areas has not been reported and only partial 

results have recently been published by Anderson for 

Cr—Cu/Si0X/P—Si. devices. A comparison of results obtained 

here for Al/Si0X/P-Si with Anderson's Cr—Cu/Siox/P—Si, both, 

are semi—transparent MIS SBSC, is shown in Table 5.11. Two4

Cr/Cu devices, one fabricated in the clean room at the old, 

(
c 

location (#38D) with very little optimization on devicej' 

parameters then, and one at the new location (#106D) are 

also included. 

It is worth noting that the consistency of Voc in our 

devices indicates the reproducibilty of the structures, 

fabrication parameters and deposition , conditions being 

developed. The steady increase in Jsc as area decreases 
I 

clearly reveals the surface resistance effect. Both ofj 

these features were not observed in devices reported in; 

reference 15 as shown in Table 5.11. A calculation of( 
9 

conversion efficiencies for the 0.16 cm2 and 0.11 cm2~ 

devices, based on the data reported, actually showed a 

decrease in efficiency as area decreases for reason not 

clearly understood at the moment. 

I 

If device #106D were fabricated in a similar 

environment as #38D with a Voc of 0.54, and a fill factor of~ 
I 

e 



Table 5.11 A comparison of devices fabricated with those reported 
in reference 13 

Sample Voc 'Sc 

Device I! (volt) (mA) 
AA AT 

(cm /cm2) 
F.F nA/nT Potential 

A' nT 
with F.F=.76 

<100>XTAL* 0.57 68.0 2.0/2.2 34.0/30.9 0.68 13.2/12.0 14.8/13.4 

--rt * 0.48 3.2 0.16 20.0 0.76 7.30**

-S* 0.49 2.0 0.11 18.2 0.77 6.86**

911) o.57 89.0 3.39/3.95 27.1/22.5 0.71 11.0/9.16 11.7/9.76 

95D 0.58 55.0 1.83/2.46 30.1/22.4 0.73 12.7/9.43 13..3/9.86 

96D 0.57 34.0 1.03/1.43 33.5/24.1 0.76 14.5/10.4 

97D 0.58 29.5 .785/1.14 37.6/25.9 0.71 15.5/10.7 16.6/11.4 

381) 0.54 98.0 2.94/3.95 33.3/24.8 0.60 10.8/8.04 13.3/9.9 

1061) 0.49 105.0 2.94/3.95 35.7/26.6 0.67 11.7/8.68 13.7/10.2 

* = Reference 13 
**= Calculated using the expression 

n

=F .FxVocxJsc/Pinput density 
AA= Active solar area 
AT= Total cell area 

Short circuit current density based upon AA,AT __ 

nA'T 
Efficiency based upon AA,AT 



-122-

0.76, then the potential conversion efficiency would have 

r 

i 

i 

been 14.7% which is apparently better than that reported in1 

reference 15 because of the larger active area of} 

device#106D. However, this is yet to be tested in a more; f

desirable environment such as a better clean room as it is, 

strongly believed that adsorption of impurities from the 

atmosphere have resulted in unfavorable interface states`l 

which does not permit the attainment of a higher opens 

circuit voltage for the latter Cr/Cu devices. 
i 

_f 
5 9 A comparison of devices fabricated with those recently 

reported 

} 

Despite the more conservative nature of our 

measurements as explained in chapter 4, a comparison is made 

between some of the representative devices fabricated in 

this study with those of other investigators. 
i 

Table 5.12 shows the typical values of barrier height 

and ideality factor for both Cr/Cu and Al devices fabricated 

in this study.. The close agreement of these results with 
those obtained by other investigators using the same dark 

J—V measuring technique [Appendix C] is clearly illustrated. 

i 
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Table 5.12 Typical values of barrier height and 
ideality factor of MIS SBSC 

Schottky 
metal 

dog 
(A) 

Voc 
(volt) 

ABP 
(eV) 

n Device # 
or ref # 

Cr/Cu 0.52 0.70 2.88 8D 

Cr/Cu 0.52 0.72 2.36 9D 

Cr/Cu 0.53 0.82 1.83 12D 

Al 0.57 0.64 1.42 76D 

Al 0.57 0.78 2.48 77D 

Al 35-40 0.47 0.85 1.42 ref 46 

Al 10 0.22 0.20 1.10 ref 76 

Al 20 0.37 0.13 5.30 ref 76 

Cr/Cu 50-70 0.52 0.72 2.55 ref 77 

A comparison of the overall efficiency of both Cr/Cu 

and Al devices is shown in Table 5.13. Also included is the 

NASA p—n junction cell which is the reference cell used in 

this study. It is quite evident that devices developed, 

especially the Al/Si0X/P—Si configurations, are comparable 

to the best semi—transparent MIS SBSC reported elsewhere so 

far. 



r 
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Table 5.13 A comparison of devices fabricated with 
other reports with reference to their 
efficiency and active area 

Active Ti Cell Structure Reference 
Area (cm2) (%) Transparent(T),Grating(G)

0.026 8.0 Al/Si0~/P-Si (T) 46 

0.0325 12.0 Al/Si0X/P-Si (T) 72 

0.29 9.2 Al/Si0X/P-Si (T) 86 

0.71 9.1 Al/Si0x/P-Si (T) 70 

1.0 8.5 Cr-Cu/Si0X/P-Si (T) 84 

2.0 12.2 Cr-Cu/Si0x/P-Si (T) 32 

2.0 13.2 Cr-Cu/Si0X/P-Si (T) 15 

2.0 12.6 Al/Si0x/P-Si (T) 16 

3.0 17.6 Al/Si0X/P-Si (G) 35 

3.1 15.1 Al/Si0X/P-Si (G) 84 

3.39 11.0 Al/Si0,X/P-Si (T) * 

1.83 12.7 Al/Si0X/P-Si (T) * 

1.03 14.5 Al/Si0x/P-Si (T) * 

0.785 15.5 Al/Siox/P—Si (T) * 

2.94 11.7 Cr—Cu/Si0X/P-Si (T) * 

3.62 13.5 p-n junction NASA 

* = Devices fabricated in this study 
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5.10 Spectral response and quantum efficiency 

A study of the quantum efficiency (Q.E) and spectral 

response (S.R) of some of the representative solar cells 

fabricated is readily done using the technique described in 

section 4.3. It is quite evident from Figures 5.23 and 5.24 

that even without correction to the discrepancy of using a 

p—n junction reference cell, the superior ultraviolet 

response of the MIS cells fabricated is clearly illustrated, 

despite the generally higher spectral response and quantum 

efficiency of the diffused p—n junction cell. The higher 

ultraviolet response is due to the low processing 

temperature (<500 °C) and hence the absence of a 

diffusion--damaged region at the surface. 

Applying the same approximations as described in 

section 4.3 to correct for the discrepancy mentioned, the 

factor 0.87xA( X)/T(  A) where AQ )=exp(— ax),  is multiplied 

to the corresponding values of S.R and Q.E because of the 

proportional relationship of Q.E and S.R to Jsc (see 

equations 4.1 and 4.2). Figures 5.25 and 5.26 illustrate 

the comparable feature of HIS configuration and p—n junction 

structure. Included in these figures also are results 

obtained by other investigators [59], and close agreement 

with those achieved in this laboratory is clearly observed. 

The generally lower S.R of the Al than the Cr/Cu devices 

explains the lower Jsc of the Al devices fabricated. 
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5.11 Reliability 

There are a number of obvious mechanisms that could' 

degrade the output of a solar cell. The accumulation of 

dust and dirt on the top surface of the solar cell will 

obscure the sunlight resulting in a lower output. 

Mechanical stress and strain [61] due to the different 

thermal coefficient of expansion of the different layers' 

could result in cracks allowing enhanced diffusion through 

these layers, and consequently a degradation in device 

performance. Another aging effect could come from 

interdiffusion of the various layers, depending largely upon 

the composition and stability of the films deposited. 

Stability of MIS solar cells fabricated in this work 

are studied in an extremely brief and qualitative manner 

owing to the lack of an accelerated life or stress testing 

[57] equipment for a proper control of the humidity and 

temperature etc. of the ambience. Over half of the 130 

solar cells fabricated were tested periodically under normal 

testing condition as described in section 4.2. It is 

worthwhile mentioning that devices fabricated were not 

specially stored or encapsulated in any way to protect them 

against environmental effects except an antireflection 

coating acting as a buffer to reduce direct interaction 

between the atmosphere and the underlying layers. 
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5.11.1 Initial degradation of device performance under AM1 

illumination 

The initial "instant" degradation of devices under AM1 

illumination discussed in section 3.2 are shown in Figures 

5.27 and 5.28. A probable explanation [841 for this 

characteristics is bandgap narrowing as temperature 

increases (see Figure 5.29). As a result of narrowing in Si 

bandgap, more photons become useful for carriers generation 

and therefore Jsc slowly increases while Voc shifted to a 

lower value. The drift observed consistently was largely 

due to the testing set up without a more effective cooling 

mechanism for the device and therefore cannot be interpreted 

as a major problem of instability associated with the device 

structure. As soon as the illumination was removed, 

recovery of the characteristics was observed which explained 

the consistently higher Vac recorded on a digital multimeter 

because the least amount of time is needed for this 

measurement. Instability phenomenon of the unencapsulated 

cells to be discussed in the following section will not 

include such effect as "instant" degradation. 

5.11.2 Long term aging effect of unencapsulated MIS SBSC 

Both Cr/Cu and Al devices fabricated in this study when 

tested periodically under AM1 illumination showed a definite 


