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ABSTRACT 
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Doctor of Philosophy 

THE THEORY OF THE SCHOTTKY BARRIER SOLAR CELL 

by Christopher Michael Heinz Klimpke 

The theory of Schottky barrier solar cells has been investigated and the 
following contributions have been made. 

A model of Schottky barrier solar cells with an insulating layer is 
described, which takes into account more accurately than has been done so 
far, the dependence of the barrier height on the density of interfacial 
states (D 

S) and consequently the various potential drops in the cell. Also 
taken into account is the recombination traffic through the interfacial 
surface states. This effect is important at high values of DS when it 
lowers the predicted efficiency. Recombination in the transition and bulk 
regions is also considered, but this does not usually have a very marked 
effect. Numerical results are given for an Au - S'02 -n-type Si contact. 
(Chapter 2) 

The effect of different meteorological conditions on Schottky barrier 
solar, cells has been investigated. Similar results to those for p-n junction 
cells have been obtained, namely that although the output power density is 
reduced, a much higher conversion efficiency is possible when the solar cell 
is illuminated with diffuse radiation. (Chapter 3) 

The removal of the usual assumptions regarding the quasi-Fermi levels and 
the depletion layer, has led us to a formalism which yields the variation with 
position of the quasi-Fermi levels and of the band edges. However, one inter- 
esting point is that, when the n-type S. B. S. C. is being illuminated under 
short circuit conditions, the reduction Vi in the potential developed across 
the interfacial layer is found to be negative, whereas with the device forward 
biased without illumination VI is always positive (or zero when the bias 
voltage equals zero). (Chapers 5& 6) 

Whilst retaining the important features of the more general formalism, the 
usual assumptions regarding the slopes of the quasi-Fermi levels and the 
potential drop across the bulk region were carefully reintroduced, thereby 
facilitating the construction of a simplified model of a p-type S. B. S. C. 
Allowance for the imperfect communication between the metal and the bands 
of the semiconductor shows that recombination in the semiconductPr's bulk 
and transition regions can dominate for interfacial layer thicknesses z 25 
The results of the calculations made show that the J-V characteristics of 
the p-type S. B. S. C. are strongly controlled by the parameters of the interfacial 
layer, which in effect determine the extent of the recombination within the 
solar cell. The reduction VI in the potential developed across the inter- 
facial layer when the device is illuminated, is found to be negative for 
short circuit conditions, and positive at the maximum power point. (Chapter 7) 



LIST OF CONTENTS 

CHAPTER 1. 

1. Introduction 

CHAPTER 2. THE THEORY OF THE n-TYPE SCHOTTKY BARRIER SOLAR CELL 

2.1 Introduction 

2.2 Basic background semiconductor theory 

2.3 Thermionic emission in Schottky barriers 

2.4 The electrostatics of the junction 

2.5 Junction currents 
2.6 Recombination currents 
2.7 Results 

2.8 Discussion 

Table 1 

Figure 2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8 

of 2.9 

is 2.10 

Page 

I 

12 

14 

20 

23 
35 
47 

50 
62 

36 
21 

24 

29 
40 

52 

53 

55 

57 

59 

61 

CHAPTER 3. METEOROLOGICAL EFFECTS ON SCHOTTKY BARRIER SOLAR CELLS 

AND THE VALIDITY OF ASSUMPTIONS MADE. 

3.1 Introduction 

3.2 Meteorological effects on S. B. S. C's. 

3.3 The short-comings of the theory 

3.4 The examination of the volume charge density within 

the semiconductor 

Figure 3.1 

if 3.2 

3.3 

3.4 

3.5 

3.6 

66 

69 

78 

81 

67 

68 

73 

75 

77 

84 



Page 

CHAPTER 4. THE INTERFACIAL SURFACE STATE TUNNEL TIME CONSTANT 

4.1 Introduction 88 

4.2 Band structure, crystal momentum and effective mass 90 

4.3 The golden rule of transition probabilities 97 

4.4 Tunneling to interfacial surface states 103 

Figure 4.1 94 

it 4.2 105 
#1 4.3 115 

CHAPTER 5. THE THERMODYNAMIC EQUILIBRIUM BARRIER HEIGHT AND BAND 

EDGE OF AN n-TYPE S. B. S. C. 

5.1 Introduction 123 

5.2 The ionized doping concentrationý 124 

5.3 The separation between the Fermi level and the bottom 

of the conduction band at the ohmic (back) contact 130 

5.4 The differential equations predicting the thermo- 

dynamic equilibrium behaviour of an n-type Schottky 

barrier solar cell with a thin insulating interfacial 

layer 132 

5.5 Results and discussion 141 

Table 2 135 

Figure 5.1 138 

is 5.2 142 

it 5.3 144 

CHAPTER 6. THE MORE COMPLETE FORMALISM OF THE n-TYPE SCHOTTKY 

BARRIER SOLAR CELL 

6.1 Introduction 147 

6.2 Tunneling effects on the population of interfacial 

surface states 149 

6.3 The differential equations predicting the non- 

equilibrium behaviour of an n-type S. B. S. C. with a 

thin insulating interfacial layer 156 

6.4 Discussion of results 174 

6.5 Negative interfacial voltages 195 

Table 3 163 

Figure 6.1 150 

it 6.2 170 

It 6.3 177 

if 6.4 181 



CHAPTER 6. (Continued) 

Figure 6.5 184 

6.6 186 

6.7 188 

6.8 190 

6.9a 192 

6.9b 193 

CHAPTER 7. THE THEORY OF THE p-TYPE SCHOTTKY BARRIER SOLAR CELL 
7.1 Introduction 198 
7.2 The electrostatics of the junction 200 

7.3 Junction currents 207 

7.4 Recombination in the depletion layer and degeneracy 

effects 214 

7.5 Results and discussion . 219 

Table 4 208 

Figure 7.1 201 

It 7.2 222 

it 7.3 224 

to 7.4 225 

7.5 228 

7.6 230 

7.7 231 

7.8 232 

7.9 235 

7.10 236 

CHAPTER 8. CONCLUSIONS AND FUTURE TOPICS OF INTEREST 

8.1 The conclusions 238 

8.2 Future topics of interest 240 

APPENDIX A 

The electron supply function 243 

The hole supply function 243 

The thermionic emission tunnel current density between 

the barrier metal and the semiconductors conduction 

band 245 

The hole thermionic emission tunnel current density 

between the barrier metal and the semiconductors valence 
band 249 

REFERENCES 252 



1. 

CHAPTER I 

1. Introduction 

Solar cells utilizing Si homojunctions and heterojunctions 

with GaAs and US have already demonstrated the effectiveness 

of photovoltaics in generating electricity. If, however, photovoltaics 

is to emerge as a viable competitor, in the field of large scale 

electrical power generation, then a cost reduction of around 50 times 

must be achieved in the solar cells. One possibility for cost 

reduction lies in the method of fabricating the junction. At first 

sight, the idea of a simple metal semiconductor junction is quite 

attractive. Metal deposition methods are consistent with fast 

processing with high yields, with the additional advantage of requiring 

law substrates temperatures. This avoids degradation of the semi- 

conductors minority carrier properties, and consequently suggests 

suitability to thin film and non-single crystalline semiconductor 

substrates. 

0 

If a metal is brought into intimate contact with a clean surface 

of a semiconductor, a readjustment of charge takes place in order 

to establish thermodynamic equilibrium and in most-cases an energy 

band bending occurs within the semiconductor at the metal-semiconductor 

interface. If the metal is thin enough to be partially transparent 

to light whilst retaining a relatively low sheet resistivity, then 

some of the incident light can penetrate the metal to reach the semi- 

conductor and a photo-current will be generated. There are three 
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photo-effects which can take place. Light can be'absorbed in the 

metal and excite majority carriers over the barrier into the 

semiconductor (This effect is often used to determine the thermo- 

dynamic equilibrium barrier height). Long wavelength light is 

usually absorbed deep in the bulk region of the semiconductor, 

creating electron-hole pairs, the minority carriers then diffuse 

to the edge of the junction to be collected. Shorter wavelength 

light is absorbed partly in the semiconductor's depletion region and 

partly in the bulk semiconductor region, and very short wavelength 

light is absorbed almost entirely in the semiconductor's depletion 

region. The very high electric field in this depletion region sweeps 

the photogenerated carriers away before many of them recombine within 

the semiconductor or at the interfacial states existing at the metal 

semiconductor interface. A good collection efficiency for carriers 

generated by shortwave radiation is often observed for simple Schottky 

barrier solar cells, in contrast to a p-n junction solar cell where 

a low lifetime in the top region and a high surface recombination 

velocity can seriously degrade the response at short wavelengths. 

The excitation of carriers from the metal into the semiconductor 

is a much smaller effect (see, for example, Mead 1966) than band to 

band excitation mechanisms in the semiconductor, and can thus be 

neglected for solar cell applications. In a Schottky barrier solar 

cell the photo-current passing through a load causes the device to be 

forward biased and a dark current flows in the opposite sense to the 

direction of the photo-current. In practice, howeyer, intimate contact 

Schottky Barrier solar cells have one very large drawback in the form 

of a poor photo-voltage response. This effect is due to the usual 

thermionic emission dark current, in Schottky barrier junctionst 

being considerably higher than the dark currents encountered in many 
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homojunction and heterojunction structures. It is possible to 

eliminate this disadvantage, and still preserve the attractive features 

of these Schottky barrier solar cells. The introduction of a thin 

insulating interfacial layer, between the metal and the semiconductor 

can improve the performance of what we shall from now on, simply 

term the Schottky barrier solar cell. 

In this type of structure the thermionic emission current can 

be reduced by either increasing the thermodynamic equilibrium barrier 

height or by decreasing the probability of majority carrier tunneling. 

This clearly reduces the dark thermionic emission forward current 

so that better conversion efficiencies and open circuit voltages are 

obtained. From this view point, it is probable that another current 

mechanism will then play a dominant role in the Schottky barrier solar 

cel2s device characteristics. The principal disadvantage of including 

such an interfacial layer is that the minority carrier flow at the 

interface may be impeeded by its presence. This flow of minority 

carriers constitutes the bulk of the photo-generated current, therefore 

careful optimization of the thickness of the interfacial layer is 

required. In recent work (e. g. Fonash 1975a) the importance of the 

electrostatics of interfacial layers in Schottky barriers has been 

studied. When the Schottky barrier solar cell with an insulating inter- 

facial layer is delivering power at an output voltage V saý, a certain 

part of this voltage is developed across the interfacial layer. It was 

suggested that this effect also served to increase the open circuit 

voltage. The effect of interfacial surface states, at the boundary 

between the semiconductor and the interfacial layer was also discussed 

(Fonash 1975a) in terms of the interfacial voltage developed, and the 

thermodynamic equilibrium barrier height. The so called diode ideality 

factor (or n-value) was first introduced by Card and Rhoderick (1971) 
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to take account of the voltage developed across the interfacial layer. 

It has been suggested (Stirn et al 1973 and Anderson et al 1974) that 

the high values of n in the usual diode equation J=Js lexp(eV/nkT) 

can also lead to low dark currents, even without large thermodynamic 

equilibrium barrier heights. This is because the function exp(eV/nkT) 

increases more slowly with increasing V when n is high. If the 

higher values of n were due to excess dark currents, it is obvious 

that they could not lead to increased open circuit voltages; the value 

of Js would be increased in this case and consequently lower open 

circuit voltages would be obtained. If , on the other hand, the values 

of n were due to the interfacial layer and interfacial states, then 

the effective barrier height is increased; therefore Js must be 

decreased and consequently higher open circuit voltages will result. 

Experimentally, it is observed that the increase in the open circuit 

voltage, brought about by the inclusion of an insulating interfacial 

layerjoutweighs the decrease in the short circuit current as mentioned 

above. 

The effects of recombination in Schottky barrier solar cells 

has been studied to a certain extent by Fonash (1975a) but this work 

only considered recombination within the bulk region of the semiconductor. 

More recently, however, calculations of the quantum photoelectric yield 

in Schottky barrier cells, without interfacial layers, have been performed 

by Lavagnal'et al (1977). The concept of surface recombination velocities 

were introduced at the metal /semiconductor interface. These surface 

recombination velocities compete with th.. P- usual thermionic emission 

velocities for the carriers crossing the semiconductor metal interface. 

The dominant effect at the interface was the emission of p*hotogenerated 

majority carriers into the metal thereby causing a reduction in the 

collection efficiency for strongly absorbed light. (This would therefore 
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seem to be an important effect for direct band gap semiconductors). 

The question of the maximum attainable conversion efficiency 

was investigated by Pulfrey and McOuat (1974). Their model of the 

Schottky barrier Solar cell assumed that (a) the quantum photoelectric 

yield (or Quantum efficiency) was unity, (b) the reflection and resistance 

losses were negligible, and (c) that a metal contact of sufficiently 

high work function was available. On the basis of this model, they 

indicated that with the thermodynamic equilibrium barrier height of 

the order of the energy gap of the semiconductor, efficiencies above 

20% are obtainable for Si and GaAs. In later work (McOuat and Pulfrey 

1975) allowance for incomplete absorption and some recombination reduced 

their. predicted efficiency to below 5% for a gold-silicon contact. 

Experimentally a 12% efficiency has been reported for a Cr-oxide 

p-type Si Single Crystal Schottky barrier solar cell with an open 

circuit voltage of 600 mV when illuminated by AMI radiation(Delahoy 

et al 1977). Also, stable Schottky barrier solar cells (Townsend and 

Lillington 1977) have been fabricated from both single crystal and 

cast poly crystalline p-type silicon substrates, having efficiencies 

of 91 and 81% respectively. The open circuit voltages were 560 and 

523 mV respectively. It is thought that the conditions under which the 

interfacial oxide layer is grown prove to be critical in determining 

both the cell's conversion efficiency and the long term stability of 

the structure. Similar experimental work regarding Au/n-type Si 

Schottky barrier solar cells has been reported (see Townsend and 

Lillington 1976, and Roger et al 1976). Conversion efficiencies 

of 7% can be infered from the experimental curves given by Townsend 
A 

and Lillington 1976. Unfortunately these cells proved to be inherently 

unstable, in that the Au was suspected of diffusing into the silicon 
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substrate, thereby degrading the Schottky barrier's solar cell 

characteristics. 

Some of the previous papers (e. g. Fonash 1975a) have made 

serious attempts to treat the Schottky barrier solar cell problem 

exactly. Those efforts have made significant contributions to the 

general understanding of the underlying theory. There is a need, 

however, to extend the theoretical understanding further. This will 

enable us to form a more complete picture of the roles played by the 

interfacial layer parameters, so that we may eventually arrive at 

the position of being able to forcast what is necessary to produce 

a 'good' Schottky barrier solar cell. 

In Chapter 2, we present a theory of the Schottky barrier solar 

cell with an insulating interfacial layer. The more usual aspects 

of semiconductor theory are outlined in the earlier sections. The 

main features of interest are the improved expressions for the 

thermodynamic equilibrium barrier height and the voltage Vi developed 

across the interfacial layer. This model also takes account of 

recombination through the interfacial states, as well as recombination 

within the depletion layer. The semiconductor was assumed to be n-type. 

Results of the numerical calculations made showed that the density of 

interfacial states DS and their capture cross-sections play a very 

dominant role in the performance of Schottky barriers as solar cells. 

It was found that with a low value of the density of interfacial surface 

states, the interfacial surface state recombination is relatively small 

when compared with the thermionic emission of majority carriers over 

the barrier. This is due to the fact that the barrier height is relatively 

small at low values of DS. On the other hand, as the density of 

interfacial surface states is increased, the barrier height increases, 
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thereby reducing thermionic emission over the barrier, but the 

interfacial surface state recombination current eventually increases 

to dominate the current flow mechanisms. 

Using the same model of the Schottky barrier solar cell, as 

developed in Chapter 2, the effects of different meteorological 

conditions on these cells was studied in Chapter 3. Similar results 

to those for p-n junction cells were obtained, namely that, although 

the output power density is reduced, a much higher conversion efficiency 

is possible when the solar cell is illuminated with diffuse radiation. 

In this work we show how the output power P and the efficiency T1* 

of the Si rr-type Schottky barrier solar cell depends on the diffuse 

component. A few improvements to the theory of Chapter 2 are required 

to make the theory more complete. The interfacial surface state 

recombination model, which was based on a generalization of the usual 

Shockley-Read recombination statistics by Evans and Landsberg (1963), 

requires improvement, to include the effect of carriers tunneling 

between the metal and the interfacial surface states (i. e. the 

interfacial surface state population model must be adapted, to include 

the communication between these surface states and the metal). Also 

the various effects of tunneling on the thermionic emission currents 

and on the photogenerated current should be examined in detail. If one 

is to assess the value of a Schottky barrier device as a solar cell, 

then all of the above points must be given careful consideration. The 

theory may be improved further by removing the usual assumptions about 

the quasi-Fermi levels, and by completely disregarding the concept of 

the depletion layer edge (i. e. depletion approximation). 

In order to correct the interfacial surface state population 

model, a concept of a tunneling time constant was introduced. Chapter 4 

deals with this tunneling phenomena by generalizing the work of 
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Lundstrom and Svensson (1972) to deal with the two-band problem. This 

generalisation was necessary to give the correct form of the tunneling 

time constant for tunneling between the metal and interfacial surface states 

near the valence band edge of the semiconductor. The W. K. B. approximation 

is invoked several times during subsequent discussions of the thermionic 

emission tunnel currents, and its use is obviously not always justifiable. 

The analysis could have been extended to eliminate the use of the W. K. B. 

approximation altogether, but as this would involve additional computa- 

tional complexities it was felt that the approximation used would yield 

a reasonably reliable result. 

Chapter 5, sets out the improved theory for the calculation of 

the band structure and barrier height of an n-type Schottky barrier 

solar cell in thermodynamic equilibrium. The assumptions outlined above 

have been removed. We remark, that in all our work done to date the 

electron and hole mobilities have been assumed to be constant through- 

out the semiconductor. In thermodynamic equilibrium the Fermi level 

is constant and after some major adjustments to the theory of the 

thermodynamic equilibrium barrier height in Chapter 2, due to the 

removal of the depletion approximation, we can formulate the equilibrium 

problem. Two non-linear differential equations are eventually constructed, 

the first equation is of the Ist order non-linear type, and expresses 

the barrier height as some function of semiconductor thickness. The 

second differential equation, however, arises from the Poisson equation, 

and is of the second order non-linear type. These equation together 

with their boundary conditions can only be solved by numerical procedures. 

The solution, when found, yields the form of the equilibrium band edge 

shape and the thermodynamic equilibrium barrier height. The effects 

of image force lowering have not been included in the calculations, 

this is also discussed in Chapter 5. 
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The formalism of Chapter 6, sets out to give us a more 

complete picture of the Schottky barrier both as a rectifying 

diode and as a solar cell. A much improved equation for the 

interfacial layer voltage was produced by again eliminating the 

depletion approximation and also the assumptions of quasi-Fermi 

levels of negligible slope in the so-called depletion layer. The 

assumptions that the electron quasi-Fermi level has negligible slope 

in the bulk region. and that the potential drop across this region is 

negligible, have both been removed entirely. The remaining differential 

equations are the phenomenological current density equations, Poisson's- 

equation, the two continuity equations (one for-electrons in the 

semiconductors conduction band and the other for holes in the semi- 

conductors valence band). The boundary conditions for this system 

of equations are quite complex. In essence, the boundary conditions 

are of mixed type , thus making the problem of the Schottky barrier 

solar cell a two point boundary value problem. The boundary conditions 

covering the electron and hole current densities, at the interface 

between the semiconductor and the insulator, are each formed from two 

components. The first component is due to the thermionic emission of 

carriers tunneling through the insulating interfacial layer, and the 

second component is produced by the recombination traffic through the 

interfacial surface states. 

Chapter 6, also presents the results of calculations made on 

the n-type Schottl<y barrier, firstly with the device forward biased 

without any illumination, and secondly, with illuminated device 

delivering power. Among other things these solutions show us the 

variation of the quasi-Fermi levels with position, together with 
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the band edge shape. However, one very interesting point is that 

when the SchottlT barrier solar cell is being illuminated under 

short circuit conditions, the interfacial voltage VI developed 

across the insulator-is negative, whereas before with the device 

forward biased without illumination Vi is always positive (or zero 

when the bias voltage equalg zero). The reason for the change in 

sign of Vi is, we believe, due to the change in the occupancy of 

the interfacial surface states, caused by the accumulation of photo- 

generated carriers in the semiconductor near the interfacial layer. 

In fact a simple argument of electrostatics or charge conservation 

both point to Vi being of negative sign when the device is 

operating under short circuit conditions. 

From the view point that negative interfacial voltages can be 

explained by relatively simple arguments, a simplified model of a 

p-type Schottky barrier solar cell is presented in Chapter 7. Whilst 

retaining the more important features of the formalism set out in 

Chapters 5 and 6, the usual assumptions regarding the quasi-Fermi 

levels and potential drop across the bulk region were carefully 

re-introduced. The resulting theory of the p-type S. B. S. C. reduces 

to a system of non-linear algebraic equations, with integral dependencies 

for surface state effects (e. g. the interfacial voltage and the 

electron/hole recombination rates at the interface). The numerical 

calculations which have been performed on the basis of this model 

certainly predict negative interfacial voltages at short circuit 

conditions. The interfacial voltage developed becomes positive for 

larger operating voltages of the illuminated S. B. S. C. 

Results show that the parameters of the interfacial layer in 

effect determine the recombination throughout the solar cell. Recom7- 

I bination in the semiconductors bulk and space charge regions are shown 

to be of great importance. For some thicker interfacial layers > 25 Ao 
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I 
say, these recombination currents in the semiconductors depletion 

layer and bulk region can dominate. 

Chapter 8, however, presents the conclusions of the above 

mentioned work, and outlines future possible research topics, which 

are required to make the theory more complete in several points of 

detail. 

Finally, reasonable agreement between theory and experiment has 

been obtained for both the n-type and p-type Schottky barrier solar 

cells. Unfortunately the detailed calculations performed in Chapters 

5 and 6 serve only as guide to single crystal silicon solar cells, due 

to the fact that the substrate thickness is of the order of a few 

microns. This detailed model is, however, suited best to thin film 

single crystal devices such as those constructed from CdS. Several 

new effects have been noted (e. g. negative interfacial voltages 

at short-circuit conditions and the fanning of the quasi-Fermi levels 

for the interfacial surface states) and the importance of recombination 

processes, both through the interfacial surface states and within 

the semiconductor)cannot be overemphasised. 



12. 

flt7 A D'rVD ') 

THE THEORY OF THE n-TYPE SCHOTTKY BARRIER SOLAR CELL 

2.1 Introduction 

In this chapter we will examine the effect of interfacial 

surface states, an the barrier height and the interfacial recombination 

current in an n-type Schottky barrier solar cell. 

Firstly, the basic theories of recombination, drift and 

diffusion are discussed, so that the phenomenological current density 

equations may be constructed. Secondly, thermionic emission effects 

will also be examined in part here, but will be de 
f 
lt with more fully 

in Appendix A. We will then go on, to establish several relations 

between the various potentials occuring within the semi-conductor 

region and the interfacial layer. We shall use the fact that 

potential is continuous across charged interfaces in generating these 

expressions. The electrostatic fields and charges will then be discussed, 

paying particular attention to the charge on the interfacial surface 

states, both in and out of thermodynamic equilibrium. 

The current densities flowing in a non-degenerate semiconductor 

containing recombination centres of one type, each of which can only 

trap one electron, are calculated following the method of Evans and 

Landsberg (1963). However, only unavoidable (i. e. band to band) 

recombination processes are considered in the depletion layer. The 

model used for the interfacial surface state recombination was due to a 

generalization of the results of Evans and Landsberg (1963). This 

model neglects the possible adaptation of the surface state occupation 
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probability due to the proximity of the metal. On the other 

hand, the transmission probability for electrons tunneling through 

the interfacial layer, between the metal and the semiconductors 

conduction band, has been assumed to be unity. 

To sum up, in this chapter a theoretical model of a metal- 

insulator-semiconductor solar cell is developed which improves 

existing ones in two main respects. (a) Account is taken of 

recombination effects through the interfacial surface states, in 

the depletion layer and in the bulk region. -(b) Improved relations 

are developed for the thermodynamic equilibrium barrier height and 

the potential drops in the cell. This avoids earlier approximations 

(see for example Fonash 1975) in which the temperature dependence 

in part of these expression is removed by taking values at absolute 

zero (Cowley & Sze 1965). The main result of (a) arises from the 

recombination through the interfacial states. As their density DS 

is increased, other quantities being kept constant, the thermodynamic 

equilibrium barrier height and efficiency improve until the efficiency 

is dragged down by recombination, the thermodynamic equilibrium 

barrier height remaining almost constant. This physically clear effect 

has not been analysed before. Th e main effect of (b) is that the thermody- 

namic equilibrium barrier height ýB rises more rapidly with DS than on 

previous theories, thus yielding higher efficiencies. One therefore 

finds that at low DS effect (b) dominates, in agreement with earlier 

results while at high DS effect (a) dominates. 

Results for a Au - Sio 2- Si n-type solar cell are presented 

using the numerical data summarized in table 1. We make some 

additional comments on the electric field dependence of the recombination 

coefficients and on the possible "fanning out" of the quasi-Fermi levels 

for interfacial surface states. This is an effect not previously 

discussed. 
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2.2 Basic background semiconductor theory 

P, ecombination processes 

The various processes of recombination fall into two distinct I 

classes, depending on whether the electrons and holes recombine 

directly by band to band transitions or indirectly through 

intermediate localized energy levels in the energy gap of the 

semiconductor. Each of these processes can be characterised by 

an average capture cross section a for the recombination. The 

average probability K that in unit time a free carrier makes the 

transition to a localized level or across the energy gap is given 

by vthU per localized level or per free carrier of the opposite 

type. Measured values of this capture cross section range from 

-22 - 12 2 10 to 10 cm .A commonly reported value for localized 

-15 2 levels is 10 cm . In direct recombination, the electrons must 

release an amount of energy approximately equal to the full energy 

gap, while an equal amount of energy must be released in two stages 

with transitions involving the localized levels. Three physical 

mechanisms have been envisaged for the energy release, they are 

(a) radiation of photons, (b) phonon emission, and (c) transfer to 

another free carrier (Auger process). For band to band recombination 

photon emission is usually the important energy transfer mechanism, 

while for recombination through the localized trapping levels phonon 

emission predominates. 

In a transition involving a localized trapping level the transfer 

of energy to the lattice requires the excitation of many phonons, 

because even the highest phonon energy is much less than the energy 

which is to be transfered. Such a multi-phonon process is extremely 

unlikely. It has therefore been proposed that the electron cascades 

into the ground state of an imperfection centre via its excited 
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states, emitting a phonon at each stage. A similar process 

is suggested for hole capture by a centre. 

The statistical treatment of recombination via localized 

trapping states, as given by Shockley and Read (1952), will be 

briefly outlined below. Consider a non-degenerate semi-conductor 

under steady excitation. The recombination centres with density 

Nt CM73 are all assumed to be at an energy Et in the forbidden 

energy gap. Each centre is capable of capturing one electron when 

empty and one hole when occupied by an electron, the capture 

ss probability for these processes being T1, and. T2 respectively. 

The rate at which holes are captured by occupied localized trap 

states is 

Rp=T2p nt (2.2.1) 

Vhere p is the hole concentration in the semiconductors valence 

band and nt is the density of occupied localized trap states. 

Similarly the rate of capture of free electrons by empty localized 

states is given by 

Rn=n (2.2.2) 

with pt + nt = Nt , and n as the electron concentration in the 

semiconductors conduction band. 

Simultaneously with the capture of free carriers, the bound 

carriers are re-emitted thermally from the localized trap states 

back into the bands. Thus we write the net recombination rates as 

Un =T1snpt-Ant .1 (2.2.3) 

and Up=T2spnt-Bpt. 1 (2.2.4) 
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where A and B are constants. The principle of detailed balance, 

which states that at thermodynamic equilibrium the recombination 

rate must equal the thermal generation rate, is invoked. 

So we have 

TIsn wi th nI=n0 Pt. / Nce 
-e(Ec -Et) /kT 

t 
0 

and B=T2s Pl with p1= PO nt=Nve 
e(E 

v-Et 
)/kT 

(2.2.5) 
O/Pt 

0 

where a suffix o denotes a thermodynamic equilibrium quantity. 

It is seen that n1 and p, are equal to the electron and hole 

concentrations when the Fermi level is coincident with the trap 

energy. Under steady state conditions Un=Upi. e. the net electron 

capture rate equals the net hole capture rate. 

So we have the net steady state recombination rate Ut given by 

T1sT2s (n p- no po) 
ut Un=Up-ssNt (2.2.6) 

TI (n + nl) +T2 (P + Pl) 

Similarly the net band to band recombination rate can easily be shown 

to be-given by 

ubs, Bs (n p-n0 PO) (2.2.7) 

S where B is the appropriate reaction constant. The superfix s 

has been used to denote single carrier transitions. Later, Auger 

effects will be considered, in which case the reaction constants will 

be donated by letters without the superfix. 
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Drift and Diffusion of excess carriers 

The carrier concentrations are most often functions of 

position for a variety of reasons too numerous to mention here, 

and in addition, an external electric field is usually present. 

It is therefore necessary to establish relationships governing 

the behaviour of the carriers (i. e. electrons in the conduction 

band and holes in the valence band) under these conditions. When 

the densities are not uniform, carriers tend to diffuse from regions 

of high concentration to regions of low concentration. Thus a 

diffusion current is established along with a drift current set up 

by the external field. If the former is assumed to be directly 

proportional to the concentration gradient, we may write the hole 

and electron current densities as 

weppE-eDg. rad p (2.2.8) 
p Ilu p 

1%u 

JepnE+eD grad n (2.2.9) 
enn 
I'll 

Here 'p and p are the electron and hole mobilities, also n 

and p are respectively, the position dependent electron and hole 

concentrations, E is the electric field, D and D are the 
rv np 

diffusion constants for electrons and holes respectively, with 

J (= J+J) as the total current density. According to the 
Ilu ; ýh -. e 

principle of detailed balance, in the absence of external electro- 

static fields and temperature gradientsIthe electron and hole current 

densities must vanish separately. When there is neither a time 

variation(steady state)nor a magnetic field present we may write 

the electrostatic field as 

E=- grad ý, (2.2.10) 
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where ý is the electro-static potential. We can write this 

potentiallin terms of the electrochemical potential 11 (which 

incidentally equals the Fermi energy eE FM) and the chemical 

potential ji in thermodynamic equlibrium, as 11 +e 

for electrons and holes. (Incidentally both 11 and ji are 

measured on the electrons energy scale). 

We shall restrict ourselves to the case for electrons in 

deducing the Einstein relation, however, it is simple to show that 

the same relation holds true for holes. Now from equations (2.2.9) 

and (2.2.10), the application of thermodynamic equilibrium conditions 

yields 

0 -p n grad(U - V) +De grad n 11 -n V 11 +eD 
2-n V 11 

nnnn @11 

which becomes 

0=pn+eD 
;n if grad li 

nn @p 

,eD 
Consider the ratio xnn and by assuming that 

Un (ail /311) 

the semiconductor is non-degenerate (i. e. Boltzmann statistics apply) 

then the free electron concentration na exp(+ eý/kT). 

Thus 
n kT which gives eD kT. ' (2.2.11) 

(an/,, ) nn. 

This is the well known Einstein relation. It will now be used to 

derive the phenomenological current density equations. We shall now 

return to non-equilibrium situations. 

The action of the various current mechanisms on the carrier 

concentrations may conveniently be expressed by the quasi-Fermi levels 
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E Fn and E Fp 
for the electrons and holes. For a non-degenerate 

semiconductor these are defined by the relations 

n=Nc exp (e (E 
Fn -Ec) /kT) (2.2.12) 

and p-Nv exp(e(E 
v-E Fp 

MT) (2.2-13) 

where Ec and Ev are the energies (measured in units of eV's) of 

the semiconductors conduction and valence band edges respectively, 

with 

N=2 27r m kT/h 2) 
3/2 

and N=2 27r mh kT/h 2) 
3/ 2' 

(2.2.14) 
cIev0 

Here me* mh are the effective masses of. an electron in the semiconductors 

conduction band, and of a hole in the semiconductors valence band 

respectively. Thus, the electron and hole current densities may be 

written as 

ieý- ep nn gradý +e2Dn grad(E Fn - Ec)/kT .n 

ih=- ep p 
'p gra# +e2Dp grad(E Fp -E V) 

/kT .p 

These equations reduce to their usual phenomenological forms when the 

Einstein relation is invoked. So we have, 

ie ep nn grad 
(E 

Fn) (2.2.15) 

and jh ep pp grad 
(E 

Fp) (2.2.16) 

as the electron and hole current density equations. Notice that the 

electric field E gra# also equals grad(E ) and grad(E Ilu cv 
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A discussion of semiconductor band theory will be defered 

until Chapter 4, where a quantum mechanical discussion of the 

tunneling time constant for the two band problem will be presented. 

2.3 Thermionic. emission in Schottky barriers_ 

In this section, a brief outline to the modelling of the 

thermionic emission of carriers over the barrier, formed at a 

metal semi-conductor junction (without an insulating interfacial 

layer), will be given . Figure 2.1 illustrates the effect of forward 

and reverse voltage bias on a metal n-type semiconductor junction. 

Here, we shall assume conditions of non-degeneracy, so that the 

Maxwell-Boltzmann distributions apply. Also, we shall neglect all 

tunnel and image-force barrier lowering effects. Electrons having 

energies in excess of E FM +ýB' (see Figure 2.1) moving towards 

the interface, shall be assumed to cross this interface. This of 

course neglects the fraction of electrons which are reflected quantum 

mechanically. Appendix A is based on the Fowler-Nordheim supply 

function (which holds true even under degenerate conditions), with 

a view to examining both majority and minority carrier thermionic 

emission tunnel currents. 

By the Maxwell distribution the average density of particles 

with a velocity component between u and u+ du in the x direction 

is given by 

1 2, ] 

n(du) -n exp uT du 
(m 
=lrkT) 

122' 
-k 

where n is the free electron concentration, and m is the mass of 

the electron. These electrons in the semiconductors conduction band 

are not moving freely, they are under the influence of a periodic 

potential (due to the lattice periodicity). By the application of 

the effective mass theorem. (see for example P. T. Landsberg (1969)), 
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Figure 2.1 Energy diagrams for a metal semiconductor junction. 
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the periodic potential term occuring in the Hamiltonian can be 

removed at the expense of introducing the electron effective mass 

Me in place of the classical mass m So the theory of free electrons 

can be used to represent the theory of "nearly free" electrons by 

simply replacing the classical electron mass m by its "effective" 

counterpart. 

If we assume that carrier flow is caused by thermionic emission 

alone (i. e. no recombination, or diffusion) then the electron current 

1% in the semiconductors conduction band must be independent of position. 

It is therefore sufficient to calculate the. net carrier flow in the 

x-direction at any point within the semiconductor. Without loss of 

generality we may choose this point to be deep inside the bulk region, 

so that in this case the free electron concentration n' nearly equals 

the doping concentration ND., Thus the number of electrons having kinetic 

energy greater than eV D that are directed towards unit area of the 

junction at zero bias, is given by 

, Co 
J 

0/e =ND' un (du) =uND 
2-eV b1Z 

"2"'v 
b' 

f(2. 

me me 

So J=eN. 
(F kT 

e- 
eVb/kT 

0D [2Trme 

meIme U2, j 

Tj exp T 
du 

7Tk 

I- 

-2k 

(2.3.2) 

where J0 is the saturation current density. If Vn is the separation 

between the conduction band edge and the Fermi level deep inside the 

semiconductor then clearly ýBý Vb +Vn and from ordinary semiconductor 

theory ND I'- NC exp(- eVn /kT), so that the saturation current density 
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may be written as 

I 
47T em 

Jo =, 3ek21T2 exp(- e ýB /kT) 
t (2.3.3) 

with A*( = 4n emek2 /h 3) 
as the effective Richardsons constant. 

However, with zero applied bias the current due to emission from the 

semiconductor to the metal must be exactly balanced by the opposite 

process (i. e. emission from the metal to the semiconductor). When 

a forward voltage V is applied the effective barrier to carriers 

leaving the semiconductor reduces to e(Vb - V) while the barrier 

to carriers leaving the metal remains unchanged. Thus under an applied 

forward bias V the electron flow from the semiconductor is enhanced 

by a factor exp(e V/ýT). So the net current flowing is given by 

j=j0 (exp(e V/kT) - 1) 0 (2.3.4) 

2.4 The electrostatics of the junction 

In this section we will endeavour to establish the equations covering 

the various electrostatic parameters of the n-type Schottky barrier 

solar cell (with an insulating interfacial layer and "fast" interfacial 

surface states). The following assumptions will be made (a) in the 

depletion region 0<x<w of the semiconductor the quasi-Fer. mi levels 

are taken to be of negligible slope. (b) The potential drop across 

the bulk semiconductor w<x is regarded as negligible and the electron 

quasi-Fermi level has negligible slope in this region. (c) the band 

diagram is as shown in figure 2.2 for forward bias without illumination. 

A broadly x-independent light generated current must be imagined as 

superimposed and flowing from right to left on the diagram. 

The electrostatics of the junction will now be studied under the 
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assumptions as given above. Let DS be the density of interfacial 

surface states (M- 2e 
V-1) and let Q M' Qint' Qi ' Qsc be the charges 

per unit area in the surface of the metal, interfacial layer, interfacial 

states and depletion layer respectively. The Fermi energy in the metal is 

denoted by EEM . similarly we denote by E Fs ' the Fermi energy deep 

inside the semiconductor. The quantities ýM and X (measured in 

units of electron volts (e V)), represent the work function of the metal 

and the electron affinity of the semiconductor respectively. 

In what follows we shall endeavour to construct various relations 

between the potentials in the cell. The voltage drop V across the 

whole cell is given by 

V (2.4.1) 

where VI and Vs are the parts of the output voltage developed 

across the interf*acial layer and the depletion layer'respectively. 

The Fermi level in the interior of the semiconductor (see 

Figure 2.2) is EE+V=E Also EE V(O <X< W), Fs FM Fn* Fn Fp 

so that EE for x<w, whera w is the depletion layer 
FM Fp 

thickness. 

Let 0* be the barrier height, V 
Bb-vS the potential drop 

across the depletion layer, and A-VI the potential drop across the 

interfacial layer each under illumination. Under zero illumination 

and applied bias V= Vs =Vi=0; A is thus the equilibrium potential 

drop across the interfacial layer and ý* becomes ý (the thermodynamic BB 

equilibrium barrier height). Using figure (2.2) we observe that 

ým =V+Vn+ (v b-vs)+X+ (A -vdý Vn + Vb +X+ 'ý (2.4.2) 

and B-V+Vn+ (v b-vsvn+vb+V ýB + Vd' (2.4.3) 
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wh. ere V is the separation between the bottom of the conduction n 
band and the Fermi level E deep inside the bulk semiconductor. Fs, 

The electric fields in various regions of the Schottky barrier 

solar cell will be calculated from Poisson's equation in a one 

dimensional setting. Let p(V) be the charge density inside the 

interfacial layer under bias V. The field ES (x) in the semiconductors 

depletion layer may be written as 

s 
(x) -E (2.4.4) 

where the depletion approximation has been used together with the 

boundary condition Es (w) = 0. The ionized doping concentration is. 

ND (here we have assumed that all donors are ionized)jand Cs is the 

permittivity of the semiconductor. The potential distribution ýs(x) 

in the depletion layer is given by 

ý w) 
29 (2.4.5) 

where B is-a constant and xe (0, w 3. In the interfacial layer one 

has without approximation 

dE i/dx = P/ci (2.4.6) 

where Ei(x) is the field in the interfacial layer at position x, C 

is the permittivity of the interfacial layer and p is assumed to be 

independent of x. Thus E 
3. 

(x) is given by 

Ei (x) - -gl- xc E- 6,0). 
, (2.4.7) 

1 

(P 
x- (Qj + Qsc» » 
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where the boundary condition QD 
s 

Qi has been applied, 

with II As the unit vector normal to the plane of the junction. 

D is the displacement vector, Qi is the interfAcial surface state 

charge density (Qm72 ) and Q 
sc 

(= eND w) is the space charge density 

in the depletion layer each under illumination. In order to calculate 

w the depletion layer thicknesswe examine the potential drop across 

the depletion layer. This is Vb-Vs and is given under illumination 

by 

w 
eND2 

v-vs=- Es (x) dx li -e w. (2.4.8) b 
s 

0 

This yields the depletion layer thickness, which enables us to calculate 

the charge density QSC in the depletion layer as 

sc -eNDw= 
ý2 

cseN D(Vb - Vs)) 
1 

(2.4.9) 

The charge contained within the interfacial layer Qint per unit area 

is given by 

Qint m 6p 0 (2.4.10) 

where 6 is the thickness of the interfacial layer. In thermodynamic 

equilibrium denoted by a suffix 0, one has V-VS-Vi-0 so that 

Qsco - [2 C. eND Vb] 
I 

(2.4.11) 

is the thermodynamic equilibrium space charge density. The charge 

QM per unit area on the metal/irlterfacial layer boundary is given 

by the Gauss flux theorem: 
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Qm =- 60 - Qi - Qsc ý- - (Qint +Qi+Qs C) 
(2.4.12) 

where equation (2.4.7) has been used. Notice that (2.4.12) is just 

the equation for the conservation of charge. 

For a continuous sheet distribution of interface states 

DS (m -2 e V-1) we shall discuss the statistics, firstly with a view 

to determining the number of occupied states (so that we may eventuallyt 

derive expressions for both the thermodynamic equilibrium and the non- 

equilibrium interfacial surface state charge densities), and secondly, 

in a subsequent section we will estimate the interfacial surface state 

recombination current . 

The number of interfacial surface states (or trap states) in the 

energy range (Et, Et + dEt) 5neasured in uniti of electron voltij is 

therefore DSdEt. We will consider the electron and hole trapping 

processes in turn)making allowances for the Auger effect. 

There are three electron trapping rates (see figure 2.3) denoted 

by dR li dR 2 and dR 3' For electron transitions to an interfacial 

state having an energy lying within the range (Et, Et + dEt), these 

transition rates (or net electron trapping rates), at the interface 

x-0, are given by 

dR 1-T1si 
(n(0)dp 

t- 
dn 

tn1 
(0», dR 2ýT1i n(O)(n(0)dpt-dn tn l(0». 

and dR 3mT2 ip (0) (n (0) dp t-n1 
(0) dn 

t) , (2.4.13) 

with dn 
t+ 

dpt =Ds dE 
t. 

Here dn 
t and dp 

t are respectively the concentrations of occupied 

and unoccupied interfacial surface states within the energy range (Et, Et+dEt). 

Similarly the hole transition rates at the interface x-0 

(see Figure 2.3) dR 4, dR 5 and dR' 6 are given by 
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Figure 2.3 Definition of reaction constants occuring in equations 

(2.4.13), (2.4.14), (2.5.1) and (2.5.4). The recombin- 

ation rate for the first diagram is then Bs np and 

similarly for the remaining diagrams. 
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dR 4=T2si On 
t p(O) - pl(O)dpt), dR 5=T3i n(o) (p(O)dnt - pl(O)dp 

and dR 6T4ip (0) (p(O) dnt pl(O) dpt) (2.4.14) 

I 
with n(O) and p(O) respectively as the electron and hole concentrations 

at the interface x-0.14hen the Fermi level is at the trap energy, 

the thermodynamic equilibrium electron and hole concentrations at the 

interface x=0 are represented by n1 (0) and pl(O) respectively. 

The localized trap reaction constants, defined in figure 2.3, are 

denoted by letters Ti of which the use of a superscript s indicates 

a single electron process, while its absence indicates an Auger process* 

Notice that the principle of detailed balance-has been applied to each 

individual recombination process. 

Simmation of the rates (2.4.13) and (2.4.14), in turn yields the 

total electron and hole trapping rates dU ifr and du 
ifr (due to the 

e 
traps communication with the bands of the semiconductor) occuring within 

the energy range (Et, Et + dEt). They are 

dU 
ifr 

. G[n(O) dpt - nl(O) dn, ] 
e t. 

mG [n (0) Ds dE 
t- 

(n (0) +n1 (0) )dn 
tl -d (R 1+R2+R 3) 

(2.4.15) 

and dU 
ifr 

. H[(p(O) + pl(O))dnt - pl(O) DS dE d(R +R+R h t] =456 

(2.4.16) 
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Here G=Ts+T n(O) +T 'and H= Tsi +T in(O) +T li li 2ip(O) 23 4ip(O)I 

and we note that all trap to trap transitions at the interface x=0 

have been neglected. 

As we will only consider the steady state, 'one must have 

dU 
ifr 

. dU 
ifr 

in order that the number of trapped electrons in the 
eh 

energy range (Et, Et + dEt), remains constant. Hence from (2.4-15)1 

(2.4.16), and after a little algebra, the steady state concentration 

dn 
t 

(M- 2) 
of trapped electrons and the steady state recombination rate 

dU ifr ' due to the interfacial surface states within the energy 

range (Et, Et + dEt), are given by 

DsdEt 
dnt 

(G 
P, 

1 

(2.4.17) 
G(n(0) +n1 (0» + H(p(0) + pl(0» 

du m dUhif r du 
ifr 

. 

[n 
(0) p (0) 

--ni 

2] 
G, HDs dE 

t 
ifr eG (n (0) +n1 (0) +H (p (0) + pl(0) 

with ni 
2. 

n1 (0)pl(0) = n. (0)po(0) 

(2.4.18) 

This work has followed that of Evans and Landsberg (1963), by 

simply introducing an elemental trapping level at energy Et. The 

total number of occupiedýinterfacial surface states nt is therefore 

obtained by integrating (2.4.17) over all the interfacial states. 

Hence 

E (0) 
(G n(0) +H pl(0»DS d Et 

n ti 

V(O) 

G(n(0) +n1 (0» + H(p(0) + pl(0» 

Ec (0) 

DsftdEt 

(2.4.19) 

(2.4.20) 
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The reaction constants Tsi ,Tsi, TTT and T correspond 12 li 2i 3i 4i 

to the recombination processes dRl, dR 4, dR 2, dR 3 dR 5 and dR 6 

respectively, and will be taken to be the same for all interfacial 

surface states. Also, the argument given above could be generalized 

to the case of a non-uniform. distribution of interfacial surface states 

and norr-constant reaction coefficients, simply by making the identifications 

DS>DS (E 
t) and T 

ji -> T 
J1 

(E 
t 

Equation (2.4.19) neglects 

the possibility that electrons may tunnel through the interfacial layer 
I 

into the metal from the surface states, thereby influencing their 

population. This process will be very important if the thickness of 

the layer is less than about 30 X (see, for example,. Car'd and 

Rhoderick 1971). If this is the case the population of the surface 

states will be determined by the metal. The non equilibrium surface 

state analysis presented in this chapter is therefore only applicable 
0 

for comparatively thick films of thickness more than about 30 A 

(however, see section 2.7, below). 

When discussing the interfacial surface state charge density (Qm7 2) 

it is usual to introduce the "so called" neutral level ý0 such that 

interfacial states are donors below it and acceptors above it. Its 

value is measured from the valence band edge at x=0. In thermodynamic 

equilibrium the interfacial surface state charge density is, by using 

(2.4.20) and denoting the equilibrium Fermi level by EFM* 

0 +E vo 
(0) E 

co 
(0) 

Qio -e DS ý (1 -f to 
)dE 

to - fro dEtoo (2.4.21) 

E 
vo 

(0) 00 +E 
vo 

(0) 

where the first integral represents the charge on the*donor states. [If 

a donor state is occupied then it has zero net charge. If, however, it 

is unoccupied then the donor state has a net positive charge]. 

The second integral represents the charge on the acceptor type 

states above ý0. Measuring all the energies within the Schottky 
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barrier solar cell relative to the Fermi level in the metal, 

Qio is then given by 

E Fk+ýB 

Qjo e nto + eDSýo eDS 

E FteýB -E 9 

[+exp[e[Eto-E 
FM) 

ýkT dE to 

+eD 
Soo , 

(2.4.22) 

1+exp(eý B 
/kT) 

DS kT , ln ý 1+exp(e(ý. -E 9) 
/kT) '-eE g/kT > 

e Soo 
(2.4.23) 

where E9 is the energy gap of the semiconductorlmeasu red in electron 

volts. 

The interfacial surface state charge density Qi , in the presence 

of illumination is deduced in a manner similar to that of the 

thermodynamic equilibrium surface state charge density. If the 

density of interfacial surface states is a constant, and if the 

reaction parameters are also constants with respect to the energy of 

the interfacial surface states, then once again the integrations are 

performed over the interfacial surface states (in their equilibrium 

configuration within the semiconductors band gap). If, however, either 

the density of interfacial surface states DS or the reaction constants were 

functions of the interfacial surface state energy, then care in evaluating 

the occupation integral must be taken. The reason for this is thati 

as the parameters n1 (O)and p, (O)are known in terms of their equilibrium 

surface state energies, care must be exercised to ensure that the 

energy dependence of the density of interfacial surface states and the 
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reaction constants do in fact correspond to an equilibrium energy 

dependence measured relative to the Fermi level E FM in the metal. 

tie electron and hole concentrations, at the interface x=0 when 

the Fermi level is at the trap energy in thermodynamic equilibrium, 

are denoted by nl(O) and pl(O) respectively. They are given 

by 

n1 (0) -n0 (0) e xp (e (E 
to -E FM) 

/kT), and pl(0) - po(0)exp(e(E FM - Eto)/kT) 

(2.4.24) 

with n0 (0) and po(O), respectively as the equilibrium electron and 

hole concentrations at the interface x=0. 

Turning to the question of the interfacial surface state charge 

density Qi in the presence of illumination, we have. using equations 

(2.4.20), (2.4.24) together with constant reaction constants and a 

constant interfacial state density, 

Qj e nt +eD ýo =D 
kT 

sS2 

ln 
Hp, (0)exp(-2eý. /kT) + exp(-eý B 

/kT) (Gn (0) + Hp (0) )+ Gn 
0(0) 

Hp 
0 

(0)exp-(2e(E jh) /kT) + exp(e(E. -ý. 57kT)(Gn(0)-+Hp(0» + Gn 
0(0) 

(G n(O) -H p(O)) ln 
(exp(O 

B 
/kT)-A)(exp(e (ýB -E9, )/kT)-B) 

+ eD ýq 
(A-B)G n 0(0) 

1. 

(exp(eh /kT)-B)(exp(e (ýB -E9 )/kT)-A) .1s0 

(2.4.25) 

2Hp (0) 11 

with M, _ 
(G n (0) +Hp (0) Gn (0) +Hp (0) 

G0 (0)' 
BI 

2Gn 
0(0) 

2Gn 
0(0) 0 

After a little algebraic manipulation, expression (2.4.25) for the non- 

equilibrium charge density at the interfacial states reduces to expression 
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(2.4.23), when conditions of thermodynamic equilibrium are applied. 

At thi's stage, we can establish relations covering the thermodynamic 

equilibrium barrier height ý,, , and the portion of the output voltage 

developed across the interfacial layer (V. )., The potential drop across 1: , 
the interfacial layer is given under illumination by 

0 

vi Ei(x) dx 
2c + 

. 
(Qi + Qsd I/ci 

thus (Iýi/sm - vi) =1 6p + Qi +Q sc 
(2.4.26) 

becomes in equilibrium (Ci/6)A 6p 
0+ 

Qio + Qsco (2.4.27) 

Subtracting - (Ci/6)vi 6 (P PO) + (Qi - Qio) + (Qsc- Qsco ). (2.4.28) 

Now from ýB m OM -X- ý' ' (2.4.2) and Vb + Vn m ýB ' (2.4.3) together - 

with the expressions (2.4.11) and (2.4.23) for Q 
sco and Qio respectively, 

the thermodynamic equilibrium barrier height ýB is given by the solution 

of 

62 DS6 1+ exP (eh /kT) 
eB m ýM A 2ei 'o ' Ei eE9. kT ln 1+ exp(e(e�-E-)/kT 

_ 
8e 

DS ý 
ý- 

i/(2e eN (ý -v sDBn 
(2.4.29) 

This is an implicit relation for ýB in terms of the parameters given in 

Table 1, and can be solved by iteration. Relation (2.4.28) is an implicit 

relation for Vi, 

2.5 Junction currents., 

In this section we shall consider a non-degenerate semiconductor 

containing recombination centres of one type each of which can only trap 
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Table 1 

Data adopted for an Au SiO2 n-type Si Schottky barrier solar cell 

parameter numerical value dimensions references and notes 
A 120 A. cmý-2, ý-2 Nilfrey & McOu4t (1974) 

DS 17 19 O. IX10 -+O. lxlo -2 m eV-l Lane (1968) 

6 12 nm - 

m e/m 
Effective mass ratio for 
electrons* 

mh/ 0.59 Effective mass ratio for 
m holes* 

425 cm 
2 
V- 1 

s- 
I ýn asterisk refers to 

p S Sreedhar et al (1969)] 

E 1.1 eV 9 

x 4. ol eV 

T 300 K 

ýM >4.12, Au 4.7 eV Riviere (1957), Sze (1969) 

C 11.8 C s 0 
E: permittivity of free space 

3.9 C 
0 

0 

P. 0.1 -2 WCM incident power using an AMI 
in spectrum 

ND 
17 3x 10 -3 cm 

V 0.11 eV n 

PO 3x 10 17 
e Q cm- 

3 

BS 1x 10-11 CM3 S-1 Landsberg (1967). The smaller 

value BS ;ý 10-15 (Varshni 1967) 
would not change the results of 
the present work. 

Bi 1.2 x 10 -32 cm 
6s -1 

D. Hill and P. T. Landsberg 
B2 1.2 x 10- 32 

cm 
6s -1 (1976). 

TsTs li 2i 1.12 x 10-8 cm 
3s -1 from capture cross section x 

thermal velocity (Barret & 
Vapaille 1975). 

-25 TliýT 2iýT R -T 4i 3.66xlO 6 -1 cm s s- -7 Tli, --Tli x (5xlO )/n 
I 

(Evans & Landsberg 1963). 
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Table I continued 

The values of the recombination coefficients TI are needed only 

in the calculations of the interfacial recombination current (see 

section 2.6) and the interfacial surface state charge density, and 

are there taken as independent of the trap energy Ete It is hoped how- 

ever, that. the simplification implied by the last two lines of Table I 

will yield the correct order of magnitude of the interfacial surface 

state recombination current. The bulk electron concentration is 

27r me kT 
3 12 

23 -3 
i 

n-2E n h2 
exp 

(e(E 
Fs c)/kT) -3x 10 m 

h 

The bulk hole lifetime is given by 

1. 
B5n+Bn2, TP = 1/ Bs nn + B, n 

2) 
- 3.33 x 10- 7 

S. TpnInn 

The bulk hole diffusion constant is obtained from the Einstein relation 

to be 

D. = li kT/e = 1.1 x 10- 3M2S -1 
. pp 

The bulk diffusion length is 

N TP) 
i. 

1.9 x 10-5 Ma 
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one electron. The total unavoidable recombination rate U 
unav 

(band to band transitions) is, following Evans and Landsberg (1963). 

made up of three components. The first component Us is due to b 

radiative recombination, while the second and third components Ul a 

U2a are due to Auger effects. With the notation of Figure 2.3, and 

by means of the principle of detailed balance for each individual 

process, the net transition rates may be determined as 

B (n p -. n uBIn. (n p ni Uý 

U2 a. B2 p(n p-ni2 

where n and p are the electron and hole concentrations in the 

I semiconductors conduction and valence bands respectively#-. at some 

position x inside the semiconductor. The quantity ni 
2 

represents 

the product of the thermodynamic equilibrium electron and hole concentra- 

tions. The total unavoidable recombination rate U 
unav 

is therefore 

given by 

s+Ua+ua- 9(n p-n2 unav 
Uý 12i 

where F- Bs +B1n+B2p and nI is the intrinsic carrier concentration. 

The steady state concentration of trapped electrons n (x) and the t 

total steady state avoidable recorbination rate U 
avoid 

(due to transitions 

through localized trapping levels) at any point x in the semiconductor 

are, by the same argument leading to equations (2.4.17,18)lgiven as 

n (x) - 
(G n+H Pi) N 

(2.5.2) 
t Ö (n+n 1) + fl(p+Pl) 

(n p- ni N 
(2.5.3) 

avoid Z(n+nl) + R(p+pl) 
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Here, N is the concentration of trapping states (m-3 ) at a single 

energy level Et. n1, PI are respectivety, the electron and hole 

concentrations at some po sition x>0, when the Fermi level is at the 

effective trap energy in thermodynamic equilibrium. Also Z and 9 

are given by 

+Tn+T 21) 
1 (2.5.4) 

TS+Tn+T 
.23 

4p 

where once again the letter T shows that traps are involved, and the 

superscript s indicates single electron processes. The reaction constants 

represent the processes, as illustrated in Figure 2.3, which occur in the 

semiconductor region of the Schottky barrier solar cell. 

We now seek to find the contribution to the total current due to the 

light induced photo-current and the recombination current within the 

transition region (depletion layer). By the conservation of charge 

(see figure 2.4) and taking the, conventional current density as positive 

when it is flowing to the right (i. e. in the forward direction), the net 

recombination rate is (U - F) where F is the photo-generation rate 

of electron-hole pairs, and U is the recombination rate (recombination 

minus thermal generation). 

The number of excess electrons lost due to the net recorbination'rate 

in element 6x is given by 

dJ (x) 
(U - F)dx m -' 

[J. 
(x +* 6x) - J�('x)] -1e 6x 

ee dx 

dJ W 
which gives e (U - F) dx (2.5.5) 

where Je (x) is the electron current density at position x in the 

semiconductor. Similarly for the hole current density Jh (X) 
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i. (x) 1 J, (x +bx) 

recombination 

(iý+ äx) 
8x 

Figure 2.4 Diagram illustrating charge conservation. 
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e (U - F) -- 
dJ h 

(x) 
(2.5.6) 

dx 

These continuity equations give JeW+i h(x) =J which is independent 
I 

of X. 

The total current density J flowing through the junction under 
illumination is given by 

je (0) +jh (0) 

i 

+j+e (U - F) dx (2.5.7) 
e 

(0) h (w) 

Here Je (0) represents the net electron emission current density over 

the barrier at x=0. Schottky barrier lowering effects are neglected 

and the transmission probability for electrons tunneling through the 

interfacial layer is assumed to be unity. Having made no provision for 

anything other than good communication between the metal and the 
I 

semiconductors valence band (E FM m EFP) , which implies that the photo- 

generated holes in this band move with comparative ease to the metal, 

thereby requiring near unit probability for the transmission of holes, it 

would therefore seem reasonable to assume the same for electrons 

communicating between the metal a0d the semiconductors conduction band 

(i. e. the electron tunneling transmission probability is assumed to be 

near unity). However, in later worý these assumptions are reraoved 

completely. 

The assumptions regarding the juasi-Fermi levels will now be implemented. 

The majority carrier quasi-Fermi If EF 
n 

(in the case of the n-type 

Schottky, barrier solar cell) is as sd to have negligible slope across 

both the bulk and depletion layers. ) Therefore the difference between 

the electron. quasi-Fermi level and the Fermi level in the metal is close 

to V, the output voltage. As mentioned above, Schottky barrier lowering 

effects have been neglected, so that the bottom of the conduction band at 
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position x=0 is above the Fermi level in the metal by an amount equal 

to ý (= ý+V electron volts. Now by using results (A. 9) and (A. 10) BB 

of Appendix A we may'identify the current density je due to electrons ms 

passing from the metal to the semiconductors conduction band and the 

current density Je due to electrons passing from the semiconductor's sm 

conduction band to the metal, as 

ie. eT2 exp (-e + Vi) /kT) (2.5.8) 
ms 

(ýB 

and e= Aý T2 exp (-e (ý -V) /kT) (2.5.9) 
sm Bs 

where 
e is the effective Richardson' s constant, and T is the absolute* 

temperature. Thus Je (0) is given by 

j (0) . je _ je 
e sm ms 

The net hole current density at x-w is given by 

i-eD dpl 
h (W) 

p rx I 
X=W 

where equation (2.2.8) has been used together with the assumption of a 

negligible popential drop across the bulk region of the semiconductor 

(i. e. E-0 in the bulk). Returning now to the recombination rate at 

I 
som point x in the semiconductors bulk region. It is usual to introduce 

the minority carrier lifetime Tp, as a convenient mans of measuring 

the recombination rate in the bulk region of a semiconductor. 

Thus for x>wU ý' (P - PO) /T 
p 

(2.5.12) 

where p-p0 is the excess minority carrier concentration. 

The lifetime Tp of the minority carriers (in this case they are holes) 

can be expressed in terms of the concentration of trapping states N 
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and the reaction constants of the recombination processes occuring 

within the semiconductor. If the trapping level is around the middle 

of the semiconductors band gap, and if a sufficiently high doping 

concentration is used, then for x>w 

n0 1'- n >> p, pl, n, (2.5.13) 

Hence by using (2.5.13) we may approximately equate the recombination 

rate given in equation (2.5.12) to the sum of the recombination rates 

Uunav and U 
avoid in I expressions (2.5.1) and (2.5.3) respectively. 

Thus we have U+U- 
(p - PO) 

, which then yields, unav avoid T 
s2p Bn+Bn+ [Ts + Tin]N , with T as the minority carrier 

p12p 
lifetime in the bulk region of the semiconductor. However, later in 

this chapter, when numerical calculations are performed we shall only 

consider the unavoidable recombination mechanisms, both in the depletion 

and bulk layers of the semiconductor . 

By using the continuity equation (2.5.6) for holes in the semiconductor's 

valence band, together with equation (2.2.8) setting the electric field 

E to zero in the bulk region, we construct a differential equation for 

the hole concentration in the valence band of the semiconductor: 

dJ (x) --eD 
d2p 

--e (U - F) (2.5.14) ä-x hP dx 2 

which gives 

p- PO ýLI +F 
(x) 

.0, dx DpTpD 

I 
as the continuity equation for holes in the semiconductors bulk region. 

A solution of this equation with appropriate boundary conditions yields, 

the hole concentration p as a function of position x inside the bulk 

region. 
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The photo-generation rate of electron-hole pairs F(x) represents 

the number of electron-hole pairs generated per unit volume per unit 

time at a position x in the semiconductor. The number of photons 

in the wavelength range (X, X+ dX), absorbed per unit time per unit 

area in an element 6x of the semiconductor is given by 

okx, x) - (^D(x + 6x, X)) dX (x, X) 6x A- a(X)O(x, X)6x dX 
dx 

-2 -1 where 4ý(x, X)dX is the photon flux (m s) in the wavelength range 

(X, X + dX) and aM is the absorption coefficient for radiation of 

wavelength X. By applying the boundary condition 4D(x, X)l 
X-O 

- 

where 4D(X)dX is the incident photon flux(to the semiconductor) in the 

wavelength range (X, X+ dX), we see that equation (2.5.16) may be solved 

to give 4ý(x, X) as 

0 (x, X) - (D (X) --ot (X) x. 

Hence we therefore deduce that the total photo-generation rate F(x)(m-3 s -1 

is given by 

x dXý 9 
x 

where X0<X, =h C/eE 
9 

indicate the useful wavelength limits for the 

incident solar spectrum, with. h as Planck's constant and 
_c 

as the 

velocity of light. 

The net hole current density at x .-w 
is obtained by solving the 

differential equation (2.5.15) for p and then substituting the expression 

for p(x) into equation (2.5.11): 
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ect(X)(D(X)Lpe-awdX 
Jh(w) = epo(exp(eV/kT)-l)D p/L p1+La 

(2.5.18) 

0p 

where Lp (T 
pDp 

is the diffusion length of holes in the valence 

band of the semiconductor, and the following boundary conditions have 

been used: 

P(x) -> po the unillumZnate, d hole concentration far from the 

junction as x -> co. 

(2) P(W) i- p exp(eV/kT) and is a consequence of assumption (a) 
0 

of section 2.4. 

The contribution to the current density from the depletion layer is 
w 

iD -- e (U - F)dx T 

0 

w 

i eD =eU dx -e (D (X) (1 - ýot (X) w) A-ZL 

where J eD is the current density due to light being absorbed in the L 
D depletion layer, and J 
rec 

is the recombination current-density from 

both interface state recor-bination JP and band-to-band recombination 3. fr 

iD We write 
unav 

jD = jD + J? 
rec unav ifr 

(2.5.20) 

which neglects the avoidable recombination current density JD due 
avoid ' 

to transitions through localized trapping levels in the depletion layer. 

(see (2.5.3)). Thus the current density flowing through the device is 

given by 

j=je_ie+j (w) + JD + jp eD (2.5.21) 
sm ms h unav ifr 

Jý 
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where equations (2.5.7,10,18,19 and 20) have been used. Thus the 

total light current from (2.5.18) and (2.5.19) is 

ii eD +e 
a(X)e(X)L e 

dX - e0(X) _ 
e0(X)e-aw dX (2.5.22) LL i-+-La 1+Lp 

0p 

It is independent of x and depends on the forward voltage (V, + Vi) 

through w by equation (2.4.8). Thus the current density under illumination 

can be written as 

J. = j fwd -iL (2.5.23). 

where J fwd 
(the dark forward current density) is given by 

1 22 1e_ie+ jo + jD + J? (2.5.24) 
fwd sm ms h unav ifr 

The bulk recombination current Jo is the first term in equation h 
(2.5.18), ' i. e. 

0 
h=ep0 

(exp(e V/kT) - 1) D 
p/L p 

(2.5.25) 

It turns out that for the case studied numerically later Je+ jP 
sm ifr 

dominate in (2.5.24). Recombination in the transition region JD 
unav 

and the bulk region J0 are never important. Even when the interfacial 
h 

recombination current density JP is small because D is small, its 
ifr S 

0D recombination traffic is not taken over by Jh+i 
unav . 

Instead the 

barrier height decreases and the emission current Je increases to sm 
dominate in (2.5.24). It is perhaps, worthwhile to mention that in 

the context of this model of an n-type Schottky barrier solar cell, unit 

photo-quantum efficiency has been assumed in the depletion layer. i. e. 

Each and every photon of light, absorbed in the depletion layer of the 
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semiconductor, produces one carrier which is collected as photocurrent. 

This assumption is made on the grounds that, within the depletion layer 

t6'high electric'field'presllent, "sweeps" the photo-generated carriers 

out of this region before many of them can recombine. However, this is not 

the case in the bulk region of the semiconductor. Here the carriers 

are assumed to move by diffusion and. not dueto an electric field. 

One would therefore expect many of these photDgenerated carriers to 

recombine before they are collected as photo-current. This is borne 

out by equation (2.5.18), where the second term, due to the absorption 

of light in the bulk region, is clearly dependQnt on the hole diffusion 

length L which. is simply related to the minority. carrier lifetime 
p 

Tp (of the holes in the n-type bulk region). 

2.6 Recombination currents. 

In this section we develop analytical expressions for the current 

densities due to, (1) unavoidable recombination processes in the semi- 

conductor's depletion layer, and (2) interfacial surface state recombination 

at the interface x- 

The current density due to unavoidable recombination processes occuring 

within-the depletion leayer of the semiconductor is given by 

w 
DeU dx 
unav unav 

0 

with U 
unav 

from (2.5.1). 

The electron concentration n in the semiconductor 
Is 

conduction band 

and the hole concentration p in the semiconductors valence bands, are 

given by equations (2.2.12) and (2.2.13) to be 

Nc exp (e (E Fn -Ec) /kT) 

and p-Nv exp (e (Ev -E Fp 
) /kT) 

11 

for a non-degenerate semiconductor. 
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If we use the potential distribution ýsW from (2.4.5) 

e ND 
(x E Fn Ecvn+, 2 F- w) 

2 (2.6'6 
» 
2) 

eND2_ 
and EEE-- (x - W) v-v (2.6.3) Fp vg2 p- 

sn 

in the depletion layer. Thus n and p become for x, c 
'CO, 

wr3 

eN 

, n(x, V) =Nc exp -e Vn +2cD (x _ w)2 /kT (2.6.4) 
SII 

fe ND2 
and p (x, V) =Nv exp es (x - W) +Vn+V-E 91 

/kT] (2.6.5) 

-rhe equilibrium-electron and hole concentrations, n0 and p0 

at the edge of the depletion layer adjoining the bulk are given by 

no r n(w, V) =Nc exp(- eV n/kT) = n(w, O) (2.6.6) 

and po = p(w, O) -Nv exp(e(V n-E9 
)/kT) (2.6.7) 

which gives ni 
2=n0 

po =NCNv exp(-e E9 /kT) (2.6.8) 

where ni is the intrinsic carrier concentration. 
D Thus the unavoidable recombination current density Junav in the semi- 

conductors depletion layer'is given by 

w 
2 i 

unav =ej (Bs + n-B, +p B2)(np -ni) dx 

0 

which becomes, after a little manipulation, 

iD=eNN (eTl e 
-TI g 

(w 
Bs + B, e 

-ýn 
11 +B Nv e 

ýn+9-Tlg 
(2.6.9) 

unav cv2 
12] 

1 
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where ýn eVn /kT ng =eE9 /kT 
,ne V/kT 

Ww 

-A(x w) 
2A (x'- w e dx and 12e dx 

00 

with D 
2c kT 

s 

The interfacial surface state recoubinatio n rate Rifr will be 

calculated here, under the same assumptions as used before. Namely 

that, all trap to trap transitions at the interface x-0 have been 

neglected, a constant distribution of interfacial surface states (trap 

states) over the semiconductors band gap has been assumed, together 

with constant reaction constants with respect to the energy'of the 

surface trap states. Thus the total recorbination rate through the 

interfacial surface states (at x= 0) is given by 

R ifr "dU ifr - 
(n(O)p(0) - ni 

2)GHDs 
dE 

t' (2.6.10) 

E 
V(O) 

1, 

from equation (2.4.18) with n1 (0) and pl(O) (given by (2.4.. 24)) as 

the thermodynamic equilibrium electron and hole concentrations, at the 

interface x-0, when the Fermi level is at the trap energy. 

The total recombination rate through the traps at the interface 

x0, neglecting trap to trap transitions, is therefore given by 

Rm. (n(O)p(0) - ni 
2)H DS kT 

ln 
(exp(eý. /kT)-A)(exp(e(e 

B -E 9 
)/kT)-A)ý 

ifr n (0)e(A-9-) (exp(ee /kT)-B)(exp(e(e -E )7kT)-B) 
0, BB9 

(2.6.11) 

where A and B are as given in section (2.4). The contribution to the 

total current density from the interfacial surface state recombination 
I 
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may be written as 

Jý meR. (2.6.12) 
ifr ifr 

It must be stressed, however, that in all of the interfacial state 

recombination statistics performed in this chapter, the influence of 

the metal on the interfacial surface state population, and hence on 

the recombiantion rate R Ur I has been neglected. Anyway this does not 

seem to cause any problems for the cases studied numerically in the 

next section. In any case this omission will be rectified later in 

subsequent chapters. 

2.7 Results 

Some results of this theory are presented in figures 2.5 - 2.9. 

They were calculated for an Au SiO 2- n-type Si Schottky barrier 

solar cell by assuming that a total potential V is developed by the 

cell and that the parameters of table 1 are'given. This enables the 

charge densities (Qmn-2) Q 
sco and Qio to be calculated. It has been 

assumed that the charge density P(Qm73) in the interfacial layer 

remains unchanged when the solar cell is operating, so that P-P0 in 

all of the numerical calculations. Also the charge densiti 
. 
es Q 

sc and 

Qi per unit area can be calculated in terms of the inte. rfacial voltage 

Vio Thus equations (2.4.11), (2.4.23), (2.4.9) and (2.4. 'i5) when used 

in conjunction with equation (2.4.28), gives the value of the interfacial 

voltage Vi , as the solution of this implicit relation. Both the 

thermodynamic equilibrium barrier height 0B and the interfacial voltage 

Vi are calculated using iterative procedures. Turning to the neutral 

level 00, this is assumed independent of illumination and output 

voltage, and has been estimated to lie at about 0.30 + 0.36 eV for an 

Au n-type Silicon junction (Cowley and Sze 1965). It has been taken 

as zero for the present calculation. A positive value of ý0 would 
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however reduce the efficiencies, because as ý0 increases the 

thermodynamic equilibrium barrier height decreasesItherefore causing 

an increase in the net thermionic emission current (jem -e), which 
s ms 

consequently leads to higher dark forward currents. 

Returning now to the numerical algorithm, we next calculate the 

total current density J from (2.5.23), using (2.5.8)p (2.5.9), (2.5.22), 

(2.5.24), (2.5.25), (2.6.9) and (L6.12). The recombination parameters 

sD (or*reaction constants) B. B.. B- are needed for J For'the 

current density P, 
we require the recoubination data H, A and 

ifr 
B. They are calculated via the reaction constants TSi, TTTs 1 11 2i' 2i 

T 3i ,T 4i and knowledge of the electron and hole concentrations at the 

interface x-0, (see equations (2.6.4) and (2.6.5)). The conversion 

efficiency VIJI/p 
in 

, where P 
2. n 

is the incident power densityp can 

then be maximised from the usual current density-voltage plots. 

In figure 2.5 the maximum conversion efficiency n* is plotted 

against the metal work function ýM. For high interfacial surface 

state densities the variable metal work function has little effect 

on the maximum conversion efficiency. This is because at high inter- 

facial surface state densities DS the thermodynamic equilibrium 

barrier height is not greatly increased with an increase of metal work 

function. Conversely, with lower interfacial surface state densities 

the equilibrium barrier height readily increases with an increase of 

metal work function, so the maximum conversion efficiency fluctuates 

more rapidly. Also, with the lower values of the interfacial surface 

state density there is a smaller loss due to the interfacial state 

recombination current density J? therefore the maximum attainable ifr I 

efficiencies are improved as shown for high work function metals. 

Turning now to figure 2.6 the maximum conversion efficiency is plotted 

as a function of the interfacial surface state density. Here, the thickness 
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1( 
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2 

0 L-, =ýý I 
4.1-2 4.26 4.4 4.54 4.67 4.81 4.95 5.09 5.22 0, 

Figure 2.5 The maximum conversion efficiency n* as a function of 

metal work function ýM for various interfacial state 

densities DS* The parameters of table 1 have been used 
0 

together with 6- 19 A 

(1) DS=0.1 x 10 17 m72 eV-l, (2) DS-0.7 x 10 17 
M -2 eV-l, 

(3) DS = 0.1 x 10 18 m72 eV-l, (4) DS-0.2 X 10 18 
M -2 eV-l, 

(5) DS-0.3 x 10 18 m72 eV'-', (6) DS-0.5 X 10 18 
M72 eV71 

18 -2 1 (7) DS. 0.9 x 10 m eV- 
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Figure 2.6 The maximum conversion efficiency Tj * as a function of 

interfacial state density DS. The parameters of table 1 

0 have been used together with 6- 19 A and OM - 4.70 eV 

(gold). 
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6 of the insulating interfacial layer and the metal work-function are 

held constant. The increase in the maximum conversion efficiency with 
17 increasing, but low, density of interfacial surface states (ca. 10 

is caused by the rapid increase in the thermodynamic equilibrium 

barrier height 0B, which in turn makes electron emission over the 

Schottky barrier more difficult. At such low values of. the interfacial 

state density D the recombination traffic across the interface has a S 

marginal effect. If the density of the interfacial surface states is 

increased, the advantage of an increase in the thermodynamic equilibrium 

barrier height is eventually out-weighed by the increasing contribution 

from the interfacial surface state recombination current density. At this 

point the maximum conversion efficiency Tj * begins to fall off. The 

maximum value of as DS is varied, but 6 and ýM are kept fixed, 

is denoted by n**( the maximum attainable conversion efficiencý). 

The current density-voltage characteristics of n-type Schottky barrier 

solars cells, are given in figure 2.7 for various interface parameters. 

The increase with the density of interfacial surface states DS of the 

open-circuit voltage and power output is attributed to the increase in 

the thermodynamic equilibrium barrier height ýB with increasing, but 

low, density of interfacial surface states. At these densities DS the 

interfacial recombination current density has little effect on the overall 

characteristics. However, as the-density of the interfacial surface states 

is increased beyond some critical density the recombination processes 

increase to dominate the J-V characteristics, thus causing a reduction 

in the open circuit voltage and power output of the Schottky barrier solar 

cell. The maximum attainable conversion efficiency Tj** increases with 
0 6 in the range between 10 and 20A . The current density-voltage 

characteristic corresponding to an interfacial layer thickness of 190A 
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300 
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(2) 
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(5) 

0.5 

Figure 2.7 The current density-voltage characteristics for various 

interface state densities DS (m72 eV-1). The paramýeters 
0 

of table I have been used together with 6- 19 A (full 

0 
lines), 6- 10 A (dashed lines), and ýM - 4.70 eV (gold). 

(a) DS. 0.1 x 10 
18 

M -2 eV_ 
1 (b) DS-0.18 x 10 

18 
m -2 eV_ 

I 

(c) DS-0.23 x 10 
18 

Tý-2 eV_l (d) DS-0.28 x 10 18 
m -2 eV_ 

1 

18 -2 -1 18 -2 -1 (e) DS-0.51 x 10 m eV (f) DS = 0.9 x 10 M eV 

0 
For 6- 19 A the maximum attainable conversion efficiency 

is 11.9% and occurs at point P. 

(1) DS. 0.11 x 10 
18 

M-2 eV-',, (2) DS-0.2 x 10 18 
m -2 eV- 

I 

(3) DS = 0.3 x 10 18 m72 eV-l . (4) DS=0.4'x 10 18 
m -2 eV- 

1 

(5) DS = 0.64 x 10 18 
m -2 eV- 

1* (6) DS=0.9 X 10 18 
m -2 eV-1. 

0 
For 6- 10 A the maximum attainable conversion efficiency 

is 3.1.4% at point 
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together with the density of interfacial surface states at about 

0.23 x 10 18 
1; -2 eV-l (curve c, of figure 2.7), agrees well with 

observed experimental data (Lillington and Townsend 1976) after 

adjusting the transmission coefficient (for light passing through 

the gold film) to 77% and the series resistance (by the use of an 
2 

equivalent circuit) to ca. 1.50 for a cell of area 1 cm .A 

detailed analysis of equivalent circuits has been given by Hovel (1975). 

From figure 2.8, one sees that the present theory, does not lead 

to a linear relationship between the voltage Vs developed in the 

semiconductor and the total output voltage V. In fact, when the out- 

put voltage V is relatively low, the interfacial surface state population 

is controlled by the minority carriers (i. e. holes in this case). Thus 

for small operating voltages the minority carriers tend to be in 

1'equilibriud' with the surface states. However, the minority carriers, 

as mentioned earlier (see section (2.5)), communicate easily with 

the metal- Hence it is clear that for small operating voltages V, the 

interfacial surface states are approximately governed by the metal Fermi 

level. This is expected for thinner oxide layers (see, for example 

Fonash 1975a). As the output voltage V is increased, then it is seen 

from figure 2.8 that Vi( =V- Vs) increases with V. This is expected 

because as V is increased, the concentration of majority carriers 

(electrons)at the interface x=0 increases, thus causing the surface 

state population to become less influenced, by the minority carriers. 

An argument, based on the conservation of charge (see for example 

(2.4.28) with ý= PO) in the Schottky barrier solar cell will be used 

to illustrate the above point. With a cell output voltage V>0 and by 

assuming p- po say, then from equations (2.4.9) and (2.4.11), the 

change in the space charge density(within the semiconductor) Qsc - Qsco 
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Figure 2.8 The voltage Vs developed in the semiconductor as a 

function of the total output voltage V for various 

interfacial surface state densities DS (m72 eV-'). 
64ýk", 

The parameters of table 1 have used together with 
0N 19 A and ýM - 4.7 eV (gold) 

16 -2 -1 17 -2 (a) DS = 10 m eV (b) DS = 0.9 x 10 M eV 
18 -2 1 18 -2 (c) DS. 0.11 x 10 m eV- (d) DS = 0.2 x 10 m eV-l 
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becomes a negative quantity. Similarly the change in the interfacial 

state charge density Qi Qi, is also negative, this is due to the 

quasi Fermi levels of the interfacial surface states rising above that 

of the metal (see section 8 below). Now by appealing to equation (2.4.28) 

or by using the Gauss flux theorem in conjunction with the increase in 

charge on the surface of the metal, we find that the interfacial voltage 

Vi is positive (if p=p0). Further to this we have found that the barrier 

height ýB ýB +Vi) for oxide thickness. < 20A tends to remain 

constant within 10% as the load is changed, all other variables being 

kept constant. This reinforces the statement above, that the interfacial 

surface states are approximately governed by the metal Fermi level. 

Although the analysis presented in this chapter is only applicable to 

oxide thicknesses 2: A, 
as noted in connection with (2.4.19) and 

(2.6.12), in view of the above discussion it is hoped therefore that 

our numerical results in this chapter are reasonably reliable. 

In figure 2.9, one observes that the present theory leads to a more 

rapid rise in the thermodynamic equilibrium barrier height OB as a 

function of DS (mý-2 eV-l) than does previous work (see, for example, 

Fonash 1975a). This difference is due to the removal of the temperature 

dependence in the expression for the thermodynamic equilibrium interfacial 

surface state charge density Qio , by taking values at the absolute zero.. 

With this procedure one obtains, for the interfacial surface state charge 

density Qio at thermodynamic equilibrium 

Qjo =-e (E 
g- 

ýB ) DS +e DS % 

Substitution of this expression for Qio into equation (2.4.27) would 

effectively yield a quadratic equation in (ýB - Vn) 
1. 

Solution of this 

equation gives the thermodynamic equilibrium barrier height equation 

corresponding to the previous work. 
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However by (2.4.29) it can be seen that, with the neutral level 

% set to zero, the thermodynamic equilibrium barrier height can attain 

its maximum value which is E9 (the semiconductorls energy gap), when the 

density of interfacial surface states DS reaches its maximum reasonable 
19 -2 -1 value DSC say. From figure 2.9 this value is DSC, - 0.37 x 10 m eV 

We will now give a separate estimate to the value of D SC* 
Since single crystal silicon possesses the diamond structure, with 

0 lattice constant. a-5.42 A, we will find that for a (1,1,1) cleavage 

plane, the number of lattice sites is 41(r3 a2) per square metre. 

Silicon has a tendency to form tetrahedral covalent bonds, which 

facilitates the formation of the diamond type-structure. The lattice 

is cubic face centred with side of length a(= 5.42 AO) with additional 

atoms at (1,1, J)a; (J, J, J)a; (1,1, J)a; (1,1, I)a (see figure 2.10a). 

Now, consider a projection of the lattice structure shown in figure 2.10a, 

down a cube diagonal (i. e. a view of a (1,1,1) face). The heights of 

the atoms are marked in twelfths of the lattice diagonal infigure 2.10b. 

The net's side length b is given by 

b=a /2 . 
r2 = alr2 (2.7.2) 

i 

This net fills 2-space completely and there is one distinct lattice site 

per net at a particular height. The area of the net is given by 

2 112 
.b2 sin na2 

r3 (2.7.3) 7r13 
4 

Therefore the number of lattice sites per unit area on a (1,1,1) cleavage 

plane is given by 41(r3 a 
2). 

Now, if we assume that the maximum number of dangling bonds is nearly 

equal to the number of lattice sites (i. e. nearly a complete miss-match) , 

and further to this if we also assume that each dangling bond gives rise 
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Figure 2.10 Structure of single crystal Si (a) Perspective view of 

the unit cell, with positions of atomic centres. Also 

shown are the interatomic bonds. (b) Projection down 

a cube body diagonal; the heights of the atoms are marked 

in twelfths of the cube diagonal. 
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to an interfacial surface state, then the maximum number of interfacial 

surface states is given by 

Eg D !ý4/ (r3 a 
2) 

,S 
(2.7.4) 

where it has been assumed that the interfacial surface states are 

distributed evenly over the energy gap of the semiconductor with density 

D S(m 
-2 eV-'). ' Hence wit 

Iha 
practically complete lattice mismatch between 

the Si and the Si 0 2' one would expect the maximum value of DS to 

be given by 

41%0.71 
x 10 19 

m72 eV-1 . 
(2.7.5) 

SC2 
v73- 

2E 

One would expect D SC2 to be larger than D Scl because a complete, lattice 

mismatch is not physically possible. In fact DSCI and DSC2 are too 

large to have been realised experimently so far. Figure 2.9 shows that 

an upper limit at DS 'ý, 10 17 
m -2 eV-l limits the thermodynamic equilibrium 

barrier height ýB to ca. 0.8 eV. 

2.8 Discussion 

In this section we shall briefly examine the effect of the reaction 

constanýs variation with_electric field, and will then go on to discuss 

the quasi-Fermi level distribution for the interfacial surface states. 

The variation of the reaction constants with electric field is for 

interaction with accoustic phonons usually of the form (D. J. Hill 1976) 

B. (E B (0) exp E2/ i2 (2.8.1) 
1siýs C) 

where g2 . 
24(kT) 31-+ k1_1 is a critical electric field, 

c -t2 e2[; 
ýe 

Es (x) is the electric field at any point x in the semiconductor, me 

and mh are the effective masses of an electron in the conduction band 

and a hole in the valence band of the semiconductor respectively. Since 



63. 

w 

2 
Cý the magnitude of exp 

ýE 
(x) /i2 dx = 1, we conclude that for 

ws 
0 

a M-0-S junction' the effect that the field has upon the recombination 

currents is minimal when the device is delivering maximum power. Further 

study of this effect may be desirable as other expressions for iC are 

available in the literature (e. g. Bonch-Bruevich 1965). 

Turning now to the quasi-Fermi level distribution for interfacial 

surface states at x=0, we will derive an expression giving the quasi- 

Fermi level Ft for any particular surface state relative to the Fermi 

level E FM 
in the metal. Now from equation (2.4.17) one has 

dn mp DS dEýf DS dE (2.8.2) 
t G(n(0) +n1 (0» + H(p(0) + pl(0)T ttt 

as the number of occupied interfacial surface states in the energy range 

(Et, Et. + dEt). Here Et is measured in Ws and ft is the interfacial 

surface state occupation probability, whose quasi-Fermi level will be 

denoted by Ft, so that we may write 

tm 
exp (e (E F) /kT) -1 ý+ (2.8.3) 

ftttGn (0) +Hp (0) 

By multiplying (2.8.3) throughout by exp(e(E FM -E to 
)/kT) where E FM 

is the thermodynamic equilibrium Fermi level, and by using (2.4.24) we 

then obtain 
r 

EEE1F 
kT ln 

Gn 
0 

(0) + Hp(O)exp(e(E FM -E to 
) /kT) 

(2.8.4) 
t- to + FM t« 7- Gn (0) + Hp 

0 
(0) exp (e (E 

FM -E to 
) /kT)- 1 

where E 
to and Et are the interfacial surface state energies in 

and out of thermodynamic equilibrium respectively. Now as we are measuring 

all energies relative to the metal, then obviously (see, for example figure 

2.2) Et = Eto + Vil where Vi is the portion of output voltage 
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developed across the interfacial layer. Thus the difference between 

the equilibrium metal Fermi level and the quasi-Fermi level for interfacial 

states at energy E 
to 

(eV) is given by 

t, 

Gn 
0 

(0) + Hp(O)exp(e(E 
FM -E to 

) /kT) 

E FM - Ft = 
h-T in, V. (2.8.4) 
e Gn(0) + Hp 

0 
(0)exp(e(E 

FM -E to 
kT) 1 

There are three special cases. 

(a) Thermodynamic equilibrium: n(O) =n 0(0), P(O) =p0 (0), vi=0 

This gives E FM mF 

(b) E 
to 

>>E FM : gives the result that 

EF "' ý 
-T 1n 

f-n 
0 

(0) 
V. FM e jn-ýO-T 

ý1 

Now with n0 (0) =NC exp (-e ýB /kT) and n(O) =Nc exp(-e(ý B+Vi- V)kT) 

from (2.6.4) and (2.4.8), the difference between the interfacial surface 

state quasi-Fermi level and the metal Fermi level is given by 

E FM -Ft 'Au, vi-v-vii. e. FtR; E FM +V=E FS 0 

Thus interfacial surface states of high energy are in good communication 

with the semiconductor. 

(c) Similarly if Eto <<E FM then Ft ýý E FM showing that interfacial 

surface states, of low energy, are in good communication with the metal. 

The quasi-Fermi levels for the interface states "fan out" between 

E Fn and E FMO Perhaps this may be connected by means of the Poisson equation 

to the charge density P inside the interfacial layer. The effect of 

varying the thickness 6 has been investigated by other workers cited 
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in the literature, but we shall return to study the effects of varying 

the thickness 6, on the recombination and tunneling currents in later 

chapters. 

Among effects omitted in the above theory we note: 

(a) The photogenerated current density JL has been calculated on 

the basis employed by previous workers (e. g. Fonash 1975a). Thus holes 

and electrons are generated in the depletion layer and tend to move to 

the left and right respectively on figure 2.2 without recombination 

eD giving JL. The remaining photons generate carriers in'the bulk region 

which are subject to recombination (second term in (2.5-18)). The 

corresponding result without recombination is obtained if Lp is imagined 

to become very large. The reduction of the light current due to a non- 

unit probability of tunneling between the metal and the semiconductor 

valence band has not been included. This causes JL and hence (-J > 0) 

to be over-estimated in (2.5.24). 

(b) Another cause of an over-estimate of -J( >0 when delivering power) 

arises from an underestimate of je due to the neglect of-image force 
sm 

lowering of the potential near x=0. The effect of image force lowering 

on Je is likely to be rather small. Ms 
(c) Opposing the above two effects is an under-estimate of -J( > 0). 

This arises from the fact that electrons with energy in excess of 

E+ý* have all been assumed to tunnel from the semiconductor to the metal FM B 

in accordance with (2.5.9), while electrons with less energy have been 

assumed to participate in interfacial state recombination (2.6.12) in 

accordance with their concentration. In fact both mechanisms are open 

to all these electrons; the net effect is expected to be a reduction in 

ie. i. e. an increase in -J (the positive current flowing when the sm 
Schottky barrier solar cell is delivering power). A more detailed discussion 

of the validity of this model of an n-type Schottky barrier solar cell will 

be defered. until the end of the next chapter. 
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CHAPTER 3 

METEOROLOGICAL EFFECTS ON SCHOTTKY BARRIER SOLAR CELLS 

AND THE VALIDITY OF ASSUMPTIONS MADE 

3.1 Introduction 

In this chapter the effect of different meteorological 

conditions on Schottky barrier solar cell outputs have been 

investigated, using a model for an n-type solar cell. This 

model is basically that developed in chapter 2. The effect 

of different meteorological conditions, on the output of a typical 

p-n junction solar cell has been studied extensively by Mallinson 

and Landsberg (1977). For this purpose they considered a whole 

range of super-positions of (100-d)% direct and d% diffuse 

radiition. They found for example that the optimum energy gap 

E9 (d) depends on the parameter d. One can also find how a solar 

cell of given energy gap, and given other semi-conductor parameters, 

reacts to different conditions d by considering the power output 

P(d) and efficiency n (d). In chapter 2 we made a study of an 

n-type Schottky barrier solar cell. In this we showed how the 

characteristics of an n-type Schottky barrier solar cell are 

affected by interfacial surface state recombination. 

We wish to draw these two strands together here and show, 

using the theory of chapter 2, how the output power P and the 

efficiency T1* of a Si n-type Schottky barrier solar cell depends on 

the diffuse component. In figures 3.1 and 3.2 we show the spectral 
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vertically overhead on a clear day AM1 (87.2 mW cm -2 ). 
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curves which underlie the analysis. They are based on the spectra 

I of figure 4 of Mallinson and Landsberg (1977). Similar results to 

those for p-n junction cells were obtained namely that, although 

the output power density is reduced, a much higher conversion 

efficiency is possible when the solar cell is illuminated with 

diffuse radiation. 

A few improvements to the basic theory are required to make the 

theory more complete. The interfacial surface state recombination 

model should be improved to include the effect of carriers tunneling 

from the metal, through the interfacial layer, into the interfacial 

surface states. This together with the effects of tunneling, on 

the thermionic emission currents, and on the photo-generated 

current will be briefly outlined later in this chapter. Finally, 

we present a discussion of the validity of the various assunptions 

made so far. 

3.2 Meteorological effects on S. B. S. Cls 

By applying a diffuse radiation spectrum of incident power 

-2 density P in (-30mW cm ) to an n-type silicon Schottky barrier 

solar cell, and by using the formalism developed in chapter 2, we 

have obtained a set of results similar to those presented earlier. 

Owing to the nature of the diffuse spectrum (see figure 3.2) and 

in the light of the discussion given by Mallinson and Landsberg 

(1977), one would expect an increase in the conversion efficiency 

relative to direct radiation. 

Although the conversion efficiency increases when a change from 

direct to diffuse illumination is made, it is clear that the output 
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power will be much reduced. At first sightithis drop in output 

power would simply seem to be caused by the decrease in the incident 

power densityjas the spectrum changes from that of direct radiation 

to one of diffuse radiation. Indeed this is the case, but then we 

might ask "why does the conversion efficiency tend to increase when 

the solar cell is illuminated with diffuse radiation instead of 

direct radiation? " The answer to this question is really quite 

simple. Forget for the moment, the reduction in the conversion 

efficiency n* with decreasing incident power density P in of a 

particular radiation spectrum. For a device comprising silicon 

as the photosensitive material, the absorption edge occurs at a 

wavelength X1- hc/eE 
9, which corresponds to the largest wavelength 

a photon can have if it is ever to produce a useful electron - 

hole pair. Now, turning to figures 3.1 and 3.2 we observe that 

for the direct spectrum, the number of photons incident per unit 

time having energies less than 1.1 electron volts represents a 

non-negligible fraction of the total photon flux. On the other 

hand however, in the case of a diffuse spectrum, nearly all the 

incident photons are available to generate useful electron-hole 

pairs. This indicates that a diffuse spectrum enables one to 

make better use of the radiation. Therefore one expects an increase 

in the conversion efficiency as the incident spectrum is changed 

from one of direct to another of diffuse radiation. 

Returning now, to the question of the reduction in the 

conversion efficiency Tj* due to a decrease in the incident power 

density P in of any particular. radiation spectrum, we see that this 

reduction of n* can be attributed to one basic effect. It is$ 

though somewhat indirectly, the linear reduction of the photo- 

generated current density JL with decreasing incident power density. 
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The open circuit voltage is then slightly decreased, following 

the reduction in the photo-generated current. density JLE The usual 

diode equation J=10 (exp (eVjkT) -1) -JV may be used to illustrate 

this argument for the slight reduction in the conversion efficiency 

due to a reduction in the incident power density, of a particular 

radiation spectrum 
I 

It is easily shown that, on one-hand the 

conversion efficiency increases as a transition from direct to 

diffuse radiation is made (keeping P in constant) while on the other- 

hand as the incident power density P in (of a particular radiation 

spectrum) is reduced the conversion efficiency reduces slightly 

also. The net effect, is an increase in the overall conversion 

efficiency as the incident spectrum changes from direct radiation 

of a high power density, to diffuse radiation of a lower power 

density. 

For the sake of making a meaningful comparison between the 

diffuse and direct spectra, we compare the J-V characteristics, 

for any set of Schottky barrier solar cell parameters (e. g., 

density of interfacial states DSm -2 eV -1 and 6 the 

thickness of the insulating interfacial layer) when'the incident 

power densities for the two spectra are the same. It should be 

noted however that the diode equation given above does not accurately 

predict the J-V characteristics of an n-type Schottky barrier solar 

cell with an insulating interfacial layer. This is due to the 

facts that firstly, the photo-generated current JL is dependent to 

a certain extent on the output voltage of the Schottky barrier solar 

cell., Secondlythe saturation current dens ity J0 will in general 

be a function of Vig the portion of the output voltage deve1pped 

across the interfacial layer, which in turn depends on the output 
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voltage V. This shows that the standard formula J= Jox 

(exp(eV/kT) -1) JL which shifts the characteristics by the 

light current JL is not valid. 

Using the theory of Chapter 2 for the Au-Si02- n-type Si 

Schottky barrier solar cell together with the parameters of table 

1, the only exception being the nature of the incident spectrat 

we will compare two sets of results. These two sets will be 

calculated by using a direct spectrum for one, and a diffuse 

spectrum for the other, both spectra will have an incident power 

-2 density of 30mW cm. so-that a meaningful comparison can be made. 

Figure 3.3 indicates that both the open circuit voltages, 

and the short-circuit currents are increased for the J-V 

characteristics obtained from the diffuse spectrum. This shows 

that more efficient use may be made of a diffuse radiation spectrum 

than of a direct one (see, for example, Mallinson and Landsberg 

197i) Also, in figure 3.3 the increase with the interfacial 

surface state density DS (m eV of the open-circuit voltage 

and power output are both due to the increase in the thermodynamic 

equilibrium barrier height with an increasing density of 

interfacial surface states DS. With a low value of the density 

of interfacial surface states, the contribution to the total 

current density from the interfacial surface state recombination 

is negligible. As this interfacial surface state density is 

increased, the interfacial recombination current density increases 

to dominate the J-V characteristics, thus causing a reduction in 

the power output and open-circuit voltage. The J-V characteristics 

corresponding to diffuse radiation vary in much the same way as 

the J-V characteristics corresponding to direct radiation, when 

changes in the interfacial layer parameters (such as the density 
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-2 1 interface state densities DSm eV . The parameters 
0 

of Table 1 have been used together with 6= 19 A and 

-2 ýM = 4.70 (Au) for incident spectra of power (30 mW cm 

The direct spectrum gives characteristics represented by 

dashed lines whose maximum attainable conversion efficiency 

is 10.9% and occurs at point Q. For the diffuse spectrum 

the maximum attainable conversion efficiency is 12.9% 

and occurs at point P (full lines). 
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of interfacial surface states) are made. 

In figure 3.4, the increase in conversion efficiency with 

increasing, but low, density of interfacial surface states DS 

1017m-2 eV-1) is caused by the rapid increase in the 

thermodynamic equilibrium barrier height, which in turn attenuates 

the electron thermionic emission current density. As this density 

of interfacial surface states is increased the interfacial re- 

combination current density turns from a low order, to a higher 

order effect which then dominates the current flow mechanisms. 

At this stage, the advantage of an increase in the thermodynamic 

equilibrium barrier height, is outweighed by the increasing 

pontribution from the interfacial recombination current density, 

and the maximum conversion efficiency n* falls off. 

With the interfacial layer thickness 8 at the lower of the 

two values we observe that the thermodynamic equilibrium barrier 

height increases less rapidly with DS, than it does for 6 at'the 

higher value. This is due to the fact that the thermodýnamic 

equilibrium barrier height tends to become relatively less 

dependent on the interfacial surface state density D., when the 
0 insulating interfacial layer becomes as thin as 10A . Therefore 

0 
with 6 at its lower value (10A) we see that the thermionic emission 

current densityje remains larger than it would for 6- 19R, when Sul 
the density of interfacial surface states is being held constant. 

However, the interfacial surface state recombination current 

density is not greatly affected by a small change in the thermodynamic 

equilibrium barrier height (see equation 2.5.12), so we therefore 

expect, and indeed we observe from figure 3.4, ýhat the interfacial 
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Figure 3.4 The maximum conversion efficiency as a function of inter- 

facial state density DS, The parameters of Table 1 have 

0 been used together with ýM = 4.70 eV (Au) and 19 A 

0 (full lines), 6= 10 A (dashed lines). An incident power 

density of 30 mW cm -2 has been used and efficiencies for 

diffuse spectra have been labelled A while those for the 

direct spectra have been labelled B. 
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surface state recombination acts in a manner virtually irrespective 

of interfacial layer thickness. Thus the maximum attainable 

conversion efficiency increases with interfacial layer thickness 

0 
within the range between 10 and 20 A. Again it is observed 

that for an n-type silicon Schottky barrier solar cell, the 

efficiency is enhanced when the cell is illuminated with diffuse 

radiation of power equivalent to that of the direct spectrum 

used formerly. 

Turning now to figure 3.5, we observe that at high inter- 

facial surface statedensitiesD the variable metal-work function 
S 

has a very small affect on the maximum conversion efficiency 

in*. This is because at high interfacialsurface state densities,, 

the barrier height is only slightly increased with an increase 

of metal work function. Conversely with lower interiacial 

surface state densities the barrier height increases rapidly with 

metal work function ý 
M, Also there is less interfacial surface 

state recoirbination with the lower values of DS (m -2 eV- 
1) 

so 

that the maximum attainable conversion efficiencies are improved 

as shown. Here again we observe that higher conversion efficiencies 

are possible when the solar cell is illuminated with diffuse, 

instead of direct radiation. 

To sum up, the effect of the direct as against the diffuse, 

spectra has been exhibited in figures 3.3 to 3.5. The obvious 

disadvantage of diffuse radiation is its low intensity. However 

the diffuse spectrum being more compact, enables one to make 

better use of this radiation. In the graphs we have standardised 

on one incident power density (30mW cm -2 ), thus shielding the 

results from the first disadvantage, This must be borne in mind 

when studying the figures. As expected from the remarks made 

earlier, for given incident power the output power is greater for 
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Figure 3.5 The maximum conversion efficiency as a function of metal 

work function ýM for various interface state densities 

DS* The parameters of Table 1 have been used together 
0 

with 6= 19 A, and incident spectra, direct (dashed lines), 

diffuse (full lines), both of power 30 mW CM- 
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diffuse radiation. Apart from this (expected) conclusion, 

one observes that the efficiency depends on cell parameters 

in much the same way for both incident spectra. It is 

possible that the substrate thickness could have a bearing on 

all these calculations. The extra complications involved 

by introducing a finite substrate thickness would not be difficult 

to deal with, but in the light of there being many simplifications 

inherent in this model it was felt that such a refinement would 

not greatly enhance the state of present knowledge. 

3.3 The Short-comings of the theory. 

Probably, one of the most serious oversights of the theory 

developed in chapter 2, was the neglect of any direct communication 

between the interfacial surface states and the metal. According 

to Card and Rhoderick (1972), the interfacial surface states tend 
0 to equilibrate with the metal when 6 -. 1 20A and consequently the 

direct communication between the surface states and the metal 

will be important. This omission will however, be rectified in 

the later chapters. In order to achieve this goal without 

introducing a single quasi-Fermi level for the interfacial surface 

states (see, for example Fonash 1975a), we will introduce the 

tunneling time constant. This will enable us to take full 

account of the influence the metal 
)s 

proximity has upon the inter- 

facial surface state population. The tunneling time constant is 

a function of both the interfacial surface state energy, although 

this turns out to be rather a weak dependence, and the interfacial 

layer thickness S. Physically, the tunneling time constant 

represents the average time a carrier, at some interfacial surface 

state energy, takes to tunnel through the interfacial layer. The 

two band model of the tunneling time constant mentioned in the 
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introduction will be developed. in chapter 4, and the revised 

interfacial surface state occupation model will be presented 

early in chapter 6. We would expect the interfacial surface 

state population to be strongly controlled by the metal Fermi 

level when the interfacial layer is extremely thin. Conversely 

for thick interfacial layers we would expect the population of 

the interfacial surface states to be controlled almost completely 

by the carriers at the interface x=o, in accordance with (2.4.19). 

The neglect of the attenuation of both the thermionic 

emission and the photo-generated current densities due to tunneling 

through the interfacial layer have caused both P em 
_ je ) 

s Ms. 

and JL to be overestimated in (2.5.24). Even though the tunneling 

barrier is approximately rectangular, thereby indicating that the 

W. K. B. approximation may in fact never be valid, it is commonly 

invoked to give some indication of the tunneling attenuation to 

be expected. 

We now turn to the assumptions regarding the potential drop 

across the bulk region, and the variation of the quasi-Fermi levels 

within the so called depletion layer. The potential drop across 

the bulk region may well be virtually insignificant for finite 

substrate thicknesses. Also, the electric field in the bulk 

region is usually assumed to be approximately constant. In fact 

the potential drop across the bulk region will be of the order 

L. J/ (enid volts, for an n-type substrate with J as the current 

densityg L as the thickness of the semi-conauctor re2ionp 

n as the electron concentration in the bulk region and Un as 

the electrons mobility. For small L and large n and Vn the 

potential drop across the bulk will be negligible when-compared 

with the potential drop across the so called depletion layer. 
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However, for an 'infinitel substrate thickness, the above relation 

would certainly predict an 'infinite' potential drop across the 

bulk region. To overcome this apparent absurdity we shall, when 

referring to an 'infinite' bulk region, mean that the bulk region 

is very much thicker than the depletion layer, such that near the 

back contact the electron and hole concentrations vary only vary 

slightly with position. Also, the bulk thickness L must be 

sufficiently low, so that the order of the potential drop across 

the bulk region LJ/(enpn) remains small compared with the potential 

drop across the depletion layer, and yet, the substrate must be of, 

sufficient thickness to ensure that nearly all of the 'useful 

radiation is absorbed in accordance with (2.5.22). In practice 

such a compromise is easily found. 

In all of our work we have assumed a constant doping profile. 

This essentially means that the majority carrier quasi-Fermi level 

in the bulk region remains approximately parallel to the band edge. 

The assumptions regarding the quasi-Fermi levels in the 'so called' 

depletion layer (see section 2.4) may not be completely valid, 

especially when the Schottky barrier is operating under illumination. 

In particular these assumptions are likely to become increasingly 

unreliable for the case of strong illumination, i. e., when drastic 

changes in the magnitudes of the electron and hole current densities 

occur over small distances close to the interface x=0 (Note 

that thegreater part of the radiation spectrum will usually be 

absorbed in the depletion layer in accordance with equation (2.5.17)). 

The theory previously developed in chapter 2 depends strongly 

on the depletion approximation: which assumes that all the free 

carriers are "stripped out" of the depletion layer by the high 
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electric*field present, so that the volume charge density is 

just eND (instead of e(p -n+N Dý) 
in the depletion layer, 

and zero (0 - e(p-n+ND)) in the bulk region. Apart from the 

obvious falseness of this assumption for the case of rwderate 

forward bias (where the carrier concentrations can often approach 

or sometimes even exceed the doping concentration NDi. e. inversion 

layer conditions), we shall, in due course show that the usual 

concept of the depletion layer edge leads to a contradiction. 

Therefore we will deduce that the volume charge density is non- 

zero everywhere in the semi-conducting region, except perhaps 

at an ohmic contact where the volume charge density may actually 

equal zero at one point x only. The last remark to be made 

before going on to discuss the volume charge density, is that in 

all of the above work we have-assumed that all the donor states 

are completely ionized. This assumption, among the others out- 

lined above, will be removed entirely within the context of the 

formalism developed later in chapters 5 and 6. 

3.4 The examination of the volume charge density within 

the semiconductor. 

In this section we shall examine the so called bulk region 

of the semiconductor when a total steady current density*J is 

f lowing. According to the depletion approximation, we shall set 

the volume charge density p (x) equal to zero everywhere in the 

bulk region, then by Poissons equation we deduce that the electric 
I 

field E in the bulk region is a constant with respect to position. 

Without loss of generality we shall restrict ourselves to the case 

of an n-type bulk region. For the minority carriers (holes in the 
I 

n-type bulk) we can rewrite the continuity equation as 
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P-Po x D d2'ý 
-uE 

ýZ 
+ aee-a 0, P dx2 P dx Tp 

by' using equations '(2.5.6), (2.2.8) and (2.5.17) for monochromatic 

radiation. The general solution of this equation is easily found 

to be 

(p - po) =A exp (Xlx) +B exp (X2x)- a 1ý exp(-ax) (3.4.2) 
fa2+ap 

p 
E/Dp-l/L2 

pI 

wit = 
jjpE XI ' X2 
2D p 

PE 
Dp 

+ 11 ? IR 
pi 

(3.4.3) 

Clearly the constants of integration A and B would be fixed by 

the usual boundary conditions at the ohmic contact, and at the 

edge of the depletion layer. Suppose that the ohmic contact 

occurs at position x=L and the edge of the depletion layer 

is at x w. We therefore write the boundary conditions as 

p=P0 at x=L, (This corresponds to an, infinite back wall 

surface recombination velocity). 

(2) p- po = p* at x=w, where p* is the excess concentration 

of holes at the edge of the depletion layer and will in 

general be a function of illumination and output Voltage. 

Application of these two boundary conditions yields for A 

and B, the expression 

A eX2L -eX2w p* + Ce -aw 

B) SXlw+X2 L) 
-SX2w+X, 

L) 
-e 

XIL 
-e 

XJW C. -aL 

with C 
I 

aO 

fa2 + alipE I) /D - =1 pLp 

(3.4.4) 
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As mentioned earlier (in section 3.3), we assume that L (the 

total thickness of the substrate) is large enough to allow the 

quasi-Fermi levels E 
Fn and E Fp to come together gradually as 

they approach the back surface (i. e. the ohmic contact), see 

figure 3.6. We may therefore take the slopes of the electron 

and hole quasi-Fermi levels to be equal to that of the band edge 

near the ohmic contact, by assuming a constant ionized doping 

profile. Hence the total current density J flowing through the 

device is given by 

J= e(n 0vn+ Pollp )E= aE, (3.4.5) 

where n0 and po are respectivelythe equilibrium electron and 

hole concentrations near the ohmic contact. For our purpose we 

shall assume that at an ohmic contact the carrier concentrations 

take their respective bulk equilibrium values, however see below. 

Further we may express the electric field E (Vm as 

i <o if the n-type S. B. S. C is delivering power. 
E= 

e(n u +p u-T 0 >o if the n-type S. B. S. C is absorbing power. 
(3.4.6) 

onop 

If a p-type substrate were used in the same configuration as 

that described for the n-type Schottky barrier solar cell, then 

the inequalities above would be reversed. 

The important basic assumptions made so far are that the 

donors are fully ionized, the electron and hole rmbilities 

On and ji p respectively ) are constant with respect to 

position, and the volume charge density is zero in the bulk 

region of the semiconductor. Firstly, the volume charge 

density p (x) having been set to zero gives 

p-n+N0 and 
ýn 

= 
ý2 (3.4.7) D dx dx 
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Figure 3.6 Diagram illustrating an ohmic contact to an n-type 

semiconductor. The edge of the depletion layer is 

at x=w while the ohmic contact is at x=L. 
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by the assumptioý of a conýtant and fully ionized doping profile. 

Se condly, application of equations (2.2.8) and (2.2.9) togetber 

with (3.4.7) gives the total current density J as 

Jme (D -D ýIM(x) pE + li (p +N)E (3.4.8) 
np dx pnD 

me (D -D) 
dp (x) 

+ pE (ii +v)-u ND E, XE 
1np 

dx pnn1 
EW, LI 

From equation (3.4.6)'we observe that, for some value J of 

the total current density, the electric field E is fixed, and 

furthermore E is held at this fixed value throughout the bulk 

region according to Poisson's equation 
dE 

=p (x), with PW-0. dx 

Substitution of (3.4.2) for the variation of the hole concentration 

with position in the bulk region, into equation (3.4.8) yields 

an expression for the total current density J in terms of the 

multipliers exp (X 
1 x), exp (X 

2 x) and exp (-ax). Now remembering that 

the total current density J must be independent of position x, 

and by also observing that the multipliers exp (X 
I x), exp (X 

2 X) 

and exp (-ax) are linearly independent as (Xl "2) ý a, 

then the coefficient of each multiplier must be zero. Thus we 

have 

(D 
n-Dp)+E 

(lin +II 
p)= 

(), 
ý 

(D 
n-Dp)+E 

(ii 
n 

+ii 
p)= 

and a (D -D)+E (ii 
n 

+v )= 
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for linear independence, when xe [w, L] . As E, pn and vp 

'are consta'nts with respect'to position we have found a contradiction. 

Therefore the original postulate was incorrect, and we deduce that 

the volume space charge density is not zero everywhere in the bulk 

region of the semiconductor. 

An ohmic contact is one which supplies a reservoir of carriers 

to enter the bulk material as needed. Usually the energy bands 

bend downwards at an ohmic contact to an n-type semi-conductor, 

and conversely they bend upwards at an ohmic contact to a p-type 

semi-conductor. The space charge so produced, in the vicinity 

of the ohmic contact, is of opposite sign to the space charge near 

the Schottky barrier. It is therefore clear that the volume 

charge density p (x) changes its sign as we move from one contact 

to another, or at least P (x) tends towards zero as the ohmic 

contact is approached from within the semiconductor, if we 

have the special case of no band bending near the ohmic contact. 

[This 
can be achieved theoretically by choosing a metal(for 

the ohmir. contact) whose work function is the same as the work 

function of the bulk semiconductor] The main properties of 

an ohmic contact(for the present discussion)are that (a) it can 

always supply more carriers than the bulk material can carry 

under given applied potential, and (b) it produces 

an insignificant amount of energy band bending in the vicinity 

of the ohmic contact. An ohmic contact, therefore, cannot give 

any photo-emission current because the number of carriers which 

the metal supplies to the semiconductor is already more than the 

material can carry, and no increase in the current density 

results if still more carriers are supplied by photoexcitation. 
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To sum up, we have found that the volume space charge density 

P (x) is not zero, everywhere in the bulk region of the S. B. S. C. 

To all intentsxvA purposes P(x) may be taken as zero only at the ohmic 

contact (of course a fuller treatment would certainly consider the 

accumulation region produced in the bulk semiconductor near the 

ohmic contact) if the accumulation region so produced is negligibly 

small. The formalism developed in chapters 5 and 6 use this 

assumption. The generalization of this more general formalism 

to consider the ohmic contact more precisely is a relatively- 

simple task, but in view of the complexity of this formalism, this 

effect has not been given serious attention. Again, it is 

emphasised that the conceptý of a depletion layer edge, based on 

the usual assumptions of a zero volume charge density pW in 

the bulk'region and non-zero P (x) in the region of tlýe Schottky 

barrier (depletion layer), turns out to be contradictory. Therefore 

the formalism of chapters 5, and 6 will not use any notion"of two 

distinct regions. The volume charge density will be allowed to 

vary continuously from zero to some positive value near the 

rectifying contact in case of an n-type Schottky barrier solar cell. 

Here we have outlined all of the major assumptions made 'so 

far. We have discussed their validity; some assumptions i. e. 

constant mobilities w. r. t. position, seem at first sight to be 

reasonable, while others such as the depletion approximation and 

the assumed quasi-Fermi levels of negligible slope within the 

so called depletion layer may not be so profound. To this end 

the formalism of chapters 5 and 6 will set out to give a description 

of the Schottky barrier solar cell without the need to appeal to 

any of these weakly founded assumptions. 
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rtTAPTT7. p 11 

THE INTERFACIAL SURFACE STATE TUNNEL TINE CONSTANT 

4.1 Introduction 

As mentioned before in Chapter 3, there is a serious defect in 

the already existing theory of Chapter 2. This was the neglect of 

any direct communication between the interfacial surface states and 

the metal. This oversight wi. 11 be corrected in Chapter 6, but first 

the concept'of a tunneling time must be introduced. Physically, the 

tunneling time constant represents the mean time a carrier (at some 

interfacial surface state energy) takes to tunnel through the insulating 

interfacial layer. With this tunneling time constant, we will, in 

Chapter 6, develop the theory of the statistics of the interfacial 

surface states to include the effects of direct communication between 

these surface states and the metal. Only in this way, can we take 

account of the effect the metals proximity has upon the interfacial surface 

state population, and the interfacial surface state recombination currents. 

Of course, there will be an extra current path, due to the' direct 

tunneling of carriers to and from the interfacial surface states. This 

will mean that the recombination rates involving the semiconductor's 

conduction and valence bands will no longer be equal in steady state 

situations, however see Chapter 6 below. 

The work of Lundstr6m and Svensson (19722) will be generaliked 

in this chapter, to deal with the two band problem. This generalisation 

is necessary to give the correct form of the tunneling time constant, 

for tunneling between the metal and interfacial surface states near the 
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valence band edge of the semiconductor. For an n-type Schottky barrier 

solar cell this would be very important because interfacial surface 

states near the valence band edge may carry part of the 'photo-generated 

current. The photo-generated holes would tend to build up in the semi- 

conductors valence band adjacent to the insulating interfacial layer, 

I 
consequently some of these holes will tunnel from the semiconductors 

valence band directly into the'metal, while the others will recombine 

at the surface states with either electrons from the semiconductor 
Is 

conduction band or electrons tunneling from the metal to the inter- 

facial surface states. The latter process represents an additional 

useful current path, while the recombination of the photogenerated holes 

with. electrons from the semiconductors conduction band, at the interfacial 

surface states, represents a loss mechanism. The above comments apply 

to an n-type Schottky barrier solar cell, similar statements may be 

made for a p-type Schottky barrier solar cell. 

Before going on to perform this generalization, some basic theory 

of semiconductor band structure, crystal momentum and effective masses 

is presented. The golden rule of transition probabilities is then established 

using perturbation theory. After this we will study the tunnelingof 

electrons between the conduction band of a metal and a trap (interfacial 

surface state) in the band gap of an insulator. The trap is characterised 

by a S-function potential in three dimensions. The direct tunneling 

probability for a metal conduction band electron to the ground state 

of a trap located at a distance 6 from the metal surface is derived 

using Bardeen's method (see for example Kane (1969)). Then on similar 

lines we will study the tunneling of holes between the conduction band 

of the metal and an interfacial surface state in the insulator. This 

trap is also characterised by a 6-function potential in 3-D at a distance 
I 
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6 from the metal surface. Eventually we will construct the expression 

for the net transition rate due to bothelectron and hole 'tunneling 

between the metal's conduction band and an interfacial surface state. 

This inmediately gives us an expression for the net tunneling time 

constant. Incidentally, it turns out that the net tunneling time constant 

has rather a weak dependence on the energy of the interfacial surface 

state. 

4.2 Band Structure , Crystal Momentum and Effective Mass. 

In a crystal lattice there exists a periodic potential due to the 

systematically arranged array of atomic sites. ' This periodic potential 

gives rise to bands of allowed and forbidden energies in a solid. The 

exact form of the Energy band En (k) curves depends in some detail 

on the actual three dimensional crystal structure (see for example 

Landsberg 1969). The appropriate wave function for an electron in a 

periodic potential is a Bloch function ýnk(-D: a plane wave e 
ik. r 

modulated by a periodic function u nk 
(r) with the periodicity of the 

crystal. The square of the amplitude of such a Bloch wave function is 

the same at points in the crystal separated by a lattice vector R. 

The wavefunction itself differs at two such points only by the appropriate 

phase, factor. Since the form of the Bloch function is not affected if 

k (the wave vector which is related to the energy and the momentum) is 

increased by a reciprocal lattice vector K, it is possible to describe 

all the energy bands within a basic ra nge of k values, called the 

basic, Brillouin zone. A state specified by some general wave vector 

k can be specified by a band nuTrber n' and the reduced wave vector lying 

in the basic Brillouin zone. Also it-is known that the function En (k) 

always has zero slope at the edges of the allowed bands. 

The crystal rwmentum 
U 

represents the rwtion of a perfectly free 

electron. As the energy of the electron in the crystal increases (the 



91. 

I 

particle thereby becoming more nearly "free") the values of k in 

general '(near the middle of the allowed band) approximate. those 

of the free particle momentum divided by to It is clear that these 

conclusions must hold no matter what form the periodic potential takes, 

see McKelvey (1966). To make the distinction between the actual 

qiomentum and the crystal momentum, we must note that due to the presence 

of the periodic lattice potential, the true instantaneous momentum of 

an electron is not a constant of the motion and is not directly calculable 

by the methods of quantum mechanics, except as an average value (in the 

form of the velocity of a Bloch electron). 

The time dependent, Bloch functions *nk (r, t) are obtained by 

multiplying the time independent ones ip 
nk 

(1: ) by a factor 

exp I- iEn (h)t/ as usual. Hence %k(j:, t) is given by 

ýnk e 
-iE n(h)t/t 

A wave packet ý(I, t) of Bloch functions(of a band n) with amplitude 

function a(h) can be used to represent a Bloch electron in the state 

(n, h). This wave packet may 
! 
be written as 

a (h) iP 
nk 

t) dk (4.2.2) 

where 0 represents the volume of the unit cell in the reciprocal 

lattice (or the basic Brillouin zone). In general the wave packet will 

have a strong maximum at some wave vector km say, so that we may 

expand En (t) as 

E (k) -E (k + E. VE...... (4.2.3) 
nmkn k=k 

m 
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where C-k-km. Now if we assume that u nk 
(r) 

- 
varies sufficiently 

slowly with k so that it can be taken out of the integral and by also 

assuming is small for all important k then *(r, t) is given 

by 

e (! 't) - Unk e 
m 

lpnk (4.2.4) 

where A is the wave packets amplitude and thus determines the group 

behaviour. The amplitude A varies more slbwly than ýnk (I't) 
-M 

and therefore the wave packet has constant amplitude at points r 

satisfying VkEn t/t = constant. 

Hence the group velocity is given by 

[V 
hE n(h)] 

Ik 

-M 

(4.2.5) 

We will associate this velocity with that of the Bloch electron. Therefore 

the velocity of a Bloch electron in the state (n, h) is given by 

. 
rl 

v 
nk 

VkEn (k) 

conduction band can be conveniently described in terms of the current 

associated with the electrons in that band. Thus the current density 

The electrical conductivity of a material with a partially filled 

obtained when a small voltage is applied is given by 

(4.2.6) 

neý-- -L I (4.2.7) 

where n is the electron concentration in the band, ; is the average 

i 
[E-VtE 

n(ý) k 
t/tl 'ý 

a (k) e -M J dk 

electron velocity, vi is the velocity of an electron labeled by a 

suffix i, and finally V is the volume of the crystal. 
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If, however, the band is nearly fullexcept for a few empty 

states -near the top of the allcwed band, the current density equation 

can then be expressed in another way 

1 '1 V. -. t t1 (4.2.8) vj Vk vk 
Vk 

k 

Here i represents the sum over all velocity statesoccupied by 

electrons, the sum over j represents the sum over all the velocity 

states in the band and the s= over k represents the sum over all 

unoccupied, velocity states. Owing to the symmetry of the En 

curves about the energy axis, we see that for every state of positive 

velocity'h-lVk En (k)corresponding to a point of positive slope, there 

exists a state corresponding to a negative velocity of equal magnitude 

(a point with negative slope). Therefore the sum vj , for all the 

velocity states in a band must be zero. It is possible to consider 

the conductivity in a nearly full band in terms of the motion of 

equivalent particles with a positive charge; these equivalent particles 

are called holes. A hole is associated with an unoccupied electronic 

state and must not, be confused with a vacancy, an empty atomic or ionic 

state. Hole energies are measured in an opposite sense to electron 

energies, because electrons and holes, having charges of equal magnitude 

but opposite in sign, are both subject to the same electrostatic 

potential in an allowed band. 

Figure 4.1 shows an energy band curve represented both on an 

electron energy scale En (h) with respect to an electron wave vector k 

and on a hole energy scale E h(h') with respect ot the hole wave vector 

k'. Let kI and kI be respectively the electron and hole wavevectors 

representing the state P. Then we have from Figure 4.1 
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Figure 4.1 Energy band curve represented both, on the electron 

energy scale En (h) with respect to the electron 

wave vector k, and on the hole energy scale E h 

with respect to the hole wave vector V. 
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En (hl) + Eh(h 1E n%) =EE, (constant) (4.2.9) 

and kk BA 

For the sake of simplicity we shall take a common k origin at A 

(see figure 4.1), so that we may write kk 

Now following Landsberg (1969) we may write the tensorial effective 

mass as 

(. 1) nk 
. 

t-2 32En (h) 

9 M 1ý A 9k ij i 
(4.2.10) 

1 

which when used in conjunction with the expression for the acceleration 

a nk 
in terms of the accelerating force F, shows that, the acceleration 

is not always parallel to the applied force. The acceleration a nk 
is given in component form by 

3 nk 
(8nk) 

IjI ij 
(4.2.11) 

The tensorial effective mass of an electron at the state P is given 

by 

(il 32 nh 
. 

t-2 E 
n(ý) (4'. 2.12) 3k @k 

ij 11 

and the tensorial effective mass of a hole in the state P *is given by 

12 nk 
t2 

aE 
h(h') 

ijI 3k 3k 1 
(4.2.13) 

j 

Using equations (4.2.12) and (4.2.13) in conjunction with (4.2.9), we 

observe that the effective mass of an electron in some state P, is 

the negative of the effective mass of a hole, if this hole were present 

at the state P instead of the electron. 
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We will now examine the velocities of electrons and holes 

when they occupy the state P in turn. To do this, suppose that 

an electric field E is imposed, then for an electron in the state 

P the force F is equal to - JeJE which implies that the 

acceleration of the electron is given by 

3k n 
lel I Ej (4.2.14) 

hir. 1. i=l ij 

Similarly for a hole occupying the state P, the force F is equal 

to JeJE which then implies that the acceleration of the hole is. 

exactly equal to that of the electron because, as mentioned before, 

the effective mass of a hole af the state P is the negative of the 

electron's effective mass at the same state P. The velocity of an 

electron Vnk (n ý-lVk 
E 

n(h)) 
in the state (n, h) is clearly the same 

as that for a hole vh, in the same state (n, t i. e. nk 

hI 
8= 

TI-1 V1E Vk E=V- (4.2.15) Vnk khn (ý) 
nk 

Therefore the current due to a band with a single unoccupied state P 

must be the negative of the current due to a band with a single occupied 

state 

Suppose that we have a band maximum B at k0, figure 4.1 

may be used if one imagines the energy axes translated to position A, 

then assuming spherical surfaces of constant energy in k-space near 

k the electron band energy is given by 

22 
EnEn (k 

o+2 0) 
(4.2.16) 

where m3<0 is the scalar effective mass of an electron near a band 

maximum. The electron velocity near an electron band maximum B would 

then be given by 
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IVE 'L 
(k -k (4.2.17) llnk Tknm0 

which gives the Bloch electron momentum as 
t(h 

- to). Similarly the 

hole momentum may be found as E(Lc' 
0 

)) near a hole band 

minimum B (see Figure 4.1). Remembering now that the wave vector 

kI for a hole state must be the negative of the k of the missing 

electron state, we deduce that the hole momentum near the point B 

is h(ho - h). Therefore the momentum of a hole is the negative of 

the missing electron's momentum in the state near the electron band 

maximum. Note that the crystal momentum is just tk. 

4.3 The Golden Rule of Transition Probabilities 

The Golden rule of transition probabilities is a very well known 

result, its derivation has been presented to clarify the exposition. In 

this section time dependent perturbation theory will be used to determine: 

the transition probability per unit time. We assume that the Hamiltonian 

of the system can be written in the form H=H0+ H' , where H' 

represents a perturbing term which is small compared with H0. H' does 

not contain the time explicitly. H0 is the unperturbed Hamiltonian 

with eigen values En and normalised eigen functions ýn I' therefore 

we have 

H0n '-- En% 

The solution ý of the actual Schrodinger equation: 

it 21 (4.3.2) at -H (Ho + H')ý 9 

can be written as a series of the eigen functions of H0 because the 

eigen functions ýn form a complete orthonormal set. So we may write 

the wave function ý in the following form 
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-iE t/k 
bn (t) 'Pn e (4.3.3) 

where bn (t) has the physical significance that if we measure the 

energy of the unperturbed system at time t, the probability of 

finding the eigen value En is given by lb 
n 

(t)12 Note that 

for this purpose it is necessary to switch off the purturbation 

HI at the time t. By substituting the expression for the wave 

function equation (4.3. 
-3), 

into the Schrodinger equation 

(4.3.2) we have 

-iE t/h -iE t/t (ýr 
Erbr ýr eI (H 

0+ 
H') Ibsse 

rtS 

-iE t/h i -iE t/t 
Esbs ýs e+HbSse. (4.3.4) 

s 

this therefore reduces to give 

ijý lpr e 
-iR r tA 

=-j' H' bs lPs e- 
ig 

s t/t (4.3.5) 
st 

iE 
n 

t/h 
Pre-multiplying equation (4.3.5) by ý* e and by integrating 

n 

over all of real space, we obtain for ý 
n(t) 

t; (t) =Ib H' e 
-i (ES-E 

n (4.3.6) 
nss ns 

where 

HHd3r (4.3.7) 
ns ns 

all space 

We require a solution of equation (4.3.6) subject to specific 

initial conditions at the time 't = 0. It is convenient to choose 
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these initial conditions such that, at time t=0, the system is 

found in a definite unperturbed state E say. Therefore, by the 
0 

(t)12 remarks made earlier about the probability lb 
n we see that, 

at time t- 

bn (0) - 0, for all n except n0 in which case bn (0) = 1. (4.3.8) 
0 

This simply indicates that the probability of finding the initial 

system in an unperturbed state En (0 En) is zero, while the probability 
0 

of finding the initial system in the state En is unity. 
0 

Owing to the perturbation H' (which will be switched on at time 

t- 0) transitions to other states n take place, and after a time 

t the probability that a transition to a state En has occurred is 

equal to lb 
n 

(t)12 . If, however, H' is small when compared to H0 

and if we choose the time t to be not too long, then the transition 

probabilities are also likely to be small. This enables us to deduce 

an approximate solution to equation (4.3.6). For a small perturbing 

time t, equations (4.3.8) will approximately hold true. Now by 

substituting (4.3.8) into equation (4.3.6) one finds that 
;n (t) is 

given by 
I 

H 
n nno 

-E )t/h 
e-i 

(En 
0n 

n 
(4.3.9) 

which when integrated subject to the boundary conditions (4.3.8) yields: 

b (t) ,IHIe 
-i(E n0-E 

dtlý 
_ 11 n0n. (4.3.10) 

n. n0 
nE-E nn 0 

and 

n 
Jilýo n0t 

0 
(4.3.11) 

Therefore the probability of finding the state En at time t is 
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given by 

H, ' 
2 

lb 12=2n 'n. (1 - cos((E -E (4.3.12) 
nE-nn nn0 0 

Although we only require the direct transLýCay-- probability from the 

initial state to the final state, we shall, for the sake of completeness 

examine transitions via intermediate states. 

In many cases the matrix elements HI for the transition 
nn 0 

from an initial state n to a final state n vanish. If this is the 

case then the method of approximation has to be refined. We shall assume 

the existance of intermediate states n' for which H' as well 
, nn 

as Hnt 
no 

are different from zero. Using a slightly 

irgroved approximation to the one used earlier, we shall again use 

equations (4.3.8) to a more limited extent. On the R. H. S. of equation 

(4.3.6) we equate to zero all bm (t) except for bni and bn 
0 

Again bn will be equated to unity. 
0 

If the perturbing time t is small then by using equation (4.3.6) 

(t) and 
ý 

i(t) are given by 
nn 

it;, =He 

-i(E n0-E n')t/t 
(4.3.13) 

n n1n 0 

and n "-- I H' Ib e-i 
(E 

nEn (4.3.14) 
nt nn n 

After a little manipulation bn (t) is given by 

HH 
i(E 

n-E -i(E E 
nnnn0nn 0ee 

EEEEEE 
n0nn0nnn 

(4.3.15) 
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The probability of a transition from the initial state n0 to a 

final state n, via some intermediate states n' , is given by 

lb 
n(t) 

12.21H' 12 
2 

(1 - cos (E 
n-En 

)tA+ te=s containing (E 
n I-E 

(E 
n-E n) 0 

0 

HHII 

with IH II-10 (4.3.16) 
1nEn0EnI 

We shall assume that in the neighbourhood of the final state n there 

are a large number of states with the same physical properties, and 
[dN 

that Uj dE represents the number of these states with energies between 

E and E+ dE. The perturbation term of the Hamiltonian H' will in 

general depend only on the physical properties of the final state. 

However, we are not interested in finding the probability that the system 

is in only one state n, after a time t, but rather in any one of 

these unperturbed states. This probability is obtained from the product 

of equation (4.3.12) for direct transitions, or (4.3.16) for transitions 
(dNI 

involving intermediate states, with the number of states rd-EidE within 

the energy range (E E+ dE) and finally integrating over a small 

energy interval AE Because of the assumed large number of states, 

with the same physical properties, in the neighbourhood of the final 

state we shall approximate the descrete spectrum of states by a 

continuum.. We therefore make the identifications that En will be 

represented by E, while En will be represented by Eo. Thus the 
0 

probability of finding the system in any one of the unperturbed states, 

after a perturbation time t, will be given by integrals of the form 

cos (Eo - E) 
f (E) 

2 (4.3.17) 
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1- cos(E o'_ 
E)t/*k. 

In order to proceed we shall interpret -2 

I 
(Eo - E), 

which has a strong maximum at E Eo , as a 6-function. To this end, 

put x- (E -E0 Wk and examine the integral given-by 

CO W 

cos (E 
0- 

E) t/ii 
dE 

t1- cosx dx IT (4.3.18) 
(E 

0- 
E) 2 fi 

-w 
x2 

here elementary complex integration techniques have been employed to 

evaluate the second integral. So, having introduced the 6-function 

in place of -1- 
cos(E 0-2 

E)t/Fi 
expression (4.3.17) reduces to 

(Eo - E) 

t Tr f (E 
0) 

/t (4.3.19) 

The probability is appreciable only when the energy of the final state 

is equal to the energy of the initial state. Thus if t is not too 

long, the transition probability is proportional to t We can 

therefore define a transition probability per unit time pE, which 
0 

according to equations (4.3.12), (4.3.15) and (4.3.19) is given by 

12 
(dN) 27r (dN) 2 lb rdEj dE = IH' (E (4.3.20) PE 

0n 
rdE jE0 

AE 0 

where HI (E H' if a direct transition from n to n is 
0n no 0 

possible, 

n n' no or H '(E 
0 

if the transition-occurs only by 

0 passing through the intermediate states 

n 

In the next section we shall develop the theory of electron and 

hole tunneling from the metal to traps at the interfacial layer/semi- 

conductor interface. For this purpose we shall only consider direct 
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transitions between a state in the metal and the ground state 

of a trap located at a distance 6 from the metal surface. For 

a direct transition between an initial state n and a final 
0 

state n the matrix element H' (i. e. the matrix element for 
n no 

a tunnel transition) can be written (see, for example Kane 1969) 

as 

H'(E HI*Hd3r 
0nn0nn0 

All space 

* (H E)ýd3r ýn 
nn 00 

All space 

(4.3.21) 

where H-H0+ H' and HOV. 
n=E nýn 

have been used. Therefore the 

transition probability per unit time is given by 

2 

p 
21T (dNI 

(H -E) Ip d3r (4.3.22) 
E0f [7dE)E nn0n0 

All space 

This result is known as the golden rule of transition probabilities. 

is Planck's constant divided by 2Tr and 
(dN) 

represents the density rd IE )E 

of states at the energy E00 

4.4 Tunneline to interfacial surface states. 

At the interfacial layer/semiconductor boundary of a Schottky 

barrier type structure, there may exist one or more trap energy levels 

(interfacial surface states). A direct injection of charged carriers 

from the metal to the interfacial surface states may also occur. The 

purpose of this section istfirstly to investigate the tunneling of 
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electrons between the metal and the interfacial trap states, at 

a distance 6 from the metal surface (see figure 4.2a), and then 

secondly, to investigate the tunneling of holes between the metal 

and the interfacial surface states. At this stage we will construct 

the net tunneling time constant. Here, we have derived the tunneling 

time constant from first principals, without introducing phenomenological 

surface state tunneling capture cross sections as proposed by Freeman 

and Dahlke'1970. 

The tunneling of electrons between the conduction band of a 

metal and a trap in an insulator will now be studied. As mentioned 

earlierlthe trap is characterised by a 6-function potential in three 

dimensions. The direct tunneling probability'of a metal conduction 

band electron to the ground state of a trap located at a distance 6 

from the metal is derived following Lundstrom and Svensson (1972). 

Figure 4.2a illustrates the potential energy diagram appropriate to the 

electron tunneling problem. The matrix element for a tunnel transition, 

CILTL-QYýS O'f VC" 
( 

S-Q -Q- 
VCOX-e- 

YACk 

all space 

**dr (4.4.1) 

where H is the correct Hamiltonian and E is the energy of the 

electron in the metal. The wave functions and ý)r characterise 

an electron, of energy Ek (measured from the bottom of the metaýs 

conduction band on the electron energy scale), in the 

metal and a trapped electron respectively. ip, and iý 
r are calculated 

using the two approximate potential energy diagrams (figures 4.2(b) and 

(c)). Thus in determining ý, we neglect the presence of the 6-function 
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trap, and similarly in determining ýr we neglect the presence of 

, phe metal, Now, (II -E )ýX is zero everywhere except at the 
IZ 

6-function potential. Therefore the matrix element for a tunnel 

transition is given by 

H'. t = r 

all space 

d3r (4.4.2) 

where V6 is the strength of the 6-function potential. In order 

that we may evaluate the matrix element (4.4.2), we first need to 

find expressions for the metal and trap wave functions. The time indepen- 

dent Schrodinger equation in the metal is, using figure 4.2b, given by 

(H -E) ý2 =-t, v2_ Etj ýq =0 (4.4.3) P. 2m 91 

where m. is the effective mass of an electron in the metal. Therefore 

the electron wave function in the metal is given by 

ý, (r) =A exp(i kx+ikY+ik z) +B exp(-i kx+ikY+ik z) , yZxyZ 

(4.4.4) 
2222 

with x iC, -6 and kx+ky+ kz =2mzEA. The first term 

of (4.4.4) represents the wave incident to the insulating layer 

x while the second term represents the wave reflected from the 

insulating layer. Because the reflection occurs only in the x-direction, 

the components of the wave vector in the y and z directions remain 

the same. 
I The wave function of an electron in the insulators forbidden 

I energy gap is, using fig. 4.2b, given by the solution to Schrodingers 

equation 
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t2 
E ýjt --Iv2 (E 01 lpt (4.4.5) t 2m 

r 

I 
where mr is the effective mass of an electron in the insulators 

forbidden energy gap, and ý is the height of the electron potential 

barrier between the metal and the insulator. Thus the electron's 
I 

wave function in the insulating layers forbidden region is given 

by 

ik 
y Y+ ikzz-H1 (x + 6) 

CL , with (4.4.6) 

where we have neglected the presence of the trap according to figure 

4.2b, and HI is given by 

2222 2m 
'14 +ky+kz with -SA h2 

Ek (4.4.7) 

in this case represents the "transmitted" wave function(in the 

insulating region there is no reflected wave). Again no potential 

barrier was present in either the y or z directions, so the 

components of the wave vector in the y and z directions remain 

unaltered. Equivalently, the components of the wave vector in the 

y and z directions are seen to remain unaltered due to the fact 

that 
91 

and axe all continuous at x 6. Also, Tx- -Y 3z 
the metal wavefunction ýt is continuous at x These boundary 

conditions enable us to find two relations between the constants of 

integration A, B and C in equations (4.4.4) and (4.4.6). The wave 

function lpt must be normalised to fix the remaining constant of 

integration, thus 

333 1drdr+ ýz 4)t dr 

All space Metal Insulator 

(4.4.8) 
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This expression represents the sum of the probabilities that the 

ielectron; is, in, (a) the metal and, (b) in the insulating layer. 

Because the probability of the electron being in the insulating 

layer is small, we shall normalise the metal wave function as 

follows. 

I "k., V* ýX d3E, ". (A*A + B*B) d3r 01 (4.4.9) 

Metal Metal 

where the neglected terms in this expansion, being harmonic, give a 

small contribution to the total integral. Using the relations between 

the constants of integration in conjunction with (4.4.9), ICI is given 

by 

Icl 
2kx2C 3/2 

H12+kx2 

where L3 -is the volume of the metal. Therefore the metal wave function 

for an electron(from the metal) in the forbidden energy gap of the 

insulator, is given by 

2 ký 2"1 
ý. t = 

12 

2x2 exp I ik 
yy+ 

ik 
zz-H1 

(x +6j (4.4.10) 
H+kx 

or x ý; -6. 

The trap electron wave function is calulated by ignoring the 
C 
A 

presence of the metal (see figure 4.2c). Then in the insulator, with 

r00, the Schrodinger equation is given in its spherically symmetric 

form by 

. h2 1d 
(r 2ý 

ýr I -mr -2 7r dýr/dd + 
rýr r 
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where Er is the energy of the electron in the insulator. In fact, 

, following the discussion of section 4.3, we shall take Er equal 

to E Y" Thus signifying that tunneling is appreciable only when the 

energy of the initial state equals the energy of the final state 

(i. e. direct tunneling at constant energy). Now, equation (4.4.11) 

may be rewritten as 

d2 ýr 2 dý 
r2 

dr 2r dr -S4 lýr with -ýk as given in (4.4.7). 

I Because the electron is in the insulators forbidden energy gap, the 

electron wave function must decay as we move away from the 6-function 

trap. Therefore ip r 
tends towards zero as r tends towards infinity. 

A solution to the above differential equation with its boundary condition 

gives the result that 

-S( r 

'Pr Der 

The constant D is determined by the normalization of 

d31. Therefore the trap electron wave function 
r 

ýr 

All space 

is given by 

I 
exp (-H r) 

lpr 21j r- 
(4.4.12) 

We note that although ýr as r -> 0, we have a limited 

probability density 41T r2 for all r r 
ýr 

For a spherical system we put d 3r 
=r2 sin6 dO dý dr and further- 

more if the system is spherically symmetric d3r may be replaced by 
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47r r2 dr and then the integration may'be performed over the r 

'coordinate instead of all space coordinates. 

The strength of the 6-function potential is obtained from the 

Schrodinger equation. Multiplying the spherically symmetric Schrodinger 

equation by 47T r2 we obtain 

t2 
2 

21d #r] 
+ V6 2 47T rr+6 (r 4Tr rE (4.4.13) Tm- -2 Tr- dr rýr 

rr 

We shall integrate this equation between r-0 and. r=c and then 

let C tend towards zero. Before we proceed, a few important properties 

will be introduced. The dirac 6-function 6(r) , in spherical coordinates, 

is defined by 

r-o 

d3r= 47T r26 (r) dr. (4.4.14) 

All space r=O 

Also, if we consider a three-dimensional square potential well with a 

radius a and a depth V, as representing the 6-function trap, when 

a -> 0, then following Merzbacher 1961, we would find that the ground 

state wave function inside the well is approximately given by sin(kr)/r. 

Hence we shall assume that, for the trap electron wave function 1P 
rr2 

dý 
r' 

r 

. 0. Now returning to the derivation of the 6-function 
dr 

J, 0 

potentiaA strength we have 

cc 
t2 41T d2# dr +'47T r2E )ý dr +V (4.4.15) 2m dr 

(r -j-rr) rr 
ýr(o) ý0 

00 
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by integrating equation (4.4.13) between r=0 and r=C. Using 

equatiqn, (4.4.12) for the trap electron wavefunction together with 

the three-dimensional square well representation of the 6-function 

potential, and taking the limit as c tends towards zero, V6 is 

then given by 

v 
fil 

. 47r 1 im =- 
k2 

(4.4.16) 6 ýr(0) m 2mr 
E-o dr 

Ir=C 

mr 

The modulus squared of the matrix element for an electron tunnel 

transition H' using equations (4.4.2), (4.4.10) and (4.4.16), is 
rk ' 

given by 

H' *vd3rd3r 
rZ12 r6 

*k ýk V6 

All space All space 

2 
47r V kx 

exp (-2 H 6) (4.4.17) 
mr2L3'H12+kx21 

Eventually, we will apply the golden rule of transition probabilities 

to this electron tunneling problem, but first we must find the density 

of states in the metal, at an energy E, . with longitudinal wave 

vector components kx 

It is a well known fact that there are 2 states (allowing for 

spin)in a volume 
27r 3 

of k space, see for example Landsberg (1969). 
(4) 

Therefore the density of states per unit volume of k space is 2N2d 
3ý 

Hence the number of states in an element d3k of k-space is given by 

33d3.2 
3d 3p 

2dk-2 
21T) 

3-= 
2L 

ý127r) ( L2T 
r' 

h3 
(4.4.18) 
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2 
This gives 73 dR as the number of states having momenta within 

"I'the range (p,. 2 + d]2) , in unit volume of the metal. Let be dE 
E 

the density of states at an energy EX with transverse momenta of 
222 

constant magnitude k where k 11 -ky+kz. Therefore 

the number of states at constant k 11 
in the energy range (E, E+ dE) 

is given by 

dN 33 f2m 
zE2 

TET . dE =2 
(12 

IT) 
2Tr k 11 dk 11 dk 

x= 
47T 

( L27 
Tr) k 11 dk 11 dI-, -) k 11 t Ti- 

2Tr m, 3 
dk 

2 
dE il 

k 

(L277) 
11 

x 

(4.4.19) 

22 jt2 where the relation kx+k Il `2 mE I has been used. The density 

of states in the metal, with an energy of Ez and with transverse 

momenta of constant magnitudel 
tk 

11 
1, is therefore given by 

dN 27r 
-j-E = +2 

IE 

't 
Ik 

3dk2 

217 F) 11 , (4.4.20) 

Generally speaking k <<'54 (this is usually observed from 

k22 
2m 91 E 21 

< 

11M 
r E, )) and so we can expand.. the argument 

ý11 1ý X 11,11 ý =ý < 
t2 

of the exponential factor in equation (4.4.17) as 

22 
22k1k 11 

.... 2H 6= 26 ("R +k 1) 26 R1+51 'R; 26 '. 3k 1+ (4.4.21) 11 211 2 
2)( 

For a direct transition, the golden rule of transition probabilities 

gives the probability per unit time that an electron of energy Ez with 

constant k vC2 +k2 tunnels from the metal to the trap. Hence I 
xy z, 

the total probability Fe per unit time of-electron tunneling at the 

energy Ep is obtained integrating over ý11 the allowed values of kll 
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(magnitude of the transverse wave vector), and is given by 

k 
02 A m., -k 2.2 2 11 

pe (k kekdk 
e2 21 20 

k 11'0 
r0 

(4.4.22) 

I 

where equations (4.3.22), (4.4.7), (4.4.17), (4.4.20) and (4.4.21) have been 

2 2m,, E, 22222,2 
used together with k. k+k and H+k+k 

0 t2 11 x1x0 1 
After a little manipulation the probability P per unit time of electron e 
tunneling may be written as 

2ý m2 ko/6 I, 6k 211 

p- -= 2 exp 2'1(6) 1 JA ID0 (4.4.23) 
emr +k 02 

[6 
k 

02J 

where D(x) is Dawýons integral, which is given by 

x 
2 

(x) - e-x e 
t2 dt (4.4.24) 

The electron tunneling time constant Te may now . be deduced from 

equation (4.4.23). It is given by T-, and can be written e= 
I'Pe 

in the fom 

Te=T 
oe exp (27tý( 6) 11 (4.4.25) 

where 

m22+k2 
Tr0 (4.4.26) 

oe -rim 
k2k2D [(6k 2/ 

000 

This expression for the tunneling time constant is alright as far 

as it goes, but when dealing with an n-type Schottky barrier solar cell 

it will be necessary to allow for a spectrum of interfacial trap states. 
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Expression (4.4.25) however, does have a serious drawback. At the 

interfacial trap states near the valence band edge of the semiconductor, 

the tunneling time constant as predicted by equation (4.4.25) fails to 

allow sufficient communication between these states, of low electronic 

energy, and the metal. This would therefore result in the loss of a 

useful current path in the case of the n-type Schottky barrier solar 

cell, and would also cause the interfacial surface state population to 

be less strongly controlled by the metal Fermi level. It is for these 

reasons, that the tunneling (mathematically) of a hole from the metal 

to an interfacial surface state is considered. In this, we shall 

determine the tunneling time constant for holes communicating between 

the metal and the 6-function trap state. 

The direct tunneling probability of a metal conduction band hole 

to the ground state of a trap located at a distance 6 from the metal 

is derived. Figure 4.3a illustrates the appropriate potential energy 

diagram for this problem. The matrix element for a hole tunnel transition, 

from (4.3.21), is given by 

H oh h* (H -Ehd3r (4.4.27) 
rk rhP. - 

all space 

where H is the correct Hamiltonian, and Eh is the energy of the 

hole on the hole energy scale. iP 
h 

and ýh represent the wave-functions kr 

of a hole in the conduction band of the metal and a trapped hole 

respectively. They are calculated using the potential energy diagrams 

detailed in figures 4.3 (b) and (c). Thus as before, in the electron 

tunneling problem, we neglect the presence of the 6-function trap when 

calculating the wave function in the metal and correspondingly we 

neglect the presence of the metal when determining the hole trap wave- 
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function. The matrix element for a hole tunnel transition HI h from 
rZ I 

(4.3.21), is given by 

Hh 
h* 

Vhhd3r (4.4.28) 
rX r6Y, 

all space 
h because (H -E hN .0 everywhere except at the 6-function potential, 

whose strength is denoted by Vh 6 

The hole wave function in the metal will now be determined. It 

will be assumed that the hole is near a hole band maximum (i. e. near 

an electron band minimum)in the metal. Then the wave function of a 

hole near a hole band maximum would be given by the solution to ýk-Q- 

Schrodinger equation 

h=Eh (4.4.29) kh ýP, 

Suppose we have a hole band maximum at k' =0 (this is ensured if 

we redfine the k' origin to be at A in figure 4.1, however see 

section 4.2), then assuming spherical surfaces of constant energy in 

kI -space near k' = 0, the hole band energy is given by 

Eh (k E h(2) +2 
h2 

hk 
'2 

(4.4.30) 
Ult 

h. 
where mt is the effective mass of a hole near the hole band maximum at 

the hole energy level Eh (see figure 4.3a). If the hole energy 

Eh (= Eh (h')) corresponds to the same energy level as Ek (the electron 

energy) then we see from equation (4.2.12) and (4.2.13), that 
h 

mz .- mz "0- 

Now by equation (4.2.9) and by using the identification k' =-k 

(i. e. the hole wavevector is the negative of the electron wave vector)f 

together with the fact that En (h) is periodic in the reciprocal latticey 

we have ýh given by 
.z 
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k2 2hh 

. 2m, 
(_ '-V) ýt = [Eh (ý') -Eh (2)] 9. p 

[E 
h-Eh 

(0)1 1p91 

(4.4.31) 

where the Wannier theorem (see Landsberg 1969) has been applied. 

Therefore the wave function for holes with wave vector k near the 

hole band maximum is given by 

+ik'x + ik'y + ik Iz -ik Ix+ ik Iy+kIz 

IP 
h=Aexyz+Bexyz (4.4.32), 
k 

Qt2 12 
2m z 2m. E. 

where +k+k [E (0) -E +2 
> 0. Now by 

xyzVh hl] 
I 

making the identification k' =-k once again, we see that the wave 

function for holes at wave vector k is the same as the electron wave 

function at the electron wave vector -k. Thus equation (4.4.32) may 

be re-written as 

h=Ae -ik xx- 
ik 

yy- 
ik 

zz+Be 
+ik 

xx- 
ik 

yy- 
ik 

zz (4.4.33) 
k 

with x <, A and B are the constants of integration. 

I 
The wave function representing a hole in the insulators forbidden 

energy gap is, using figure 4.3b, given by the solution of 

11 +2 2 
17 

ýh 
2m 

h' 
(E 

h- 
ýh] z (4.4.34) 

r 

which gives ip 
h for x >, as z 

h 
=C exp (- H (x + ikyy - ikzz) k1 

with R2 -k2_k2 
2m 

rhE2 (4.4.35) 1yz t2 h h) Iýi 9 

where mrh is the effective mass of a hole in the insulators forbidden 
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energy gap, and % is the hole potential barrier between the metal 

and the insulator. Here, the presence of the trap has been neglected 

according to figure 4.3(b). After the application of boundary conditions 

similar to those used in the electron tunnel time problem) and by using 

the same assumptions and techniques developed for the normalisation of 

the metal wave function, the wave-function of a hole at an energy Eh 

(on the. hole energy scale) in the insulators forbidden band is given by 

h -3 /2 
,-2kx2 

ý91 =L2 exp 1 ik 
yy- 

ik 
Zz-H1 

(x +6 51 
9 (4.4.36) 

or x ý, - 6. 

The hole trap wave function ýrh is found in an analogous way to 

that used for the determination of the electron wave-function. This wave- 

function is calculated by ignoring the presence of the metal (see figure 

4.3(c)). Thus in the insulator, with rý0, the appropriate spherically 

symmetric Schrodinger equation is given by 

t2 
r 

oh 1dr2 ZI 4)h -E ýh (4.4.37) 
2m hr2 dr dr + ýh 

rhr 
r 

Therefore the hole trap wave function for rj0 is given as 

h= (': q/2Tr) II 
exp r) (4.4.38) 

rr 

Also the strength of the hole 6-function potential is found, using 

assumptions analogous to those of the electron tunneling problem, to be 

given by 

hh (0) =- 
ri 2 

/m h (2 iT5)1 (4.4.39) 6r1 

The modulus squared of the matrix element for a hole tunnel transition 
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is, from (4.4.28), (4.4.36) and (4.4.39), given by 

H th 
2 

ýh* Vh6 ýh, 6(1: )d 3r 
r 

all space space 

47r t4 kx2 

h2 
L3T, 

2k -f exp 2H1 6) 

rIx 

3 
where L is the volume of the metal. 

v h* h 6(1: )d 3r 
6r 

p (4.4.40) 

At this point we shall make a few remarks about the metal 
)s density 

of states function N. ) 
which was introduced earlier in this section. 

(NE 

The density of states at hole energy Eh in the metallnear a hole band 

maximum, is obviously exactly equal to the density of states at an 

electron energy Ek near an electron band minimum, provided that the 

energies Ek and Eh refer to the same energy level. From figure 

4.1 and equation (4.2.9) with En (hl) = E2, ,E h(ý 1) =Eh and 

Eh (k 
A= 0) =Eh (0), one observes that if Ez+EhýEh (0) then Ek 

and Eh refer to the same energy level. Therefore from equation (4.4.20), 

the density of states in the metal with a hole energy Eh (near the hole 

band maximum)g and with transverse momenta of constant magnitudel 
tk 

111) 

is 

dN dN 
2TrM 

zT3dk2 
(4.4.41) 

dE 

IE 

dE 

IE 

-h 
2k 

(i2Tr) 

11 

where (dN/dE) IE 
h 

represents the density of states measured on the hole 

energy scale, while (dN/dE) IE represents the density of states on the 

electronic energy scale. Here, m. is the electron effective mass in 

the metal near the electron band minimum, with kx as the component 

of the electrons wave vector in the x-direction. Thus kx and k 
11 

are given by the relations 

-h 
energy scale, while (dN/dE) IE represents the density of states on the 

1z 
electronic energy scale. Here, m. is the electron effective mass in 

the metal near the electron band minimum, with kx as the component 
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22 2m zEz 2m 1222 
kx+k 11 h2 h2 

(E 
hEh) and k 11 =ky+kz 

(4.4.42) 

It is perhaps worthwhile mentioning that the density of states 

in the metal, given by equation (4.4.41), has been obtained in this 

form to facilitate the use of the golden rule of transition probabilities. 

For a constant k 11 and E. say, the electron wave vector in the 

2c--direction will be fixed by equation (4.4.42), also the expressions 

for the squares of the moduli of the matrix elements H' and H'h 
ry, rp. 

(see equations (4.4.17) and (4.4.40)) will be fixed. If we use the 

density of states function given by (4.4.41) together with the golden 

rule of transition probabilities (4.3.22), then we can find the 

transition probability per unit time for holes at an electron energy 

Ez with transverse momenta of constant magnitude Ih kill. The total 

hole transition probability Ph per unit time is then obtained by 

integrating over all allowed values of k ll* 

Before we proceed to find Ph' the hole transition probability 

per unit time, we expand the argument of the exponential factor in 

equation (4.4.40) as 

2 
2 2 26: Tt (1 +k 'v 261+ (4.4.43) 2) 

where we have used equations(4.4.35), (4.4.42) together with the fact 

that, generally speaking kl, << 

For a direct transition, the golden rule of transition probabilities 

gives the probability per unit time that a hole of energy Eh on the 

hole energy scale (this is equivalent to an energy of Ez on the electron 

energy scale), with constant I kill tunnels to the trap from the metal. 

Hence the total probability P per unit time of hole tunneling(at the h 
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energy E h) 
is obtained by integrating over all the allowed values 

of kl, 
, 
and is given by 

k 
0A 

p 
lut 

h h2 k2 
k 11 =0 r 

-§i 
0 

-k 
2 61-5 

(k 2_k2e 11 k dk 
0 11 11 ill 

(4.4.44) 

where equations (4.3.22), (4.4.35), (4.4.40), (4.4.41) and (4.4.43) have 

been used together with the definition k2 :- 2m,, E. A2 
=k2+k2 0 11 x 

After some manipulation the probability Ph of hole tunneling may be 

writen as 

A2k '6ko2 
00 F exp (-214 6) -1 D h22k2 f4 

0 mr +k 00 

where D(x) is as given in equation (4.4.24). 

(4.4.45) 

The hole tunneling time constant T h, can now be deduced. It is 

given by Th': 
1/p 

h, and c an be written in the form 

Th z- T oh exp (2-R6) , (4.4.46) 

where h2 2k22 
r 2)1 13 (4.4.47) T oh 2r, m. 2k 

It'should be mentioned that the transition rates (transition 

probabilities per unit time) have been calculated on the assumptions 

that the states in the metal were fully occupied whilst obtaining the 

expression (4.4.23) for pe, and completely unoccupied whilst obtaining 

the expression (4.4.45) for Ph' We will now construct the net tunnel 

time constant for communication between one trap state (at energy EZ) 
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and the metal. Suppose that fm is the occupation probability of states 

ai'energy Ez 'in the metal, and that ft is the occupation probability 

of the trap state at the energy E,, . then the actual charge transition 

rate(from the metal to the trap state) due to electron tunneling is 

-fmPe (i -f t) +eftPe (i -fm)=ePe (f 
t-f M) 1 (4.4.48) 

where the first term represents electron transitions to the trap state 

from the metal, while the second represents electron transitions from the 

trap state to the metal. Similarly, the actual charge transition rate 

from the metal to the trap state due to hole tunneling is given by 

e(l -fm) Phf 
t-e 

finph(' - ft) =e Ph (f 
t- 

fm) (4.4.49) 

Hence we can construct the total actual charge transition rate I from 

the sum of expressions (4.4.48) and (4.4.49), so 

I= e( %p h) 
(f 

t- 

(f -fe -1 (f -f (4.4.50) : Fh-] tmTtm 

with 
l/T + 

l/T (4.4.51) 
eh 

This equation defines the net tunnel time constant T, in terms of 

equations (4.4.25) and (4.4.46) for Te and Th respectively. This 

result will be used later in chapters 6 and 7, to establish the correct 

interfacial surface state population. 
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r13 A DrrTlD 

THE THERMODYNAMIC EQUILIBRIUM BARRIER HEIGHT AND BAND EDGE 

OF AN n-TYPE SCHOTTKY BARRIER SOLAR CELL 

5.1 Introduction 

The aim of this chapter is to set out an improved theory, for 

the calculation of (a) the variation with position of the semiconductoýs 

band edge and (b) the barrier height, of an n-type Schottky barrier 

solar cell, with a finite substrate thicknes&pin thermodynamic equilibrium. 

Following the discussion, presented towards the end of the third chapter, 

regarding the volume charge density P(x) in the bulk semiconductor, 

the depletion approximation will be dispensed with entirely. 

The work presented in the second and third chapters assumed that 

all the donors were ionized both in and out of equilibrium. In terms 

of the band picture we say that the donor atoms introduce localized 

energy levels (donor levels) just below the bottom of the conduction 

band. Electrons may be thermally excited out of these donor levels 

into the conduction band. If the Fermi level dictating the occupation 

of the donor states is well below the donor levels, then almost all 

of the donor states will be unoccupied. This is the condition for 

almost complete ionization of the donors. However, if the Fermi level 

dictating the occupation of the donor states approaches the donor levels 

(to within a few kT), then we have a situation where not all of the 

donor states will be ionized. In an attempt to allow for this eventua- 

llity, we have developed relations giving the concentration of ionized 

donor states as a fraction of the total donor state concentration. 



124. 

These relations will be derived for the thermodynamic equilibrium 

situation, and then the corresponding relations for non-equilibrium 

conditions will be deduced following Evans and Landsberg (1963). 

, In thermodynamic equilibrium the Fermi level is constant through- 

out the Schottky barrier solar cell. After making appropriate adjustments 

to the thermodynamic equilibrium barrier height equation (as first 

developed in chapter 2) due to the removal of the assumptions outlined 

above, we shall rewrite the thermodynamic equilibrium barrier height 

equation, as a first order non-linear differential equation together with 

its corresponding boundary condition. By using this equation in conjunction 

I 
with Poissons equation for the variation of the electrostatic potential 

and electric field with position x (in the semiconductor substrate), we 

establish the system of equations covering the S. B. S. C. 's thermodynamic 

equilibrium band edge variation with position together with the equilibrium 

barrier height. 

This system of equations has been solved numerically and the results 

for an Au - SiO 
% n-type Si cell will be presented towards the end of 

this chapter. Lastly, we shall make some remarks concerning the image 

force lowering of the barrier. 

5.2 The ionized doping concentration 

The occupation statistics for all quantum states in a semiconductor 

in equlibrium can be derived from a single result of statistical mechanics, 

well known as the Grand canonical partition function (see Landsberg 1969). 

We shall consider an impurity atom or other defect in a pure crystal 

structure, capable of trapping up to M (M :k 1) electrons. A system of r 

(0 iý r4 M) identical electrons is allowed to interact with the impurity 

atom such that, although the number of electrons and the total energy are 

free to fluctuate, the mean number of electrons, the mean energy and the 

volume, remain fixed. It is assumed that a defect having trapped r 
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electrons can be in a number of quantum states ý (depending on r), 

the total energy of the defect plus its trapped electrons in the state 

a being E0* From Landsberg(1969) the grand canonical partition 

function for the defect is 

mm 
II exp rý -E )/kT IZe rp/kT (5.2.1) 

r=O a 

1( 
11 ra r=O r' 

where Zr exp(- E 
rý 

/kT) (5.2.2) 

the sum being over all quantum states of a defect with r electrons. 

Zr is called the partition function for a def ect with r electrons. 

Here p is the electro-chemical potential, while k represents 

Boltzmann's constant. The probability of r electrons being trapped 

is given by 

p 
ro 'ý rZ exp(r5/kT) =zr 

exp(r V/kT) 
(5.2.3) 

r m 
Izr exp(r -p/kT) 

r=O 

If g ri represents the degeneracy of the energy level E 
r3. 

then we 

may rewrite (5.2.2) as 

rmI gri exp(- E 
ri 

/kT) 
9 (5.2.4) 

where the sum here, is over all the energy levels of a defect having 

trapped r electrons. 

An important special case occurs when the defect, like vost donors 

is capable of trapping at most one electron i. e. r=0 or 1, and 

M-1. So, if a donor trap state is unoccupied, in which case it is ionized, 

then (for an ionized hydrogen-like donor impurity) there is only one 
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quantum state at the ground state energy. Therefore if g0 represents 

the degeýerac Iy of the ground state energy level for the'unoccupied 

(r - 0) defect then g0=1. Similarly, if the defect is singly 

occupied by an electron (in which case it is neutral r- 1), 

then the degeneracy g, of the ground state energy level equals 2. 

This is because two possible spin states exist for a neutral hydrogen 

like impurity, there being only one electron, (of either spin up or 

spin down) which is unpaired and loosely bound to the atom. 

Furthermore if we neglect the excited states in the calculation 

of the partition functions Zo and Z1 we obtain for the ratio 

z0 /Zl , the expression 

zý goi e 
-E 0 . 

/kT 

Neglecting 
- 

90 eE d 
/kT 

-. 
2 .I--e9 z (-E : E-7-)/kT 91 1 

glie 
di ol excited states 

(5.2.5) 

where Ed represents the energy of an electron at the donor level, and 

is measured in units of electron volts. Another simplification has been 

made, in that the defect with no electrons has energy levels Eoi, with 

degeneracy g oi , while the defect with only one electron has energy levels 

E 
oi 

+E di , with degeneracy gli , so that E di can reasonably be 

associated with the energy levels of the trapped electron. So by 

assuming that a donor trap state is either unoccupied (ionized) or 

singly occupied we find that the occupation probability is given by 

Z1 exp (V /kT) Z0 
Fm+- exp(-ii/kT) (5.2.6) 

to Zo + Z, ix--p(-f[/kT) Z 

where we have used equation (5.2.3) for M=1. Now, by using equation 
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(5.2.5) together with go =1 and g, =2, as discussed above, the 

occupation probability, Pt., in thermodynamic equilibrium isgiven byý 

p (5.2.7) to +I exp (e (Ed -E Fm) 
7kT) 

where we have replaced ý (the electro-chemical potential) by eE FMI 

and E FM 
is the Fermi level measured in units of electron volts. 

Let the total concentration of donors be ND (M -3 and let 

N+ (x) represent the concentration of ionized donors in thermodynamic Do 

equilibrium (denoted bystAffix o) at some position x in the semiconductor. 

In general the semicoriductors energy bands tend when a Schottky barrier 

contact is formed. Therefore one expects the donor levels to follow 

the curvature of the bands. Consequently, the energy of these donor 

levels will have a functional dependence on the position x in the 

semiconductor substrate, similar to that of the band edge. In actual 

fact, the doping levels remain below the semiconductors conduction band 

by a constant amount of energy. This energy separation is known as the 

ionization energy, and will be denoted by E DI which will be measured 

in units of electron volts. 

The donor state occupation probability in thermodynamic equilibrium, 

can also be represented as the ratio of the occupied donor state 

concentration to the total donor state concentration. 

ND-ND (x) 

So 
N0---p to 9 (5.2.8) 

where we again point out that an unoccupied donor state corresponds to 

an ionized donor state, which must of course have a positive charge e. 

Hence the concentration of ionized donors in thermodynamic equilibrium, 
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1 '44 

as a function of position x1is given by 

N+ (X) (54269) Do 1+2 exp ((E 
FM -Ed (x) ) /kT) 

with Ed (the energy of the donor level)replaced by its position dependent 

counterpart EdM. 

We will now construct relations governing the ionized donor 

concentration N+ (x) for non equilibrium conditio ns, by applying the D 

results of Evans and Landsberg (1963) to a single level of donor trap 

states. Following the procedure used in chapter 2 to obtain the net 

electron and hole trapping rates at a localized trapping level, the net 

electron trapping rate Ue is 

s uem (T 1+Tn+T 2P) (n Ptd -nIn td) 
(5.2.10) 

and the net hole trapping rate Uh is given by 

s 
Uhý- (T +Tn+T) (p n Pl Ptd) . 

(5.2.11) 
23 4p td 

with T'189 T29 Tl, T2T3 and T4 as the appropriate reaction constants, 

see figure 
1 
2.3 and equations(2.4.13) and (2.4.14). Here, n td' and p td 

are the concentrations of occupied and unoccupied donors-respe'Cti. Vely. 

So, we see that p td represents the concentration of ionized donors, 

ND (x) at some position x. Therefore ND(x) +n td =N D* The parameters 

n and p, are given by the principle of detailed balance to be 

nno Ptdo /n n0 (1 -pt do) 
/Ptd; J no exp (e (E 

d-E FM 
) /kT) 

tdo 

and p, po ntdo/p =2p0 exp(e(E FM -Ed )/kT) (5.2.12) 

tdo 
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where, as usual n0 and p0 respectively, represent the thermodynamic 

equilibrium electron and hole concentrations at some position x in 

the semiconductor 

As our attention will be confined to the steady state, one must 

have UU in order that the number of trapped electrons remains eh 

constant. Hence the steady state concentration of trapped electrons, 

and the steady state recombination rate Ud (due to the donor traps) 

are given by 

td 

Gn +HP, 

Z (n +R1)+ -H (p + 

and udmue= Uh '-- 
(np -ni2)E Ti ND 

Ö(n +E 1) +9 (P + F, ) 

(5.2.14) 

(5.2.15) 

SS where G-T1+T1n+T2p and H=T2+T3n+T 4P . Therefore the 

concentration of unoccupied donors gives the ionized doping concentration 

as 

+ (x) = 
(Gn + Hp) ND 

G (n + ii + H(p + 

for non-equilibrium situations remaining in a steady state. 

(5.2.16) 

In general the electron and hole concentrations n and p will 

be functions of position x in the semiconductor. Also, the equilibrium 

electron and hole concentrations no and p0, and consequently fl 1 

and 15, , will be functionally dependent on the position x. The results 

(5.2.15) and (5.2.16) will be used in the next chapter, which will deal 

with the non-equilibrium situations encountered when a Schottky barrier 

so lar cell is forward biased either with or without illumination. 

I 
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5.3 The separation between the Fermi level and the bottom of the 

conduction band at the ohmic (back) contact. 

For our purposes we shall assume that an ohmic contact has the 

following main properties (as mentioned in section (3.4)): (a) it can 

always supply more carriers than the bulk material can carry under given 

applied potential, and (b) it produces an almost insignificant amount 

of semiconductor band bending in the vicinity of the ohmic contact. 

Ve shall assume that such an ohmic contact to the n-type semiconductor 

region (0 <, x4 L) is always possible. Then if there is no band 

bending near the ohmic contact, at the position x=L in the semiconductor? 

we shall set the volume charge density P(x) equal to zero at this point. 

The situation is depicted in figure 5.1, where the thermodynamic equilibrium 

band diagram of an n-type S. B. S. C. is represented schematically. In 

connection with this band diagram we note the following: 

(a) the substrate is of finite thickness L, 

(b) image force lowering effects have been neglected, 

(c) a uniform doping concentration ND (M -3 ) has been assumed, 

(d) the interfacial surface states, of density DS(m -2 eV -1 ), are assumed 
6-IL 

to 
& 

distributed evenly over the energy gap of the semiconductor at 

position x=0 (the interfacial layer/semiconductor interface). 

One further note regarding ohmic contacts should be made. Because an 

ohmic contact can always supply more carriers than the bulk semiconductor 

can carryland if we further assume a large surface recombination velocity 

at x=L, we see that the ohmic contact maintains the carrier concentrations 

just inside the semiconductor( away from the ohmic contact) at their 

respective equilibrium values. Therefore the electron and hole concentrations 
1% 

at the position x-L in the semiconductor, remain pined at their 
h 

respective equilibrium concentrations, irrespective of illumination and 

operating voltage. 
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If p(x) represents the volume charge density in the semiconductor, 

then it is given by 

p (x) =e 
[p 

-n+ N+ (x , out of equlibrium , (5.3.1) 
D 

)] 

and p (x) =e-n+N+ (x in thermodynamic equilibrium, 0 

Ip 

00 DO 

where a suffix o denotes a thermodynamic equilibrium quantity. Now 

at position x-L we have zero volume charge density, so 

O=p(L) -n(L) +ND+(L) and 0 =p (L) -n (L) +N+ (L), (5.3.2) 
00D 0 

together with n(L) =n (L), p(L) =p (L) and N+ (L) =N (L). We will 00DD 0 
consider a non-degenerate semiconductor with a constant doping profile 

ND across the semiconductor region (0 C, x C- L). Let the separation 

between the bottom of the semiconductors conduction band and the Fermi 

level at the ohmic contact be V electron v6lts. n 

The relation Ec (x) -Ed (x) =E DI , indicates that the energy of 

the donor levels Ed (x) remains at a constant energy E DI 
below the 

bottom of the semiconductors conduction band EC (x) as we move through 

the semiconductor (0 gx< L). However, if E Fn 
(x) and E Fp(x) 

respectively, represent the electron and hole quasi Fermi levels variation 

with position, then(according to the above discussion) at the ohmic 

contact (x QE 
Fn 

(L) and E Fp 
(L) are pin'ed to the Fermi level of 

K 

ohmic contact. Therefore we can write E Fn 
(L) =E Fp 

(L) =EC (L) -Vn 

Now from equations (2.2.12) and (2.2.13) n(L) and p(L), the electron 

and hole concentrations at the ohmic contact,. are given by 
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n0 (L) = n(L) =Nc exp(- eVn /kT) 9 (5.3.3) 

and PO (L) =p (L). -Nv exp (e (V 
n-E9) 

/kT) (5.3.4) 

where E9 is the energy gap of the semiconductor and is measured in 

units of electron volts. By using equation (5.3.2) together with 

(5.2.9), (5.3.3) and (5.3.4), we find an implicit relation for the 

sepgration Vn, it is 

0=Nv exp(+ e(V n-E9 
)/kT) -Nc exp(- eV n 

/kT) +NDM+ 2exp(e(E 
DI -vn )/kT), 

(5.3.5) 

where we have us 
. 
ed Ec (x) -Ed (x) =E DI and E Fn (L) =E Fp (L) =Ec (L) -V n' 

Equation (5.3.5) holds trtle for all possible operating conditions of an 

n-type Schottky barrier solar cell provided that the semiconducting region 

remains non-degenerate 

5.4 The differential equations predicting the thermodynamic equilibrium 

behaviour of an n-type Schottky barrier solar cell with a thin. 

insulating interfacial layer. 

Firstly, we shail construct the differential equation covering the 

thermodynamic equilibrium barrier height of an n-type S. B. S. C., assuming 

a continuous distribution of interfacial surface statesof density DS 

(m-2 e V-1) over the energy gap at position x=0. Secondly,, we shall 

set up Poisson's equation for the equilibrium electrostatic potential and 

field. The fundamental equation for the thermodynamic equilibrium barrier 

height of an n-type S. B. S. C., whose derivation will be deferred until 

section 6.3 of the next chapter (for exposition. purposes), is given by 
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A- -16 P+ Qjo + Qsco+ (- CS ESO(L)), 2, o 
(5.4.1) 

where Cs is the permittivity of the semiconductor and Es O(L) is the 

equilibrium electrostatic field in the semiconductor adjacent to the 

ohmic contact at x-L. (- CsES0 (L)) represents the small amount 

of charge contained in the surface of the metal forming the ohmic contact 

to semiconductor substrate (howeverlsee chapter 6 below). Here 

ýB !- ýM -X-6, is the thermodynamic equilibrium barrier height, ýM 

is the barrier metals work function (see figure 5.1), X is the semi- 

conductors electron affinity and P0 is the equilibrium volume charge 

density inside the interfacial layer. Again ci is the permittivity 

of the insulating interfacial layer, while 6 is the thickness of this 

layer. 

The interfacial surface state charge density ((ýý-2) is given by 

equation (2.4.33) as 

Qio = Ds kT ýln 
+ exp(eý B 

/kT) 
-eE9 /M +e DSýo 

+ exp(e (ýB -E )/kT) 
9 

(5.4.2) 

in thermodynamic equilibrium with ýo (see chapter 2) as the neutral 

level. (In thermodynamic equilibrium the Fermi level is constant throughout 

the cell, so correction of the equilibrium surface state charge density 

due to tunneling from the metal, is not required). However, the 

thermodynamic equilibrium space charge density in the semiconductor region 

is now given by 

p (x) dx -en+N+ (x» dx (5.4.3) 
sco 000 Do 

0 
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due to the removal of the depletion approximation. Now by using 

equation (5.4.1) in conjunction with (5.4.2) and (5.4.3), 

ýB - ým -x2p0+DeE- kT ln 
+ exp (eý 

B 
/kT) 

Te -. se. 1+ exp(eOB -E) /kT) 99 

L 

-e6-6e (p (x) -n (x) ++ (x»dx +-ý- EE O(L), DS eo -N 00 Do ss 

0 

(5.4.4) 

where ýB has been used to denote the thermodynamic equilibrium barrier 

height of an n-type Sch ottky barrier solar cell. 

Let us now define a position dependent barrier height function 

Yx) through equation (5.4.4). We replace B 
by 0B (x), and the 

lower limit of the integral is replaced by x We will transform this 

new integral equation into a first order non-linear differential equation 

with a boundary condition at x-Li. e. at the back contact (ohmic 

contact). Therefore Yx = L) is the required boundary condition and 

is given by the solution to the equation 

(L) 
62 PO DS6 

f1+ 
exp(eh (L)/kT) 

X=+eE- kT ln 
F-E )AT) m191+ exp (e (e 

B 
(L) 

9 

e DS 0+ -L CE O(L). (5.4.5) 
0CSs 

This boundary condition yields a numerical value for ýB (L) when Es O(L) 

is specified together with the parameters given in table 2. The value of 

ýB W at x-0 represents the thermodynamic equilibrium barrier height. 

So, using equation (5.4.4), having replaced ýB by ýB (x), with x 

replacing the lower limit of the integralland differentiating with 
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Table 2 

Data adopted for an Au - SiO. /n-type Si S. B. S. C. in thermodynamic 

I equilibrium 

parameter 

Ds 

M e/m 

Mh/m 

Eg 

x 
T 

C 
S 

Ci 

ND 

E DI 

numerical value 

1.0 x 10 16 

1.1 

0.59 

1.1 

4. ol 

300 

4.7 (Au) 

11.8 E: 0 

3.9 co 

1.0 x 10 21 

0.049 

dimensions 

-2 -1 m eV 

eV 

eV 

K 

eV 

Farad M- 
I 

Farad M- 
1 

-3 m 

eV 

references and notes 

Lane (1968) 

Effective mass ratio for 
electrons * 

Effective mass ratio for 
holes * 

S 
[an asterisk refers t0 
Sr-eedhar er al (1969)] 

0 

Riviere (1957), Sze (1969) 

permittivity of 
o free space 

PO 0Q M-3 
0 19 A 

3.6 Jim 

As dopant, Bonch-Bruevich 
and Landsberg (1968) 
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with respect to position x, we obtain the required differential equation 

as 

dý B 
(x) 

dx 

(x) -n (x) + N+ (x) 
l( 0 DO 

DSS 

+ exp (e (ý 
B 

(x) -E9) /kT 1+ exp (eý 
B 

(x) /kT) 

(5.4.6) 

This equation has ýB (x) as a solution, subject to the boundary condition 

ýB (L) given by equation (5.4.5). The value of ýBW at x=0 represents 

the thermodynamic equilibrium barrier height ýB (= ýB (x - 0)) for an 

n-type S. B. S. C. This differential equation does not have any singularities 

due to the facts that the energy gap E9 is greater than zero, and that 

the electron and hole concentrations are well behaved functions of position. 

Incidentally the electron and hole concentrations will be functions of 

ýB ' since the potential distribution throughout the semiconductor region 

will in general depend upon ý 
B(= 

ýB (0)). This means that equation 

(5.4.6) must be solved simultaneously with Poisson's equation for the 

potential distribution. 

In the n-type semiconductor, Poisson's equation for the thermodynamic 

equilibrium electrostatic potential 0s0 (x) is given by 

d2e0 (x) dE 0 (x) 
s-=--se (x) -n (x) + N+ (5.4.7) 

dx 2 dx E: 
s10 

Do X] PO 

where Es0 (x) is the thermodynamic equilibrium electrostatic field at some 

point x in the semiconductor. Again cs is the permittivity of the 

I semiconductor and e is the electrons charge. The Poisson equation (5.4.7) 

is a second order non-linear differential equation and therefore requires 

two boundary conditions. 
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It is convenient to take the origin of the electrostatic 
I 

potential at the barrier metals Fermi level E We will use the FM* 

bottom of the equilibrium conduction band to represent the equilibrium 

electrostatic potential at any point x in the semiconductor, however 

see figure 5.1. Therefore the thermodynamic equilibrium electrostatic 

potential, takes the following values at the edges of the semiconducting 

region. 

at x-Lý s'o 
(L) =-Vn 

and at x=0 ýs 0 (0) =- ýB (5.4.8) 

As the equilibrium electrostatic potential is being measured from the 

barrier metals Fermi level E FM in thermodynamic equilibrium, the Fermi 

level being constant throughout the Schottky barrier solar cell, 

we can easily deduce relations connecting the electron, hole and ionized 

doping concentrations with the equilibrium electrostatic potential. 

So, for a non-degenerate n-type Schottky barrier solar cell, the 

thermodynamic equilibrium electron, hole and ionized doping concentrations 

represented by n (x), p (x) and N+ (x) respectively, are given by 
00 Do 

n. (x) - Nc exp(e es0 (x)/kT) (5.4.9) 

po(x) - Nv exp(- e (E 
9+esö 

(x»/kT) (5.4.10) 

+ and Ný. (x) - 1/ 
ýl 

+ 2 exp(e(E DI 
0 +ýs (x»/kT) (5.4.11) 

Here we have used equations (2.2.12), (2.2.13) in thermodynamic equilibrium 

and (5.2.9) together with Ec (x) - Ed(x) = EDI (from section 5.3), and 

E 
co 

(x) -E FM '2 - ýso(x) C which is just the statement that we are measuring 

the equilibrium electrostatic potential relative to the Fermi level in 

the barrier meta] _ 
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Figure 5.1 Band diagram of an n-type S. B. S. C. in thermodynamic 

equilibrium. 
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The thermodynamic equilibrium problem can be formulated as a 

system of three simultaneous first order non-linear differential 

equations together with their appropriate boundary conditions. Therefore 

the thermodynamic equilibrium barrier height, band edge(electrostatic potential) 

and electrostatic field are given by the solution of 

B 
(x) 

dx 

e6 (p (x) (x) + N+ (x) ) 
Do 

eD s611 1+ 
Ei ll+exp(e %(x) - Eg)/kT 1+exp (eYx) /kT) - 

d ýo (x) 
sE0 (x) 

dx s 

dE0 (x) 
and se (x) -n (x) +N (x 

dx Es 

IP 

00 Do 

The boundary conditions are given by 

(5.4.12) 

9 

(a) at x=0, ý (0) ý0(0), this represents the thermodynamic Bs 

equilibrium barrier height ýB 

(b) at x=L, ýB (L) is given by the solution to equation (5-4-5), (5.4.13) 

(c) at x-L0 (L) V 
sn 

The functions p (x), n (x) and N+ (x) are given in terms of the 
00 Do 

equilibrium potential distributioi ýO(x) by equations (5.4.9), (5.4.10), 
s 

and (5.4.11). We therefore have system of three first order differential 

equations with three boundary conditions. These boundary conditions are 

of mixed type, thus making the pioblgm of the n-type Schottky barrier solar 

cell in thermodynamic equilibrium oi the two point boundary value type. 
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These equations, when solved, give the variation of the 

equilibrium electrostatic field and potential with position in the 

s emiconducting region (0 <, x4 L) of the S. B. S. C., together with the. 

thermodynamic equilibrium barrier height ý 
B* The solution to this 

system of equations can only be obtained by numerical procedures. 

The method used will now be discussed briefly. To start with, the 

parameters of table 2 are used in conjunction with*equation (5.4.5)p 

so that ý (L) can be found in terms of the field E0 (L) at the Bs 

ohmic contact by an iterative procedure. The separation Vn, being 

determined from equation (5.3.5) (also by an iterative method), gives 

us the other boundary condition (in a numerical form) at the back contact 

(x =. Q. Now, as two boundary conditions (one for the electrostatic 

potential and the other for the barrier height function ýB(x) ) are 

known at position x=L, then if the electrostatic field were also 

known at' x-L, we would be able to treat this system of equations 

as an initial value problým. Unfortunately, we do not know the 

electrostatic field at x'= L. However, we only have one boundary 

condition at x=0 to satisfy. If we 'guess' a value for the 

equilibrium electrostatic field at x=L, and integrate towards the 

barrier from the ohmic contact, as if we were dealing with an initial 

value problem, then by comparing the calculated value of (0) + ý0(0) Bs 

with zero, we can adjust our estimate of the field at xL to improve 

the accuracy of the calculated boundary condition at x-0. Ultimately 

we will find the value of the field at x =,, L, such that the calculated 

boundary condition at x-0 is satisfied, 

In effect this solution procedure corresponds to a minimization 

problem in one variablepsuch that the function alue is zero at the 

minimum point. Here the variable is just the 4ermodynamic equilibrium 

electrostatic field E0W at the ohmic contact (x = L). Integration s 
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of the system of equations, towards the rectifying contact yields 

the numerical values of 0 (0) and 00(0) as functions of E0 (L)- Bss 
12 

Using these values we construct the required function as (0) + ý0(0)) 
Bs 

This function is only dependent upon the equilibrium electrostatic field 

E0 (L) at the ohmic contact, and can therefore be minimized. s 
Of course, when we have found a value for E0 (L) such that 

s 
2 (0 (0) + 00(o)) . 0, then we have also found the solution of the Bs 

thermodynamic equilibrium problem. The integrations can be performed 

by various means, but the one chosen for use here was the Runge Kutta 

method of fourth order. The step length was continuously monitored and 

adjusted in an attempt to control the rounding errors when the solution 

curves varied rapidly. A few numerical solutions will be presented in 

the next section. 

5.5 Results and discussion 

Some results of this theory for the thermodynamic equilibrium 

properties of an Au - SiO 2- n-type single crystal Si Schottky 

barrier solar cell are presented in figures 5.2 and 5.3. The system of 

equations (5.4.12) have been solved subject to the boundary conditions 

of (5.4.13) by the method outlined above. Everything has been calculated 

on the basis of the data presented in table 2. -Before we proceed with 

the explanation of the results, it is important to remember that the 

effect of image force lowering of the barrier has been neglected. 

Figure 5.2 shows the variation of the thermodynamic equilibrium 

electrostatic field with position in the semiconducting region of the 

rr-type Schottky barrier solar cell. The thermodynamic equilibrium 

electrostatic field E0 (x) is seen to vary approximately exponentially s 

with position, in the semiconductor region (0 4x< L). In particular 

we note that the equilibrium electrostatic field E0 (x), in the S 

semiconducting region at position x-L, has a negative non-zero, value. 

At position x-L (the Ohmic Contact, see figure 5.1) the volume charge 
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Figure 5.2 The thermodynamic equilibrium electrostatic field 

E0 (x) as a function of position x. The parameters s 

of table 2 have been used. 

:) (y -s-sy 1,57) 
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density has been set equal to zero in accordance with section 5.3-, 

As we move through the semiconductor towards the barrier at x=0, 

the equilibrium volume charge density P0W increases with 

decreasing x. This is caused by the reduction in the equilibrium 

electron concentration as we approach the barrier from the ohmic contact, 

due to the fact that with a negative equilibrium electrostatic field 

E0 (x) in the semiconducting regio4 the thermodynamic 
sI 

equilibrium potential ý0 (x) decreases with decreasing x. s 

Eventually, as we move much closer to the position x=0, say 

to within 0.5 Jim of the interface , the effect of the decreasing 

equilibrium electron concentration with decreasing x becomes less 

important. Here, in this region the volume charge density P0W 

almost equals the equilibrium ionized doping concentration multiplied 

by e (the electronic charge), the effect of the increase in the 

equilibrium hole concentration with decreasing x having a minor role. 

Therefore, for x less than about 0.5pm, the volume charge density 

remains almost constant. Conse quently because p0 (x) is no longer 

increasing rapidly with decreasing x (when x is near x= 0), the 

thermodynamic equilibrium electrostatic field E0W near x=0 s 

deceases approximately linearly, and therefore less rapidly than 

exponentially, with decreasing x. Thus the thermodynamic equilibrium 

electrostatic field E0 (x) tends to level off as the position x=0 s 
is approached. These res ults show that the depletion approximation, 

even when used under thermodynamic equilibrium conditions, does not apply 

throughout the semiconducting region of the Schottky barrier solar cell. 

Turning to figure 5.3, the variation of the thermodynamic equilibrium 

electrostatic potential ý0 (x) with position x in the semiconductor s 
is shown. The modulus of the equilibrium electrostatic potential at the 

interface between the semiconductor and the insulating interfacial layer 

(x - 0), represents the thermodynamic equilibrium barrier height ýB 
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Figure 5.3 The thermodynamic equilibrium electrostatic potential 

as a function of the position x in the substrate. The 

parameters of table 2 have been usediand from the figure 

the themodynanic equilibrium barrier height, ýB-0.717 eV. 
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From the figure, ýB is given as 0.718 eV. The thermodynamic 

equilibrium electrostatic potential ý0 (x) is seen to remain almost s 

constant when x>1 pm, due tc the relatively low value of the 

equilibrium volume charge density p0 (x) for x greater than lpm. 

For x less than about I jim the thermodynamic equilibrium electrostatic 

potential is seen to decrease rapidly with decreasing x 

In principle we could find the thermodynamic equilibrium properties 

of any n-type Schottky barrier using the above formalism. In practice, 

the use of this theory is restricted in the sense that, we cannot perform 

the calculations directly on cells having very large substrate thickness 

L. For if x(< Qjthe position in the semiconductorlwere near the ohmic 

contact at x=L and if L were very large then we would expect the 

thermodynamic equilibrium electrostatic field in the semiconductor at 

x=L to be extremely small. Therefore small variations in this 

equilibrium electrostatic field would produce large variations in the 

equilibrium electrostatic potential at the interface between the semi- 

conductor and the interfacial layer (x - 0). Hence for large substrate 

thicknesses L, one cannot accurately relate the value of ý0W at s 

:c=0 to the equilibrium electrostatic field Eo(x) at position x=L s 
(i. e. at the ohmic contact), because of the rounding errors occuring 

when equations (5.4.12) are numerically integrated from the ohmic contact 

at x-L to the interface at x=0. 

In all of our work so far the effects of the image force lowering 

potential have been ignored. The effect of the image force potential 

is to round off the corners, and reduce the thickness of the tunneling 

barrier. Therefore the image force potential tends to increase the 

communication between the barrier metal and both the semiconductors 

bands and the interfacial surface states. The approximate effect of 

including image forces into the insulating interfacial layer is to reduce 

the effective thickness of the insulating interfacial layer by about 
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5X (see for example Simmons (1963)). Therefore our calculations 

for an interfacial layer thickness 6 correspond to a geometrical 
0 

interfacial layer thickness of (6 + 5)A . The effect of including 

image forces in the semiconductoA substrate is likely to cause a 

slight reduction in the thermodynamic equilibrium barrier height ýB 

In view of the large tunneling barriers present to both electrons in 

the semiconductors conduction band and holes in the valence band (see 

chapter 6 below), the inclusion of image force lowering of the barrier 

is likely to cause only slight variations in the characteristics. 

Therefore in all of the numerical results, both those already presented 

and those yet to be given, we have neglected all image force lowering 

effects. 
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ri4APTP. p A 

THE MORE CONFLETE FORMALISM OF THE n-TYPE 

SCHOTTKY BARRIER SOLAR CELL 

6.1 Introduction. 

This chapter will be devoted to the construction of the system of 

equations, governing the properties of an n-type Schottky barrier solar 

cell with a thin insulating interfacial layer, separating the metal from 

the semiconductor substrate. In the model, to be presented later in 

this chapter, the semiconductors substrate having thickness L (assumed 

to be finite), is composed of single crystal material. The interfacial 

surface state population model of chapter 2, will be adapted to include 

I 
the effect of the interfacial surface states communication with the barrier 

metal. To do this, we require knowledge of the interfacial surface state 

tunneling time constant T. Using the improved expression for the 

interfacial surface state occupation probability, and by removing the 

depletion approximation entirely together with the usual assumptions 

regarding the quasi-Fermi levels in the semiconductor region (0 4x4 L), 

we will develop'an improved relation covering the interfacial voltage 

Vi developed across the insulating layer. 

The theory of Chapter 5 is a special case of the more general formalism 

presented in this chapter. The phenomenological current density equations, 

Vbisson's equation (out of thermodynamic equilibrium) and the two 

continuity equations (one for electrons in the semiconductors conduction 

band and the other for holes in the semiconductors valence band) are 
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subsequently introduced. The corresponding boundary conditionsfor the 

equations are introduced where appropriate. These boundary conditions, 

being of mixed type, characterise the study of the n-type Schottky 

barrier solar cell as a two point boundary value problem. 

Also, in this chapter we shall present some of the results following 

calculations made for an Au - SiO 2 -n-type single crystal Si Schottky 

barrier solar cell, for both illuminated and unilluminated operating 

conditions, using the numerical data summarized in table 3. For each 

operating condition, the illumination and output voltage being specified, 

we obtain one set of solar cell properties. Therefore at each point on 

the relevant current density-voltage characteristic, according to the 

nature of the illumination, we may calculate the variation of the semi- 

conductors band edges with position x in the semiconductor. Also, the 

variations df the electron and hole quasi-Fermi levels with the position 

x in the semiconductor, have been calculated. The electron and hole 

current densities are given as functions of x and furthermore, it is 

found that these current densities remain reasonably constant with respect 

to the position x in the substrate (0 4x4 L), when the cell is under 

forward bias in the dark (no illumination). However, if the solar cell is 

illuminated reasonably strongly (say AM1 intensity) then the electron 

and hole current densities show a marked dependence on x, the position 

in the semiconductor. This particular re-sult is, of course, expected 

from the simpler theories of S. B. S. C. 's. 

The voltage Vi developed across the interfacial layer may be 

calculated at any operating condition; specifying the illumination and 

output %oltage. Firstly, with the ri--type Schottky barrier solar cell 

in the dark under an applied forward voltage V(> 0) we have that V 

the portion of the applied voltage existing across the insulating inter- 
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facial layer, is always positive, or zero only when either V=0 or 

6-0. Secondly, for the illuminated n-type Schottky barrier solar 

cell under short circuit conditions V- 0), the interfacial voltage 

VI developed across the insulating layer has been found to be negative. 

As the operating voltage V is increased; the interfacial voltage Vi 

also increases, and will eventually become positive for the larger output 

voltages. The negative value of Vi obtained for the short circuited 

n-type S. B. S. C. rec-zcving illumination has been attributed to a change 

in the occupancy of the interfacial surface states and is caused, we 

believe, by the accumulation of photo-generated holes in the semiconductors 

valence band near the interfacial layer. In fact simple arguments of 

electrostatics and charge conservation clearly show that Vi is of 

negative sign when the cell is short circuited in the presence of illumination 

This argument will be presented at the end of the chapter. 

6.2 Tunneline effects on the Population of interfacial surface states. 

In this section we consider the interfacial surface trap states, each 

of which can only trap one electron, having a continuous sheet diitribution 

DS (m-2 eV -1 ) across the energy gap of the semiconductor at x-0. The 

influence on the surface state population, due to the proximity of the 

metal will be taken into consideration. The situation is depicted in 

figure 6.1. Using the notation adopted in chapter 2, and by neglecting 

all trap to trap transibo-AS, the total electron and hole trapping rates 

dU ifr and dU ýi fr , due to the interfacial surface states 
I (within the 

e 

energy range (Et, Et + dEt)) coamunication. with the bands of the semi - 

conductor, are by equations (2.4.15) and, (2.4.16) given as 

dU ifr 
. G[n(O) DS dEt - WO) + n, (O))dn (6.2.1) 

e t] 

and d Ui 
fr 

.H L(P(o) +p1 (0) ) dn 
t_p1 

(0) DS dE 
t] 

(6.2.2) 
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Band diagrams for an n-type Schottky Varrier solar cell. 
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where dn 
t 

is the concentration of electrons trappvAat the interfacial 

surface trap states within the energy range (Et, Et + dE 
t 

), [measured 

in electron volts]. Therefore dn 
t may be written in the form 

dnt =ftDs dE 
t9 

(6.2.3) 

where ft represents the occupation probability of an interfacial 

surface state at the energy Et. 

We will now examine the transport of carriers between the barrier 

metal and the interfacial surface states, by using the tunneling time 

constant. Suppose that fm represents the occupation probability of 

a state at an energy Et in the metal. Then fm will be given by 

fm= 1/(exp(e(E 
t- 

Erm ) /kT + 1) 9 
(6.2.4) 

with k as Boltzmanns constant and T as the absolute temperature. 

Consider the interfacial surface states within the energy range 

(Et, Et + dEt) eV as being in communication with the barrier metal 

via carriers tunneling, through the insulating interfacial layer, at an 

energy Et. Then the number of surface states per unit area in the 

energy range (Et, Et + dEt) is DS dE t. NOW T is the net tunnel 

tine constant, which physically represents the average time a carrier 

takes to tunnel through the insulating interfacial layer to or from 

an interfacial state, (see Chapter 4) . So, using equation (4.4.50), 

the net charge transition rate from the metal to one interfacial surface 
i 

state is e(f t- 
fm)/-r. Therefore the net charge transition rate due 

to tunneling between the barrier metal and the interfacial surface states 

having energies in the range (Et, Et + dEt) is given by 
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edU 
ifr 

=e (f t-f) DS dE (6.2.5) 
ht Tmt 

where dU ifr represents an apparent'bole capture rate, due to ht 

tunneling. between the barrier metal and the interfacial surface 

states in the energy range (Et, Et + dEt) eV's. 

As our attention will be confined to the steady state, one 

must have dU 
ifr 

. dU 
ifr 

+ dU 
ifr 

in order that the number of eh ht 

electrons trapped at the interfacial surface states, in the energy 

range (Et, Et + dEt), remains constant. Hence, by equations 

(6.2.1), (6.2.2), (6.2.3) and (6.2.5) the steady state 

concentration (m-2) of trapped electrons dn 
t and, the steady 

ifr ifr 
state recombination rates, dU 

e and dU h, due to the interfacial 

surface states within the energy range (Et, Et + dEt) are given 

by 

dnt = 
TGn(o) + -rHp 

I 
1(o) + fm 

Ds dEt 
{*rG(n(o) +n1 (o)) + rH (p (0) +p1 (0) )+I 

=ftDS dE 

dU ifr 
e 

(6.2.6) 

2 G{TH(n(o) p(o) - ni (n(o) + nl(o))fm + n(o)l 

TG(n(o) +n1 (0» + TH(p(o) + pl(o» + 
DS dE 

t9 

(6.2.7) 

ifr H{TG(n(o) p(o) -n2)+ (P (0) + pl (0» f. - P, (0) 1 

and dU hm TG(n(o) + nl(0) + TH(p(o) + pl(o» +1 
4is dE 

t. 

(6.2.8) 

ifr ifr Also dUe and dU h respectivelyrepresent the recombination rates 

I 
of electrons and holes in the semiconductors conduction and valence 

bands, at the interface x-o, due to the interfacial surface states 

within the energy range (Et, Et + dEt). 
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If we examine the above equations as the tunnel time constant 

T tends towards zero we find that the population of the interfacial 

surface states is governed by the metal, as expected. So ft =fm 

when T -* o. Also, as T tends towards zero dU ifr and dU 
ifr 

are eh 

given by 

dU ifr . Gfn(o) (1 -fn (o)f ID dE (6.2.9) 
em1mst 

and dU 
ifr 

. H{p (o) fm - p, (o) (1 -f)ID dE , (6.2.10) 
hmSr 

ir ifr ifr As expected dU ht . dU 
e, - dU h ý4 o as T -* 0 unless thermodynamic 

equilibrium conditions prevall. Conversely, if the interfacial 

layer is so thick as to increase the tunneling time constant T to 

a very large value then, from equation (6.2.6), the population of 

the interfacial surface states is governed by the carrier 

concentrations in the semiconductor 
Is 

conduction and valence bands 

at position x=o. In this case the barrier metal has no direct 

influence over the interfacial surface state population, and the 

recombination rates dU ifr and dU ifr reduce to the form given by 
eh 

equation (2.4.18). If conditions of thermodynamic equilibrium 

are applied to equations (6.2.6), (6.2.7) and (6.2.8) then 

f -* f s'- [1 + exp (e (E -E )/kT ]_1 and dU ifr - dU 
ifr 

0. t to to FM eh 
In the above relations G, H, and the Shockley-Read parameters 

n1 (o), pl(o) are as given in chapter 2. We shall require the 

total number of occupied interfacial surface states nt, as well 

as the total interfacial surface state electron and hole trapping 

rates, du ifr and dU ifr respectively. As noted in chapter 2 
feIh 

the integrations should be performed over the equilibrium inter- 

facial'surface state energies E to 
(ell). Thus E to ranges between 



154. 

E 
FM +ýB-E9 (= E 

vo 
(o) ) and E FM +ýB (= E 

co 
(o) ), where 0B 

is the thermodynamic equilibrium barrier height, E9 is the energy 

gap of the semiconductor. 

Now an interfacial surface state of energy E to, 
in thermo- 

dynamic equilibrium, has energy Et (=E 
to +Vi) measured relative 

to the barrier metal when non-equilibrium conditions apply. This 

I is because the semiconductors conduction and valence bands at 

the interface x-o rise by an amount equal to Vi when non- 

equilibrium conditions apply. Therefore, if all the integrations 

concerning the interfacial surface states are to be performed 

over the thermodynamic equilibrium surface state energies, in 

accordance with chapter 2, then we must modify the expression 

for fm (the occupation probability in the barrier metal). Thus 

fM, given by equation (6.2.4), is written as 

fm = 1/(l + exp (e (E 
to +vi-E FM 

)/kT) ). 

The Shockley-Read parameters n1 (o) and p, (o) are given by (2.4.24) 

as 

n l(o) PO (0) 

no(o) . exp (e (E 
to -E FM ) 

/kT), (6.2.12) 
pi7) 

with n0 (o) and p0 (o) respectivelyas the equilibrium electron 

and hole concentrations at the interface x-o. Hence the total 

number of occupied interfacial surface states nt, and the total 

steady state recombination rates dU ifr dU 
ifr 

due to the 
Ieh 

interfacial surface states in the energy gap of the semiconductor, 

at position x=o, are given by integrating equations (6.2-6), 

(6.2.7), (6.2.8) over the themodyr. amic equilibrium interfacial 

surface state energies E 
to' 

CNote that because Et = Eto +V 
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we have dE 
t= 

dE 
to] - The relations (6.2.11) and (6.2.12) have 

been used to give the integrands their equilibrium surface state 

energy dependence. Consequently, the interfacial surface state 

parameters n't dU 
ifr 

and dU 
ifr 

, representing the steady state tfejh 

surface concentration of trapped electrons, the electron and hole 

recombination rates(in the semiconductors conduction and valence 

bands respectively)jare given by 

E FM 
ýB 

nt 
TGn(o) + THpl(o) + fm 

DSdE 
{TG(n(o) + nl(o))+ TH(p(o) + pl(o)) + to 

E FM +BE9 

E FM +ýB 

ý 
fftDSdEto 

(6.2.13) 

E 
FM 

ýBE9 

E 
FM +0B 

dU 
ifr G{TH(p(o)n(o) - ni 

2 (n(o) + nl(o))fm + n(o)) 
e {-rG(n(o) +n1 (o)) + TH(p(o) +p l(o)T+ 11 

DSdE 
to, 

E FM + OB -E9 
(6.2.14) 

and 

E FM +eB 

dU 
ifr 

. 
H{TG(n(o)p(o) - ni 

2)+ (P (0) + pl (0»f 
m- Pl(0)1 

h- DSdE 
to JTG(n(o) + nl(o» +TH(p(o) + pl(o» + 11 

E FM BE9 (6.2.15) 
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6.3 The differential equations predicting the non-equilibrium 

behaviour of an n-type Schottky barrier solar cell with a thin 

insulating interfacial layer. 

In this section we continue the theme of removing the usual 

assumptions regarding the quasi-Fermi levels together with. the 

removal of the depletion approximation. To begin with, we shall 

find an expression for the voltage Vi developed across the 

insulating interfacial layer of an n-type Schottky barrier solar 

cell. The figures 6.1(a) and (b) represent, schemat, icaly, the 

band diagrams of an n-type Schottky barrier solar cell with and 

without illumination respectively. In each case a forward 

voltage V(>o) exists across the device. In figure 6.1(a) the 

total conventional current density is flowing from right to left 

across the diagram, therefore indicating that the solar cell is 

delivering power to some external system. On the other hand, see 

figure 6.1(b), when the solar cell is unilluminated while under 

a forward bias voltage V(>o) the total conventional current 

density flows from left to right across the diagram. The notation 

of chapter 2 is used together with the assumption that the semi- 

conductor is non degenerate. In this study we shall assume that 

the semiconductors substrate thickness L is finite, and that the 

interfacial surface states are distributed evenly, with density 

DS (m72 eV-1), over the semiconductorls energy gap at position 

X=0. 

From the theory of chapter 2, the field Ei (x) in the inter- 

facial layer (-Ux<o) , sandwiched between the barrier metal and 

the semiconductor substrate (o, <x, <L) , is given by 
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dEi 

dx F- i (6.3.1) 

where Ci is the permittivity of the interfacial layer, p is the 

charge density in the interfacial layer and is independent of 

position. Now in the semiconductor regionjoisson's equation 

for the electrostatic field is given by 

dE 
s 

(x) 
p (x) 

, E: m -2 
[p (x) -n (x) + ND 

4- (x) 1, (6.3.2) 

where Cs is the permittivity of the semiconductor. n(x), p(x) and 

ND+ (x) are respectively, the electron, hole and ionized doping 

concentrations at some position x in the semiconductor substrate. 

Equation (6.3.2) gives 
L 

E (L) -E (o) - -L e(p(x) - n(x) + ND+(x» dx QSC 

ss Es Er, , 0 

which when used in conjunction with the boundary condition 

(Ds - Pi). O - Qi at x-o (here ft is the unit normal to the plane 

of the junction) 10 is the displacement vector and Qi is the 

charge density ((ým-2) at the interfacial surface states) 

together with equation (6.3.1)lgives the electrostatic field 

Ei (x) in the insulating layer as 

E (x) -1 (px - (Q + Qi - esE (L) ), x£ C-6, o]. (6.3.3) i ei sc s 

-2 1 Here Q 
sc represents the charge density (Qm ) in the semiconductors 

substrate (oýx, <L). 
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Suppose we now apply the Gauss flux theorem to a surface 

enclosing the barrier metal/interfacial layer boundary, then the 

charge QM in the surface of the barrier metal is given by 

QM lim E (x). 
x-> -6i 

By using the expression for EI (x) given by (6.3.3) we find that 

eE Qm 2" -Qint - Qsc - Qi +s s(L) 

which gives 

QM + Qint + Qsc + Qi + (-eSES(L) )=o, (6.3.4) 

where is the charge density (o Qint M72) in the interfacial 

layer. 

Application of the Gauss flux theorem to a surface including the 

semiconductor substrate/ohmic contactmetal boundary (x=L), leads 

-2 us to deduce that (-csEs(L)) represents the charge density (Qm 

in the surface (x=L) of the ohmic contact metal. Therefore 

(6.3.4) represents the equation for the conservation of charge. 

In general we would expect the electrostatic field Es (L) at the 

ohmic contact to be very small, compared to the field near the 

interface x=o. 
I 

From figures 6.1(a) and (b) the voltage drop across the whole 

cell is V=Vi+vs, where V. and Vs are the parts of the output 

voltage developed across the interfacial layer'and semiconductor 

substrate respectively. Let A-Vi and Vb-Vs be the potential 
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drops across the interfacial layer and semiconductor substrate 

respectively. In thermodynamic equilibrium V-VI- Vs = 0, 

therefore A becomes the thermodynamic equilibrium potential drop 

across the interfacial layer. Now from the figure, with +M as 
I 

the barrier metals work function, X the semiconductors electron 

affinity and Vn as the separation between the bottom of the 

conduction band and the semiconductors Fermi level at the ohmic 
I 

contact (see section 5.3), 

ýM wV+ Vn + (Vb - Vs) +X+ (A - Vi) mh+X+ A' (6.3.5) 

The potential drop A- Vi across the interfacial layer is 

given under illumination by 

A-V. --+ (Qi + Qsc - ESES(L» 
6/ 

C. 
thus v j) p+Q-+Q-CE (L) (6.3.6) 

21 sc SS 

becomes in equilibrium 
Ci 10 

( /6 )A=7 6po + Qio + Qsco - CSEs(L) (6.3.7) 

Subtracting 

C 
V (p -p)+ (Qi - Qio) + (Qsc - Qsco) e5('s(L) EOW) 

0sI 

(6.3.8) 
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where both suffix o, and superfix o denote thermodynamic equilibrium 

quantities. Relation (6.3.7) is the fundamental equation, predict- 

ing the thermodynamic equilibrium barrier height ýB through 

equation (6.3.5). Equation (6.3.7) was presented (without derivation) 

earlier in chapter 5 (see equation (5.4.1)). 

The integral equation yielding the interfacial voltage V 

developed across the interfacial layer, is given by using equation 

(6.3.8) together with the integral expressions for Q 
Sao 

and Q 
sc 

representing respectively the charge densities (QM-2) in the 

semiconductor substrate (o4x, <L) both in and out of thermodynamic 

equilibrium. Therefore Q 
sco and Q 

sc are given by 

L 

QSCO me (P 
0 

(x) -n0 (x), + NDö+ (x» dx (6.3.9) 

0 

and Q 
sc me1 (p (x) -n (x) +ND +(x» dx , (6.3.10) 

0 

where n(x), p(x) and ND +W 
respectively, represent the electron, 

hole and ionized doping concentrations at some position x in the 

semiconductors substrate (ogx, <L). A suffix o indicates a 

thermodynamic-equilibrium quantity. Using an analogous argument 

to that of section (2.4), the interfacial surface state charge 

densities Qio and Qi respectively, in and out of thermodynamic 

equilibrium are given by 

Qjo - eDSý 0- eDS 

E FM 
ýB 

f 
to 

dE 
to 

E FM +ý B- E9 
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E FM +ý B 

eD s 
ýO - eD s 

(1+exp(e(Eto-E 
FM 

)/kT)-' dE 
to, 

E Fbi+ýB -E 9 

I 

and Qj = eDS 00 

E 
FM +ý B 

- eDS ft dE 
to 

E FM +ý B -E 9 

eD ý-en (6.3.12) $0t 

where we have used equation (6.2.13) and ft is given in (6.2.6). 

The next step is to convert the integral equation (6.3.8), 

for the interfacial voltage Vi, into a first order non-linear 

differential equation with an appropriate boundary condition. 

Let us therefore define a'functional interfacial voltage V i(x) 

by the above equation (6.3.8) with Vi replaced by Vi (x), and with 

the lower limits of the integrals for Q 
sc and Q 

sco 
replaced by x, 

(the position in the semiconductor substrate). Therefore one 

observes that when x=o, Vi (x) represents the interfacial voltage 

Vi developed across the insulating layer. The expressions for Qio 

and Qi., given by equations (6.3.11) and (6.3.12) respectively, 

are calculated as functions of Vi(. v i 
(x=o)) and B 

(which is 

known from the equilibrium problem of chapter 5). Consequently, 

Qi and Qio have no direct x dependence. Hence from equation 

(6.3.8) the differential equation for Vi (x), and its associated 

boundary condition are given by 

-( 
Ei "V(x)- 

-e(p(x) - n(x) +N+ (x» +e (p. (x) - no (x) +N+ (x» dx Do 
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which becomes 

dV i (x) 6e. 
p++ xmE: ,0 

(x» - (n (x) - no ýx) )+ Ný (x) -N Do 
(Y') 

(6.3.13) 

and 

- 
ci 60 ( /6 )vi (x=L) = (ý) (P-po) + (Qi-Qio) - C5 (E 

s 
(L) -Es (L) ). 

(6.3.14) 

In principle, the boundary condition (6.3.14) relates V, (x) 

at x-L to Vi (x=o) (implicit in expressions for Qi and Qio) and 

the electrostatic fields E0 (x), E (x) both at x-L. However, 
ss 

we should remember that the differential equation (6.3.13) is 

coupled to the position dependent quasi-Fermi levels E Fn(x) 

and E Fp(x), governing the concentration of electrons and holes 

in the semiconductors conduction and valence bands respectively. 

Therefore equation (6.3.13) must be solved simultaneously with 

the equations predicting the band, edge and quasi-Fermi level 

variations with the position x in the semiconductor substrate. 

The interfacial voltage Vi developed (as a result of the operating 

conditions) across the interfacial layer of an n-type Schottky 

barrier solar cell is represented by Vi (x=o), and can only be 

obtained numerically, when the voltage V is specified. together 

with the parameters of table 3, through a complete solution to 

the system of equations governing the properties of the solar cell. 

We will now set up the remaining differential equations and their 

associated boundary conditions. 

In the n-type semiconductor, Poisson's equation for the 

electrostatic field is given by 
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Table 3 

Data adopted for an Au - SiO-/n-type Si S. B. S. C. 

parameter numerical value 

A* 120 
e 

A* h 120 

Ds 1.0 x 10 16 

m e/m 
1.1 

dimensions references and notes 

Acm72 K2- Pulfrey & McOuat 1974 

Acm-2LC2- - 

m -2 eV-l Lane (1968) 

lnh/m 0.59 

Pe 1900 21 -1 cm Vs 

11h 425 cm 
2 V-1 s- 

1 

E 1.1 eV 9 

x 4.01 eV 

T 300 K 

11.8 c Farad m7l 0 

C 43.9 c Farad m7l o 

4.7 eV 

ND 1.0 x 10 21 
m -3 

EDI 0.049 eV 

PO 0 Q m-3 

19 

L 3.6 pm 

p 0.1 w CM72 in 

Xn 0.93 eV 

Xh 0.88 eV 

Effective mass ratio 
for electrons. * 

Effective mass ratio 
for holes. * 

ýn asterisk refers to 
SS reedhar et a 

C0 permittivity of 
free space 

Riviere (1957), Sze (1969) 

As dopant, Bonch-Bruevich 
& Landsberg (1968) 

incident power, using an 
AMI spectrum. 

Buxo. et. al 1976 
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Table 3 continued 

parameter numerical value dimensions 

T 6.6 x 10- 14 
s oe 

T oh 
6.6 x 10- 14 

s 

Bs1x 10- 11 
cm 

3s -1 

B11.2 x 10- 32 
cm 

6s -1 

B21.2 x 10- 32 
cm 

6s -1 

T1sT2s1.12 x 10-8 cm 
3s -1 

TisiT2si1.12 x 10-8 cm 
3s -1 

T1 _T 2 -T 3 --T 4 3.66 x 10-25 cm 
6s -1 

T, TTT3.66 x 10- 25 
cm 

6s -1 
li«2 2iu 3im 4i 

references and notes 

Lundstrom & Svensson (1972) 

Landsberg 1967 

D. Hill & P. T. Landsberg 
(1976) 

from capture cross-section 
x thermal velocity (Barret 
& Vapaille 1975) 

T1-T1sx (5 x 10- 7 )/ni 

(Evans & Landsberg (1963)) 

The values of the recombination coefficients Ti are needed only in the 

calculations of the interfacial surface state current densities, and are 

there taken as independent of the trap energy Et. The recombination 

coefficients T are needed only to calculate the recombination 

occuring within the substrate. It is hoped however, that the simplifications 

implied by the last four lines of table 3 will yield the correct orders. 

of magnitude of these current densities. 

The electron/hole tunnel time constants (T 
oe and T 

oh respectively) 

of an interfacial surface state, have been assumed to be equal and 

furthermore the weak dependence on the surface state energy has been 

ignored in the calculations. Also, the electron and hole tunneling 

barriers between each interfacial surface state and the barrier metal 

are assumed to be the same as the respective tunneling barriers between 

the barrier metal and the semiconductors conduction and valence bands. 

Therefore by equation (4.4.51), the net tunnel time constant T is 

given by 

oe 
Xn T 

oh 
h 
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dE ý, (x) t [p (x) (x) +N+ (x)] 
dx 

The electrostatic potential ýS(x) is therefore given by 

dý (x) 
. Tq -E (x) (6.3.16) 

dx s 

We shall take the origin of the electrostatic potential ý 
s(x) 

at the barrier metal Fermi level E FM 
(see figure 6.1). Clearly 

with EFg-ý, (x) as the electrons potential energy (eV) in the 

I 
semiconductors conduction band, we see that the electrostatic 

I 
potential is measured in an opposite sense to the electrons 

I 
potential energy (the electrons potential energy increases upwards 

in figure 6.1 while the electrostatic potential increases down- 

wards in the figure). We measure the electrons energy in units 

of electron volts, therefore the steady state electron, hole 

and ionized doping concentrations, represented by n(x), p(x) 

and ND+ (x) respectively, are given by 

n (x) -Nc exp (e (ý 
s 

(x) +E Fn 
(x) -E FM 

)/kT), (6.3.17) 

p(x) -Nv exp (e(-E. ýx), - ý, (x) -E9+E FM 
)/kT), (6.3.18) 

I and 

N+ (x) - 
(G U, ýX) + Hp (x» ND 

(6.3.19) U(n(x) + nj(x»+ ii(p(x) + pj(x» 

where we have used equations (2.2.12), (2.2.13) and (5.2.16) 
1 

together with E (x) -E (x) and E (x) - E,,, (x) -EE c FM c go 
[ 

Fn(x) 

and E Fp 
(x) represent the position dependent quasi-Fermi levels I 

Also U, 'ff and the Scbockley-Read parameters fil(x) and P1W from 
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(5.2.12) are giveo by 

Ts +T n(x) ýT (x) and Ts +T n(x) +T (6.3.20) 11 2P 23 4P (x) 1 

with 

n1 (x) PO (x) 
10 exp 5- -e( E+ý (x»/kT), (6.3.21) 

n (x) ], (X) T DI s 

where n0 (x) and p0 (x) are as given in equations (5.4.9) and (5.4.10). 

The reaction constants TS, Tl, T, Ts, T, T are defined through 12234 
figure 2.4 and equations (2.4.13) and (2.4.14). ND is of course, 

the total (ionized + unionized) doping concentration. 

The two continuity equations, one for electrons in the semi- 
I 

conductors conduction band and the other for holes in the semi- 

I 
conductors valence band, are given by equations (2.5.5) and (2.5.6) 

as 

dJ (x) 
j-e e(U (6.3.22) 

x 

and 
dJ (x) 

. -e(U - F), (6.3.23) 'Jýx 

where F is the photogeneration rate, which is a function of position 

x in the semiconductor 
Is 

substrate, given by (2.5.17), while U 

represents the total recombination rate at some position x in the 

semiconductor. We therefore write U as the sun of two components: 

U- for band-band transitions, and U for transitions 
una, v avoid 

involving intermediate trapping levels (i. e. donor levels). Thus 
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U 
unav 

+u 
avoid 

m V(n(x)p(x)-n 
i2)+ 

(n(x)p(x)-n 
i2)U 

ii NDýt 

(6.3.24) 
U(n(x)+7n-, (x» + ii(p(x)+7p-, (x» 

where we have obtained expressions for U 
unav and U 

avoid 
from 

equations (2.5.1) and (5.2.15) respectively. Here we have written 

Ud, the steady state recombination rate due to the donor traps, as 

U 
avoid' 

Two more equations ire required before the system of differential 

equations is complete, they are the phenomenological current 

density equations for electron and hole flow in the semiconductor 
)s 

conduction and valence bands respectively. From equations (2.2.15) 

and (2.2.16) they are, in a one dimensional setting, given by 

(x) - ela n (x) -L- E (x) , (6.3.25) 
en dx Fn 

and J (x) - ep p (x) jL- E (x), (6.3.26) 
hp dx Fp 

where Vn and 'p 
P 

are respectively, the mobilities of electrons in 

the semiconductors conduction band and holes in the semiconductors 

valence band. In fact both p and p have been assumed to be 

independent of position in the calculations performed later. The 

equations (6.3.13), (6.3.15), (6.3.16), (6.3.22), (6.3.23), 

(6.3.25) and (6.3.26) together with the differential equations 

(5.4.12), for the thermodynamic equilibrium problem, give the 

complete system of differential equations, which when used in 

conjunction with appropriate boundary conditions, predict the 
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behaviour of the n-type Schottky barrier solar cell (with a thin 

insulating interfacial layer). 

We will now establish the remaining boundary conditions for 

the above system of equations. The boundary condition for 

equation (6.3.13) has already been found and is given in (6.3.14). 

Let us consider an n-type Schottky barrier solar cell having a 

finite semiconductor substrate thickness L. We assume that an 

ohmic contact is formed at x=L, and that figures 6.1(a) and 

(b) represent the n-type S. B. S. C. 's band diagram, when the cell 

is illuminated and unilluminated respectively. A voltage V 

exists across the device in such a way that it is forward biased 

when V>o. Then for an n-type S. B. S. C. the Fermi-level at the 

ohmic contact x=L (which incidentially equals the quasi-Fermi 

levels E Fn and E 
FiD 

just inside the semiconductor at x-L, see 

chapter 5, section 3) is raised above the barrier metal 
Is Fermi 

level E FM 
by an antount equal to V. Therefore at the ohmic 

contact (x - L) we have the f ollowing conditions: 

ýs (L) =- (V 
n+ 

V), E Fn 
(L) -E FM +V (6.3.27) 

and E Fp 
(L) =E FM + V, 

where Vn is determined from equation (5.3.5) Ci. e. charge neutral ity 

at the ohmic contact). However, at the other end of the semi- 

conductor substrate (x - o) we have a condition on the electrostatic 

potential ýs (x = o). This is deduced by observing (from figure 6.1) 

1 that the bottom of the semiconductors conduction band at the 

interface x=o is above E FM by an amount equal to ýB in thermo- 
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dynamic equilibrium, and an additional amount V 
3. 

for non-equilibrium 

conditions. Therefore at x=o we have a relation between the 

electrostatic potential, the thermodynamic equilibrium barrier 

height 0B and the interfacial voltage Vi developed across the inter- 

facial layer. Thus 

ea (0) - -(ý B+ Vi), at x= oe (6.3,28) 

We shall now establish two more boundary conditions at the 

interface x-o. These boundary conditions will connect the 

thermionic emission tunnel current densities and the interfacial 

surface state recombination current densities to the quasi-Fermi 

levels E Fn 
(x) and E Fp 

(x) at the position x=o. Here, the 

thermionic emission tunnel current density, and the interfacial 

surface state recombination current density, represent the two 

components of the current density in the semiconductor 
Is 

substrate 

just away from x-o. Let Jet be the electron thermionic emission 

current density, due to electrons tunneling through the 

insulating layer xc(-6, o) between the barrier metal and the semi- 

conductors conduction band and let Jht be the hole thermionic 

emission current density, due to holes tunneling through the 

insulating layer between the barrier metal and the semiconductors 

valence band. Finally, we let Jt represent the interfacial 

surface state tunnel current density, due to carriers communicating 

between the barrier metal and the interfacial surface states. 

Consider a small region of semiconductor xe(o, c) where c is 

small and greater than zero, see figure 6.2. We shall assume 

that this region of the semiconductor contains all ihe interfacial 
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Figure 6.2 Band diagram of an n-type S. B. S. C. illustrating the tunnel 

currents between the metal and both the interfacial surface 

states and the bands of the semiconductor. 
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surface states. Invoking the conservation of charge in the semi- 

conductors conduction band near x=o, one has for the electron 

current densities 

Je t/e+ 1dU 

e 
ifr 

. Je(rý')/e ' (6.3.29) 

where Je (c) represents the electron current density just inside 

the semiconductor region, while 
fdU_ ifr 

represents the total net 

electron recombination rate due to the interfacial surface states 

and is given by (6.2.14). 

I Similarly for holes in the semiconductors valence band, we 

obtain 

it /e - 
fdU 

h 
ifr 

+j h(6)/e ' (6.3.30) 

where Jh (c) represents the hole current density just inside the 

semiconducting region, while 
fdU 

h 
ifr 

represents the total net 

hole recombination rate due to the interfacial surface states 

and is given by equation (6.2.15). Now we let c-o+ so that 

the interfacial surface states become confined to a sheet 

distribution. Assuming that the quasi-Fermi levels remain 

virtually unchanged (over the interval [o, c)) as they meet the 

interfacial layer at x-o we identify Je (c) and Jh (C) as C -). o+ 

with Je (o) and Jh (o) respectively. Also the two thermionic 

emission tunnel current densities Jet and Jht, representing the 

thermionic emissicn tunnel current densities due to electron and 

hole tunneling between the barrier metal and the semiconductor 
Is 

conduction and valence bands respectively, are constructed in 

(A. 11) and (A. 16) of Appendix A, and are given as 
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J t=A *T2 
exp(-X 

1 T) exp(-eO +V )/kT){exp(e(E (o)-E )/kT)-11, 
eenBi Fn FM 

(6.3.31) 

and 

i t=A *T2 
exp exp(-e(E -ý -V )/kT){I-exp(-e(E (o)-E )/kT)I, hh (-Xh 

gBi Fp FM 
(6.3.32) 

where A* and A* represent the effective Richardsons constants for eh 
the thermionic emission of electrons and holes repectively. Xn 

and Xh represent the effective tunnel barrier heights (eV) present 

against tunneling electrons and holes respectively. - 
-6 in this 

case represents the thickness of the interfacial layer measured 
0 in A, see for example J. Buxo et. al. (1976). The interfacial 

voltage Vi developed( as a result of the illum ination) across the 

insulating interfacial layer is of course, coupled to equation 

(6.3.13) where it was stated that VI-Vi (x-o). From equations 

(6.3.29) and (6.3.30) we construct the two final boundary 

conditions as 

t ifr i 
e(o) = Je + efdUe (6.3.33) 

t ifr 
and Jh (0) =ih efdUh (6.3.34) 

where Jetfiht, 
fdU 

e 
ifr 

and 
fdU 

h 
ifr 

are given by the equations 

(6.3.31), 
-(6.3.32), 

(6.2.14) and (6.2.1.5) respeztively. 

So, we have seven boundary conditions (6.3.14), (6.3.27), 

(6.3.28), (6.3.33) and (6.3.34) which match the seven first order 

non-linear differential equations given in this chapter. In fact, 

because of the dependence of equations (6.3.19) and (6.3.24) on 
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the equilibrium electron and hole concentrations, we introduce 

the equations established in chapter 5 to the above mentioned 

system. Therefore the system of equations covering the behaviour 

of the n-type Schottky barrier solar cell with a thin insulating 

interfacial layer, is composed of ten simultaneous first order 

non-linear coupled differential equations, with ten boundary 

conditions, some of which are of the mixed type. 

A solution to this system, for a particular operating voltage, 

yields the semiconductors band edges, the quasi-Fermi levels 

(E 
Fn 

(x) for electrons in the c. b. and E Fp 
W for holes in the 

v. b), the electrostatic field Es (x), the electron and hole 

current densities JeW and Jh (x), all as functions of position 

x in the semiconductor substrate xe(o, L). Also, the 

thermodynamic equilibrium barrier height ýB is found using the 

procedure of chapter 5, and the interfacial voltage Vi developed 

across the insulating layer is given by the value of ViW at 

XM0. 

In all of the work presented in this chapter the image force 

lowering effect has been neglected. This causes the total current 

density J (-j 
e 

(x)+j 
h 

(x)), which is independent of x by virtue of 

equations (6.3.22) and (6.3.23), to be slightly underestimated . 

Note that when the n-type Schottky barrier solar cell is delivering 

power J is less than zero, while on the other hand when it is 

forward biased in the dark J is greater than zero. A few remarvs 

concerning the method of solution will be given in the next 

section, also numerical results for calculations performed for 

an Au - S'02 n-type Si Schottky barrier solar cell will be 

presented and discussed. 
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6.4 Discussion of results 

Some results of the theory are presented in figures 6.3 - 

6.9. They were calculated by assuming that a total voltage V 

exists across the Au - S'02 - n-type S1. Schottky barrier solar 

cell, and that the parameters of table 3 are given. The neutral 

level ý is assumed to be independent of applied voltage and 0, i 
illumination and has been estimated to lie at about 0.3± 0.36 

eV (Cowley and Sze 1965), and it has been taken as zero for the 

present calculation. In the numerical work we have assumed 

that the volume charge density P is independent of illumination 

and output voltage, scr p=po. 

Briefly, the method of solving the equations of section 6.3, 

is as follows: (a) The thermodynamic equilibrium problem of 

chapter 5 is solved, according to the algorithm presented in 

section 5.4. This gives us the thermodynamic equilibrium barrier 

height ýB, and the variation of the equilibrium electrostatic 

potential and field with the position x in the semiconductor. (b) 

The boundary condition (6.3.14) is restructured by defining a 

new function VI (x) given by 

v i(x) - vi (x) -Vi (x-L) . (6.4.1) 

It is clear that V. (x) must satisfy equation (6.3.13) because 

Vi(x-L) has no x dependence. Therefore we replace the differential 

equation (6.3.13) for the functional interfacial voltage by 

dVi (x) 
. 

8e {(, (, )_p (x»-(n(x)-n (x»+(ND + (x)-N + (x»1, ( üý 
00 Do dx 1 

(6.4.2) 

where we have the corresponding boundary condition as 
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V1 (X) =0 at x=L (i. e. at the ohmic contact). (6.4.3) 

Now as 

VWV when x-o, we observe that 

Vi (x = o) + Vi(x = L). (6.4.4) 

(c) The next step. is to introduce the parameters Je (L), Jh (L) 

and Es (L) which represent respectively the electron current density, 

the hole current density and the electrostatic field, all at the 

ohmic contact (x - L). These parameters, if known, would complete 

the set of boundary conditions at x-L. 

Treating the problem of an n-type Schottky barrier solar cell 

as an initial value problem we integrate the system of differential 

equations from x-L to x-o. Having assumed specific values for 

the parameters Je (L), Jh (L), Es (L) and Viv we then use the 

calculated function values (E 
Fn 

(o), E Fp(o), 
ýs (0), Je (0), 1h (0) 

and Vi (o)) to estimate the accuracy of the boundary conditions 

at x-o. Therefore we construct the following error function 

f(i 
e 

(L), J h 
(L), E 

s 
(L), V i) - (ýs(0) + ýB +v i) 

2+ (j 
e 

(0) -ie 
t- 

eldU e 
ifr 

)2 

+(j h(o) - Jh t+ 
efdUhifr)2 + CVi(o) + Vi(x=L) -V i) 

29 (6.4.5) 

where we must stress that ý 
S(O), 

J 
e(o)' 

Jh (o) and Vi(o) have 

been obtained as a result of integrating the differential equations 

from x=L to x=o. Hence these calculated function values at 

position x=o are themselves functions of the three unknown 

parameters Je (L), Jh (L) and Es (L). The interfacial voltage V 

developed across the insulating layer has been introduced as a 



176. 

parameter to facilitate the formation of the error function (6.4.5). 

We see that f(J 
e 

(L), Jh (L), Es (L), V is always greater than or 

equal to zero. Thus by minimizing the function of (6.4.5) with 

respect to the four variables Je (L), Jh (L), Es (L) and Vi, together 

with the constraint that at the required minimum the value of f 

is zero, the boundary conditions at the interface x=o will 

therefore be satisfied at the minimum point. The values of the 

four variables Je (L), Jh (L), ESW and VI at the minimum point 

determine the solution (at a particular voltage V) completely. 

This basic numerical procedure has been applied to both the 

illuminated and unilluminated Au - SiO 2- n-type Si Schottky 

barrier solar cell, for various operating voltages V(>o, forward 

bias). 

. Figure 6.3 shows the variation of the electrostatic field 

Es (x) with the position x in the semiconductors substrate 

(o4x, <L). The thermodynamic equilibrium electrostatic field's 

variation with position is shown for comparison purposes. The 

electrostatic field Es (x), for the illuminated n-type Schottky 

barrier solar cell, is seen to have a negative non-zero value 

for all xe[o, L] when the solar cell is short circuited. As the 

output voltage V is increased the hole and electron current 

densities at the ohmic contact (x=L) increase, thereby reducing 

the magnitude of the output current density. (When the n-type 

S. B. S. C. is delivering power the total current density 

j-jeW+jn (x) is of negative sign). Therefore we expect the 

electrostatic field Es (L) at the ohmic contact (x-L) to increase 

with increasing output voltage V. In fact the elestrostatic 

field Es (L) changes, from being of negative sign at shortcircuit 

conditions, to be of positive sign at the output voltage of 

0.2 volts. 
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Figure 6.3 The electrostatic field ES (x) as a function of the position 

x in the semiconductor substrate. The parametersof table 3 

have been used. (a) The thermodynamic equilibrium electrostatic 

field, (b) the electrostatic field of the illuminated and 

short-circuited cell, (c) the electrostatic field of the 

illuminated cell operating at an output voltage of 0.2 volts, 

(d) the electrostatic field of the unilluminated cell at a 

forward potential of 0.3 volts, (e) the electrostatic field 

, of the unilluminated cell at a forward potential of 0.2 v. 
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As we move towards the barrier region the electrostatic 

field ES (x) eventually settles down to follow an exponential type 

of variation with the position x in the semiconductors substrate. 

However, as we move a little closer to the interface at x=o, the 

volume charge density in the semiconductor tends to approach a 

constant value (this is because the electron concentration n(x) 

then becomes small when compared with ND +(x), 
and so far the 

hole concentration p(x) has had a negligible effect on the 

volume charge density). Consequently the electrostatic field 

Es (x) therefore begins to decrease approximately linearly with 

decreasing x, so the electrostatic field in figure 6.3 appears 

to start leveling off. 

Since the solar cell is being illuminated and is delivering 

power (J<o), there is an increase in the hole concentration 

near the interface x=o, due to the imperfect communication between 

the barrier metal and the semiconductor 
)s 

valence band (see below). 

If the interfacial layer is thick enough (say 20 AO) and also if 

the tunneling barrier against hole flow between the barrier metal 

and the semiconductors valence band is large enough (say an 

effective tunneling barrier of 0.9 eV), then the hole concentration 

which builds up at the interface x=o, (because of the influx of 

photogenerated holes) may have a magnitude somewhat similar to 

that of the ionized doping concentration ND+ (x). Therefore in 

considering the electrostatic field's variation close to the 

interface, one sees that as we move closer towards the interface 

the volume charge density becomes extremely sensitive to the 

hole concentration near the interface. 

Hence, as we move away from the region of near constant volume 

charge density (=eN D+ (x)) towards the interface, the contribution to 
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the volume charge density from the build-up of photo-generated holes 

becomes pronounced. Consequently, for x very near zero( say to 

within 0.15pm)the volume charge density increases rapidly as x 

decreases. Thus the electrostatic field E 
SW, 

decreases 

strongly with decreasing x (when x is less than 0.15pm say). 

Also shown in figure 6.3 are the variations of the 

electrostatic field Es (x) for the unilluminated n-type Schottky 

barrier solar cells. For any appreciable forward voltage, 

greater than 0.05 volts say, the electrostatic field in the 

semiconductor at the ohmic contact x=L is positive. Note that 

for all forward voltages (V>o), the total current density J 

flowing is also positive. Again, as the barrier region is 

approached the electrostatic field takes an exponential variation 

with the position x in the semiconductor. This is caused by the 

increase in the volume charge density, due to the decrease in 

the electron concentration. n(x), as x decreases. The increase in 

the hole concentration p(x), in the expression for the volume 

charge density, never becomes important when the n-type S. B. S. C. 

is forward biased in the dark. Eventually, as we move closer 

still to the interface x=o, say to within 0.5pm of the interface, 

the effect of the decreasing electron concentration n(x) with 

decreasing x becomes relatively unimportant. Hence in this region 

the volume charge density p(x) almost equals the ionized donor 

charge concentration eN D+ 
(x). Therefore for x less than about 

0.51im, the volume charge density remains almost constant for a 

forward bias voltage V. Consequently because p(x) is no longer 

increasing rapidly with decreasing x (when x is near x=o), the 

electrostatic field ES (x) for the unilluminated n-type S. B. S. C. 

under a forward bias V, decreases approximately linearly with 

decreasing x. Thereffore(for various forward voltages) the 
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electrostatic field Es (x) in the substrate of the unilluminated 

n-type S. B. S. C., shown in figure 6.3jappearsto level off near 

X-00 6 

In figure 6.4, the variation of the electrostatic potential 

as a function of the position x in the semiconductor substrate 

(o4x9L-3.61im) is shown for various operating conditions. The 

electostatic potential ýs (x) is measured from an origin at the 

barrier metalls Fermi level E FM such that Ec(x)-E F117 -ýs(x)* 

Here Ec(x) represents the variation of the bottom of the semi- 

I 
conductors conduction band with x. Also Ev(x), representing the 

I 
top of the semiconductors valence band, is related to the 

potential distribution ýs(x) by Ev(x) - -E 9 
+Ec(x) = -E 9-ýS 

(x)+E 
Fm' 

so we see that the band edges are parallel to -ý s 
W. In 

particular we note that at the interface Ec (x=o) -E FM 

(- -ýS (o)), represents the thermodynamic equilibrium barrier 

height ý plus the interfacial voltage V. developed across the B1 

insulating interfacial layer. The thermodynamic equilibrium 

electrostatic potential ý0 (x) is, from chapter 5, shown for 
S 

comparison purposes. 

The illuminated n-type Schottky barrier solar cell under 

short circuit conditions has an electrostatic potential 

distribution ýs (x) in the semiconductor's substrate, and has the 

following properties: The short circuit electrostatic potential 

remains almost constant for x>1.5pm, being-virtually the same 
0 

as ýS(x) for the larger x values. In fact when x>i. 5pm, 

(x) is just less than ý0 (x), so that the conduction band edge is s 

of the short circuited n-type S. B. S. C. is just above the thermo- 

dynamic equilibrium conduction band edge. As we move towards 
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The electrostatic potential ýs (x) as a function of the 

position x in the substrate. The parameters of table 3 

have been used. (a) the thermodynamic equilibrium electro- 

static potential distribution, (b) the electrostatic potential 

distribution for the illuminated and short-circuited cell 

(V i--0.054v), (c) the electrostatic potential distribution 

for the illuminated cell operating at an output voltage of 

0.2 volts (V i =. - 0.01v), (d) the electrostatic potential 

distribution of the unilluminated cell at a forward potential 

of 0.2 volts (V i=0.0019v), (e) the electrostatic potential 

distribution of the unilluminated cell at a forward potential 

of 0.3v (V 
3, = 0.0069v). 
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3 
the interface x=o, the semiconductors conduction band edge 

corresponding to the short-circuited n-type S. B. S. C. moves below 

the thermodynamic equilibrium conduction band edge. Eventually 

when the interface x=o is reached, the conduction band edge(at 

x=o)is below the thermodynamic equilibrium conduction band edge 

(at x=o)by an amount equal to (-Vi). This gives the interfacial 

voltage V1 developed across the insulating interfacial layer (as 

a result of the illumination) as -0.054 volts, when the n-type 

Schottky barrier solar cell is short circuited. [An explanation 

of negative interfacial voltages will be given in thenext 

section]. 

Figure 6.4, also shows the semiconductor) s conduction band 

edge variation with position in the n-type S. B. S. C., at A forward 

bias voltage of 0.2 volts, with and without illumination. Here 

the semiconductors conduction band edge under illumination 

always remains below that of the unilluminated cell. This is 

due to the fact that the electrostatic field in the semi- 

conducting region of the illuminated cell (at an output voltage 

of 0.2V) is always greater than the electrostatic field of the 

unilluminated cell (at a forward bias of 0.2V), except when 

x is very close to zero, in which case the converse will be 

true. Therefore by invoking the relation E (X) -: d- ý (x) we s dx 

deduce the above statements, by asserting that within the region 

very close to the interface, the sudden decrease in ýhe electrostatic 

field in the semiconducting region of the illuminated n-type 

S. B. S. C. does not have a very marked effect on the position of 

the illuminated semiconductors conduction band edge at the inter- 

face x=o. The interfacial voltage VI for the illuminated n-type 

S. B. S. C., which is delivering power at an output potential of 
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0.2 volts, is given as -0.01 volts. However, in the case of the 

n-type S. B. S. C. forward biased at 0.2 volts in the dark, the 

interfacial voltage Vi is given as 0.0019 volts. The inter- 

facial voltage Vi developed across the interfacial layer is 

seen to increase with the operating (forward bias) voltage. V, 

for both the illuminated and unilluminated n-type Schottky barrier 

solar cells. 

Turning now to figure 6.5, the increase in the electron 

quasi-Fermi level, of the illuminated n-type S. B. S. C. under short 

circuit conditions, with decreasing x is due to the electron 

current density at the ohmic contact having a negative sign. As 

the electron concentration near the ohmic contact is large, the 

electron quasi-Fermi level tends to increase slowly with decreasing 

x (this is clear from equation (6.3.25)). Now when we approach 

the barrier region, the electron current density remains of 

negative sign, but the semiconductor conduction band edge increases 

in energy (i. e. the potential ýsW reduces with decreasing x in 

the barrier region). Hence the slope of the electron 
)s 

quasi-Fermi 

level becomes much more negative as we approach the interfaces because of 

the rapidly decreasing electron concentration in the barrier 

region. Thus as the position x, in the semiconductors substrate, 

decreases the electron quasi-Fermi level increases rapidly in the 

barrier region. 

For the short circuited and illuminated n-type Schottky 

barrier solar cell, the electron current density Je (x) tends to 

increase from its large negative value at the ohmic contact (x=t) 

to some positive value at the interface x=o. In the illuminated 

S. B. S. C. the electron current density will have a strong functional 

dependence on the position x, because of the strong x-dependence 



184. 

I Zýz 

rr 
-n 
Z(R 

rn 

i 

Figure 6.5 The electron quasi-Fermi level as a function of the position 

x in the substrate. The solar cell is being illuminated 
U 

(100 MW cm -2 of direct radiation) under short-circuit conditions. 

,., 
The parameters of table 3 have been used. 
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of the photogeneration rate F(x) (see equations (6.3.22) and (2.5.17)). 

The electron current density is seen to be of positive sign at the 

interface, thus indicating that some emission of the photogenerated 

majority carriers (electrons) into the metal is occurring together 

with some interfacial surface state recombination (see, for example 

Lavagna et al 1977). 

The electron current density is therefore seen to have a zero 

value at some point, x0 say, very close to the interface. When x 

is decreased to below x0, the electron current density takes a 

positive value and because the electron concentration iý low in this 

region, the electron quasi-Fermi level decreases as x(ý. xo) decreases. 

Hence we observe a maximum in the electron quasi-Fermi level at x0 

as shown in the figure. 

Figure 6.6 shows the variation of the hole quasi-Fermi level 

with the position x in the semiconductors substrate. The n-type 

S. B. S. C. is illuminated under short circuit conditions. At the 

ohmic contact x=L the hole diffusion current is large and positive 

because of the thin substrate used in the calculations. 

Consequently, the hole quasi-Fermi level drops rapidly with 

decreasing x1because of the very low hole concentration in the 

semiconductors substrate at x=L. As we move towards the barrier 

region, the hole current density decreases in accordance with 

(6.3.23) and the hole concentration increases as the hole quasi- 

Fermi level decreases, therefore the hole quasi-Fermi level begins 

to level off as observed in the figure. 

Eventually, as we continue to move towards the barrier region, 

the hole current density changes its sign (i. e. for x near the 

interface Jh is negative), and the hole qliasi-Fermi level then 

begins to increase with decreasing x. Note that the hole concentration 

is still increasing with decreasing x (because of the rapidly 
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Figure 6.6 The hole quasi-Femi level as a function of the position x 

in the substrate. The cell is being illuminated under short- 

circuit conditions. The parameters of table 3 have been used. 
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decreasing potential), but the dominant effect at the moment is 

the rapid decrease in the hole current density as we move closer 

to the interface. Ultimately, as we approach the interface x=o, 

the hole current density becomes increasingly negative and the 

hole concentration is seen to increase dramatically as the 

valence band edge becomes closer to the hole quasi-Fermi level. 

Therefore, according to (6.3.26), the hole quasi Fermi level is 

seen(from the figure)to level off as the interface x=o is 

approached. In fact the hole quasi-Fermi level at the interface 

x=o is below the barrier metalýs Fermi level E 
FM 

by an amount equal 

to 0.385 (eV). This indicates that the communication between 

the barrier metal and the semiconductor 
)s 

valence band is rather 

poor. Therefore some of the photo-generated holes, which have 

accumulated in the semiconductorls valence band near the interface 

x=o, will be lost to recombination both at the interface and 

within the semiconductor. If the interfacial layer were made 

much thicker, then the above mentioned recombination effects 

would play a dominant role in the device characteristics, because 

the separation between the barrier metal Fermi level E FM and the 

hole quasi-Fermi level E Fp 
(o) at the interface x-o is likely to 

become much larger for the thicker interfacial layers. 

In figure 6.7 the electron and hole quasi-Fermi levels are 

shown as functions of the position x in the semiconductor Is 

substrate, for the illuminated n-type Schottky barrier solar cell 

delivering power at a voltage of 0.2 volts. Here the major 

feature of interest is the increased magnitude of the hole 

diffusion current at the ohmic contact (x=L). This means that 

for the thin film S. B. S. C. studied, the hole diffusion current 

density J (L) at x=L can be a very important loss mechanism hI 
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Figure 6.7 The e lectron and hole quasi-Fermi levels (E 
Fn and E Fp 

respectively) as functions of the position x in the substrate 

The cell is being illuminated and is delivering power at an 

output voltage of 0.2v. The parameters of table 3 have been 

used. Curve (a) represents the variation of the electron 

quasi-Fermi level whereas curve (b) represents the variation 

of the hole quasi-Fermi level. 
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(i. e. Jh (L) being large and positive reduces the magnitude of the 

total current density flowing when the device is delivering power). 

The behaviour of the electron and hole quasi-Fermi levels as 

functions of the position x in the semiconductors substrate, are 

similar to those discussed for the short circuited n-type S. B. S. C. 

under illumination. However, we remark that, for the illuminated 

n-type S. B. S. C. at V=0.2 volts, the quasi-Fermi levels near the 

interface do not have such marked variations (with position), as 

the quasi-Fermi levels corresponding to the short circuited cell. 

In actual fact the electron quasi-Fermi level appears to be 

almost flat when compared to the variation of the hole quasi-Fermi 

levellwith the position xin the semiconductors substrate. 

Figure 6.8 shows the variation, with position x, of the 

electron and hole quasi-Fermi levels for an unilluminated n-type 

Schottky barrier solar cell for various operating voltages V. 

When the device is forward biased in the dark, the electron and 

hole current densities remain positive and 'almost' constant 

throughout the substrate. Therefore the electron quasi-Fermi 

level decreases slightly as x decreases. In fact when we approach 

the interface, the electron quasi-Fermi level tends to decrease a 

little faster, due to the reduction in the electron concentration 

near the interface x=o. This reduction in the electron quasi- 

Fermi level with decreasing x near x=o is not very pronounced 

because of the relatively low electron current density. If this 

electron current density were increased by applying a higher 

forward bias, then the electron concentration in the barrier 

region would also be increased, and consequently the electron 

quasi-Fermi level would only decrease (with position x) marginally 

faster than before. 
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Figure 6.8 The electron and hole quasi-Fermi levels (E Fn (curves-1,2)and 

E Fp 
(curves a, b) respectively), as functions of the position 

x in the substrate. The cell is unilluminated, at a forward 

bias of 0.2 volts (curves 1 and a) and at a forward bias of 

of 0.3 volts (curves 2 and b). The parameters of table 3 

have been used. 
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Turiiing our attention now to the hole quasi-Fermi level we 

see that(because of the low hole concentration at the ohmic 

contact (x=L), and as the hole current density at the ohmic contact 

is positive) the hole quasi-Fermi level decreases rapidly as we 

move away from the ohmic contact towards the barrier region. As 

we proceed in this direction, the hole quasi-Fermi level begins to' 

level off because of the increase in the hole concentration, 

caused by the valence band edge becoming closer to the hole quasi- 

Fermi level. Ultimately when we reach the interface x=olthe hole 

quasi-Fermi level is slightly above the barrier metals Fermi 

level. Therefore we deduce that the separation between the 

quasi-Fermi levels at the interface x=o is always less than the 

forward voltage applied to an n-type S. B. S. C. in the dark. 

Finally, in turning to figures 6.9 (a) and (b), the electron 

and -hole current densities as functions of position x, in the 

semiconductors substrate, are given for both the unilluminated 

and illuminated n-type Schottky barrier solar cell, at various 

operating voltages V. The electron and hole current densities 

for the unilluminated n-type S. B. S. C. under a forward bias V, 

are seen (figure 6.9(a)) to remain almost constant across the 

semiconductor's substrate. This indicates that, for the, 

unilluminated device, recombination in the semiconductor region- 

is not a very important process. However, this is not the case 

for the interfacial surface state recombination effects. In 

fact the communication of the interfacial surface states with 

the barrier metal and the bands (at x=o), are observed to be 

very important processes when compared to the thermionic emission 

tunnel current de-asitie3. Therefore a substantial part of the 

total current density flowing through the device passes through 
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Figure 6.9(a) The electron and hole current densities (i 
e 

(curves 

1,2) and Jh (curves a, b) respectively) as functions of 

the position x in, the substrate. The cell is unillu- 

minated, at a forward bias of 0.2 volts (curves 1 and a) 

and at a forward bias of 0.3 volts (curves 2 and b). 

The parameters of table 3 have been used. 

so 
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Figure 6.9(b) The electron and hole current densities (i 
e 

(curves 

1,2) and Jh (curves a, b) respectively) as functions 

of theýposition x in the substrate. The cell is 

illuminated (100 MW cm72 of direct radiation), under 

short-circuit conditions (curves 1 and a), and at an 

output voltage of 0.2 volts (curves 2 and b). The 

parameters of table 3 have been used. 
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the interfacial surface states. Hence the tunneling of carriers 

between the barrier metal and the interfacial surface states, has 

been shown to be an important effect. 

On the other hand, for the illuminated n-type S. B. S. C. deliver- 

ing a total current density J<o, the. electron and hole current 

densities are shown to be strong functions of-the position x in 

the semiconductors substrate. The hole diffusion current density 

at the ohmic contact (x=L) is seen to be relatively large and 

positive, this is, a consequence of the very thin substrate 

thickness used in the calculations. CIf the calculations were 

performed for larger values of the substrate thickness, we would 

expect the magnitude of the hole diffusion. current density, at 

the ohmic contact, to be very much reduced. ] The hole current 

density at the interface x=o is large and negative (see equation 

(6.3.23)). This hole current density (at x=o) is formed from two 

components, one due to interfacial surface state recombination, 

and the other is due to the thermionic emission of holes, tunneling 

through the interfacial layer into the barrier metal. These two 

processes have effects of approximately the same magnitude. 

The variation of the electron current density with position 

x in the semiconductor substrate of an illuminated n-type S. B. S. C. 

is given in figure 6.9(b). Again there is a strong functional 

dependence on x, and in particular we note that at the interface 

(X=O)je (x=o) takes its maximum positive value. Conversely when 

x is large Je (x) is, of course, negative. The positive value of 

(x=o) represents the current density due to the emission of e 
photo-generated electrons from the semiconductors conduction band 

into the barrier metal, plus the current density flowing between 

the conduction band and the interfacial surface states. 
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To sum up, we have shown, that the depletion approximation 

seems to be invalid and the influence of the interfacial surface 

states upon the device characteristics is important, not only in 

understanding the nature of the currents involved at the inter- 

face, but also in understanding the electrostatics of the junction. 

In the next section we will give a simple argument to show that 

the sign of Vi, the voltage developed (by the illumination) across 

the interfacial layer, is negative when the n-type S. B. S. C. "is 

illuminated under short circuit conditions. 

6.5 Negative interfacial voltages 

In this section we shall show, by simple argumentsythat the 

interfacial voltage Vi developed (as a result of the illumination 

across the insulating interfacial layer is negative when the n-type 

S. B. S. C. is being illuminated under short circuit conditions. 

These arguments will be qualitative, and serve only as an indicator 

for the expectation of negative interfacial voltages Vi. We shall 

approach this problem from two viewpo ints: (a) electrostatic and 

(b) charge conservation considerations. -- 

. We examine an n-type Schottky barrier solar cell with a'thin 

insulating interfacial layer, which is being illuminated under 

short-circuit conditions. The photo-generated holes tend to build 

up in the semiconductors valence band near the interface x=o. 

This is due to the poor communication existing between the barrier 

metal'and the semiconductors valence band. In order that a short 

circuit current is to flow, the hole quasi-Fermi level moves below 

the barrier metals Fermi level, thereby'taking account of the 

increased hole concentration at the interface x-o, due to the 

accumulation of the photo-generated holes. 'It is expected that 

the electron quasi-Fermi level(at the interface x=o)will move 
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upwards (i. e. above the metals Fermi level) by a small amount, 

so that the increase in the electron concentration at the interface 

is also catered for. 

one therefore expects the charge density Qi (Qd-2) on the 

interfacial surface states, to increase to a value greater than 

the thermodynamic equilibrium surface state charge density Qio. 

This is because the number of occupied interfacial surface states 

nt, would decrease when the hole quasi-Fermi level at the interface 

moves far below the metal Fermi level (the interfacial surface 

state quasi-Fermi levels then tend to lie below F FM 
), while in 

contrast the electron quasi-Fermi level remains almost static. 

Therefore, illumination of the n-type S. B. S. C. causes the inter- 

facial surface state charge density QI to increase. Hence(Qi - 

Qio)> o for the illuminated n-type S. B. S. C. under short circuit 

conditions. 

The electrostatic interpretation (a) of this result-will now 

be given. We consider the additional potential '' in the semi- 

conducting region, produced by an additional positive charge at 

the interface. This electrostatic potential is positive every- 

where and tends towards zero as x tends to infinity. Hence we would 

expect the increase in the charge density at the interfacial 

surface states, to cause an increase in the potential near the 

interface, the effect of this additional potential dying away 

at large distances. Therefore we deduce that for a short-circuited 

n-type S. B. S. C. receiving illumination, the interfacial voltage 

VI developed across the insulating interfacial layer, by the 

illumination, is of negative sign. 

Similarly, the interpretation via charge conservation (b) 

is made as follows: We make the assumption that P=Pono i. e. the 
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interfacial volume charge densities are set to zero. Now by 

appealing to equation (6.3.8), and by neglecting the electrostatic 

fields at the ohmic contact (x=L), we write the charge 

conservation equation as % 

-( 
Ei Yvi +(Q sco - 

QSC) =. Qi - Qio > 0, (6.5'. l) 

for the short circuited n-type S. B. S. C. under illumination. If 

we now invoke the depletion approximation to enable us to 

calculate the space charge densities Q 
sco and Q 

se 
(see equations 

(2.4.9) and (2.4.11)), then by using the fact that V 
3. - -V S 

(at 

the short circuit point) we observe that when Vi is negative, 

both the first and second terms on the L. H. S. of (6.5.1) are 

positive. Therefore a value of Vi (<o) exists, for which equation 

(6.5.1) is satisfied. Hence we again deduce that Vip the voltage 

developed across the insulating interfacial layer, is negative 

when the illuminated S. B. S. C. is short circuited. 

In the next chapter we shall go on to present a simplified 

model for the p-type S. B. S. C., based on the system of equations 

given in this chapter. 

i 
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CHAPTER 7 

THE THEORY OF THE P-TYPE SCHOTTKY BARRIER SOLAR CELL 

7.1 Introduction 

In this chapter a simplified model of a p-type Schottky barrier 

solar cell with a thin insulating interfacial layer is constructed. 

Whilst retaining the more important features of the more general 

formalism covering the n-type Schottky barrier solar cell, 

developed in chapters 5 and 6, the usual assumptions regarding the 

quasi-Fermi levels and potential drop across the bulk region are 

carefully reintroduced. Again we assume a constant and uniform 

distribution of interfacial surface states over the energy gap of 

the semiconductor. The theory of the n-type S. B. S. C. presented 

in Chapter 2 is extended to cover the p-type case-with the following 

four improvements: (i) The electron quasi-Fermi level E Fn at the 

interface x=o is allowed to rise by V 
ph above the Fermi level E FM 

in the metal. This takes account of the imperfect communication 

between the semiconductor 
)s 

conduction band and the metal. (ii) 

Tunneling between the metal and both the interfacial surface states 

and the bands of the semiconductor is taken into account. (iii) 

Recombination (avoidable and, unavoidable) of the photogenerated 

carriers in the depletion layer, which was neglected in the 

formalism of Chapter 2, is also accounted for. (iv) The unavoidable 

recombination is also considered in the bulk semiconductor. 

The model neglects the slopes of the quasi-Fermi levels in the 

depletion layer and it neglects the slope of the majority carrier 

(hole) quasi-Fermi level E Fp 
in-the bulk semiconductor. The shape 



199. 

of the band edge is calculated using the depletion approximation. 

The results of the calculations made show that the J-V 

characteristics of the p-type Schottky barrier solar cell are 

strongly controlled by the parameters of the interfacial layer, 

which in effect determine the extent of the recombination within 

the solar cell. The voltage Viv developed across the insulating 

interfacial layer when the device is illuminated, is found to be 

negative when short-circuit conditions apply, and becomes positive 

when the-solar cell is operating at large output voltages. This 

is a new effect which has not appeared previously in the 

literature. 

Recombination in the semiconductors bulk and depletion layers 

are shown to be of great importance. In particular, for some 
0 

thicker interfacial layers >25A say, these recombination currents 

in the semiconductors depletion layer and bulk region can dominate. 

Degeneracy effects are seen to become very important when studying 

the degraded characteristics of p-type Schottky barrier solar cells. 

. 
[The degradation is due to chemical changes occurring after 

encapsulation, and not to particle irradiation damage to the, semi- 

conductor (Lillington and Townsend 1978)]. Reasonable agreement 

between the experimental and theoretical J-V degraded character- 

istics is obtained. 

We believe that the degradation of the p-type Al - SiO 2- Si 

Schottky barrier solar cell is due to the presence of water vapour 

when the cell is being fabricated (especially as no degradation is 

observed when care is taken to ensure that water vapour is not 

present during the fabrication of the solar cell). It is suggested 

that, after a period of time the water vapour(traped at the inter- 

face during fabrication) reacts chemically with the A. 1 barrier 



200. 

metal to give an additional interfacial layer. The additional 

insulating interfacial layer sandwiched between the barrier metal 

and the already existing interfacial layer (oxide layer) is 

thought to cause the Schottky barrier solar cells degradation. 

7.2 The electrostatics of the junction 

The following assumptions will be made: (a) in the depletion 

region o<x<w of the semiconductor the quasi-Fermi levels are 

taken to be of negligible slope. (b) The potential drop across 

the bulk semiconductor w<x is regarded as negligible and the hole 

quasi-Fermi level has negligible slope in this region. (c) The 

band diagram is as shown in figure 7.1 for the illuminated p-type 

Schottky barrier solar cell delivering power at an output voltage 

V. 

With these assumptions the electrostatics of the junction will 

be studied in this section. Let DS be the density of interfacial 

surface states (m72 ev -1 ) and let 6 be the thickness of the 

insulating interfacial layer. Also let QM' Qint' Qi, Psc be the 

charges per unit area in the surface of the metal, interfacial layer, 

interfacial states and depletion region respectively. The notation 

of figure 7.1 is used, V(- Vi+V 
s 
') being the output voltage developed 

across the S. B. S. C. Here Vi and Vs are the parts of the output 

voltage developed (as a result of the illumination) across the 

interfacial and depletion layers respectively. Again let the 

suffix S denote a surface quantity and a suffix s denote a quantity 

in the interior of the semiconductor. Now by figure 7.1, the Fermi 
I 

level in the interior of the semiconductor is E Fs -z E 
FM -V-E Fp 

Also the separation between the electron and hole quasi-Fermi 

levels in the depletion layer, is given as 
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Figure 7.1 Band diagram of the illuminated p-type Schottky barrier 

solar cell, with an insulating layer, delivering power 

at an output voltage V. 
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E Fn -E Fp wv+v ph ' O<X<W 9 

where-V ph 
represents the photo-induced voltage i. e. the amount by 

which the electron quasi-Fermi level, at the interface x-o, rises 

above the Fermi level E FM 
in the metal. Therefore we may write 

E FM mE Fn -v ph ' O<X<W . (7.2.2) 

Let 0 
Bp be the barrier height, Vb-vs the potential drop across 

the depletion layer, and A-V the potential drop across the iI 

insulating interfacial layer, each under illumination. Under zero 

illumination and applied potential V-V2. =Vs-0; A is thus the 

equilibrium potential drop across the interfacial layer and ý 
Bp 

becomes 0 
Bp 

(the thermodynamic equilibrium barrier height). Under 

illumination and short circuit conditions, the photo-induced 

voltage V 
ph 

>o and Vi. -V sjo. 
Now from the figure, with 0M 

as the metal work function, X the electron affinity of the semi- 

conductorland VP as the separation between the Fermi level E 
FS 

in the interior of the semiconductor and the semiconductors valence 

band edge deep in the semiconductor substrate, 

ýM =E9- (V b-Vs )+X- (A-V i)-v-vp 

- -V p-Vb+X-A+ 
Eg = -ýBp +X-A+E9. (7.2.3) 

By the depletion approximation with Es (x) as the electrostatic 

field in the semiconductorsdepletion layer (o<x<w) and cs as the 

permittivity of the semiconductor, we have from the Poisson 

equation 
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s 
(x) - (eN 

A 
/c 

s) 
(w - x) , (7.2.4) 

where the boundary condition E (w) =o has been used, and the 
s 

ionized doping concentration is NA (here we have assumed that all 

the acceptors are ionized). The potential distribution ý (x) in 
ýs 

the depletion layer is given by 

es (x) 
.-C+ 

(eN 
A 

/2cs) (w - x) 
29 (7.2.5) 

where C is a constant and xC(o, w]. Let P(V) be the charge density 

in the interfacial layer at an output voltage Vjthen equation 

(2.4.7) gives the electrostatic field Ei(x) inside the interfacial 

layer as 

Ej(x) - (1/c, ) [PX 
- (Qi + Q, ")], 

(-Z<X<O) 
1 

(7.2.6) 

where Qi and Qsc are the charges per unit area in the interfacial 

surface states (at x-o) and depletion layer respectively. * 

. 
The space charge density in the depletion layer Q 

sc 
is 

Qsc ý -eN ýW ý -[2e NA es(V b-v S) 
119 

(7.2.7) 

where we have invoked the depletion approximation. In thermo- 

dynamic equilibrium, denoted by a suffix o, the space charge density 

becomes 

QSCO m -[2c seN, 
V b] 

1. 

. 
(7.2.8) 
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The analysis of the interfacial surface states presented in 

sections (6.2) and (6.3), is applicable to the present problem of 

the p-type Schottky barrier solar cell provided that all trap to 

trap transitions are neglected. In chapter 6, all integrations 

concerning the interfacial surface states were performed over the 

thermodynamic equilibrium surface state energy distribution. Hence 

in applying the results concerning the interfacial surface states 

(obtained in chapter 61 to the present problem, we must repace ýB by 

E9- ýBp* This is because the range of the integration over the 

thermodynamic equilibrium surface state energies is from 

E FM +B-E9 (=E 
vo 

(o)) to E FM +ýB (=E 
co 

(o)) for the n-type S. B. S. C, 

and from E FM - ýBp (-E 
vo 

(o)) to E FM - ýBp +E9 (-E 
co 

(o)) for the 

p-type S. B. S. C. Here ýB and ý 
Bp respectively represent the thermo- 

dynamic equilibrium barrier heights for the n-type and p-type 

Schottky barrier solar cells. The thermodynamic equilibrium 

barrier height ý for the p-type S. B. S. C. is the energy difference, 
Bp 

measured in units of electron volts, between the Fermi level E F11 

in the metal'and the top of the semiconductors valence band at the 

interface x=o, in thermodynamic equilibrium. 

For the p-type Schottky barrier solar cell, an interfacial 

surface state of thermodynamic equilibrium energy E 
to 

has a non 

equilibrium energy of E 
to 

Vi, measured relative to the metal, 

when the device is operating. The probability of a state of energy 

(E 
to -Vi in the barrier metal, being occupied by an electron is 

given by 

fm- 1/(exp(e(E 
to -vi-E FM 

MT) +1) . (7.2.9) 
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Using equations (6.3.11) and (6.3.12), the interfacial surface 

state charge densities (Qm-2) in and out of thermodynamic equilibrium 

are given by 

Qio= eDSýO-e% 

- eDSýo+DSkT 

and 

Qj- eDS% - eDS 

E FM-ýBp +Eg 

(1+exp(e(E 
to-E FM 

)/kT))-l dE 
to 

E FM-ýBp 

ln 
(1+exp(e(E 

9-ýBp 
)/kT)) eE 9 (7.2.10) 

(1+exp(-eý 
Bp 

/kT)) kT 

E -ý +E FM Bp 9 

ft dE 
to 

E FM74BP 

(7.2.11) 

where ý0 is the usual neutral level (see section 2.4) and ft, the 

occupation probability of an interfacial surface trap state (of 

thermodynamic equilibrium energy E 
to 

), is given by equation (6.2.6) 

as 

ftW TGn(o) + THp, (o) + fm (7.2.12) 
TG(n(o)+n 1 (o)) + TH(p(o)+pl(o)) + 1) 

Expressions for the carrier concentrations will be given in 

section 7.4 below. The Shockley-Read parameters n1 (o) and pl(o) 

are given by equation (6.2.12). The recombination data G and H 

are as given in section 2.4, and the net tunneling time constant T 

is given by equation (4.4.51). The occupation probability f in 
It 
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equation (7.2.12) includes the effect of tunneling between the 

metal and the interfacial surface states. 

The potential drop Vb-VS across the depletion layer is given 

under illumination by 

w 

eNA w2 (V b-Vs)-Es 
(x) dx =- (7.2.13) 

2es 
0 

This yields the depletion layer thickness w. 

The potential drop across the insulating interfacial layer is 

given, under illumination, by 

(A-V E. (x) dx p 82 
+ (Qi + QSC) (7.2.14) 

1 2ei 

-6 

thus 

(-V)= -L (7.2.15) 16 i2 A 
2- 

6p + Qi + QSC 

becomes in equilibrium 

A= 16 
po 

+ (7.2.16) Ci/6) 
2 

QiO + QSCO 

subtracting, 

v. I 6(p-p )+ (Qj - Qio) + (QSC-Qsco) (7.2.17) i20 

Now from (7.2.3) 0 (- E +X -A-ý ), the thermodynamic equilibrium Bp 9M 
barrier height of the p-type Schottky barrier solar cell, is given 

by the solution of 

X62 Po +D kT ln - 
(1+exp(e(9-en, )/kT» 

Bp 2E: i 
s (l+exp (-eýBp /kT» 

2F-s 
eE, /kT +8 eDS ýo eN, v (7.2.18) 

ei ei er, Bp- p 
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This is an implicit relation for ý 
Bp 

in terms only of the parameters 

given in table 4, and can be solved by iterative procedur_es. 

Relation (7.2.17) is an implicit relation for Vig the voltage 

developed across the interfacial layer, in terms of known parameters 

including V, but depends also on th ep hoto-induced voltage V 
ph' 

7.3 Junction currents 

- For the moment we shall consider only non-degenerate semi- 

conductor substrates, and we will take the conventional current 

density through the cell as positive when flowing to the right. 

When the p-type Schottky barrier solar cell is illuminated and 

delivers power$ to some external load, the device appears to be 

forward biased and the current flows in the reverse direction i. e. 

to the right in figure 7.1. 

The continuity equations for electrons and holes, in the semi- 

conductors conduction and valence bands respectively, are given by 

equations (2.5.5) and (2.5.6) as 

dJe(x) 
._ 

dJh(x) 
. e(U - F) , dx dx 

with F as the photo-generation rate given by equation (2.5.17) and 

U as the total recombination rate (unavoidable + avoidable) 

occurring at some position x within the semiconductor substrate. 

We therefore write U as the sum of two components: U 
unav 

for band- 

band transitions, and U 
avoid 

for transitions involving intermediate 

trapping levels (i. e. acceptor levels). Hence by using equations 

(2.5.1) and (2.5.3) with N replaced by VA (the concentration of 

acceptor levels), the total recombination rate U is given by 
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Table 4 

Data adopted for an Indoped Al - SiO_ /R-type Si Schottky barrie 

solar cell 

parameter numerical value dimensions references and notes 

A* 120 Arm-2 Pulfrey & McOuat (1974) 
e 

Aý 120 -2 2. Acn tC 

DS 10 15 10 17 
m -2 eV -1 Lane (1968) 

6 4 30 

ýM 4.2 eV Riviere (1957) 

m1 1.1 - Effective mass ratio for 
e/m electrons 

mh/ 0.59 Effective mass ratio for 
m holes 

-l 2 -l Pe 1900 s cm V 

'ph 425 2 -1 -1 cm Vs ýn asterisk refers to 
S Sreedhar et al (1969)] 

E 1.1 eV 9 
x 4.01 eV 

T 300 K 

11.8 C -1 Farad m C permittivity of 0 0 

-1 
free space 

F-i 3.9 C0 Farad m 

P 0.1 W cm -2 incident power, using an in AM1 spectrum. 

10 16 ý-3 NA cm 

EA E+0.16 eV Bonch-Bruevich & Landsberg 
1968. 

V 0.18 eV - p 

PO 0.0 Qm -3 

Xn o. 5 eV 
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Table 4 continued 

parameter numerical value dimensions 

Xh 0.5 eV 

T 6.6 x 10- 14 
S oe 

T 
oh 

6.6 x 10- 14 
s 

Bs 1x 10- 11 
cm 

3s -1 

TIs 4.4 x 10-16 M3s -1 

T2s 3x 10- 13 
m3 'S 

-1 

T1s 4.4 x 10- 15 
M3s -1 

s T 3x 10-14 m3s -1 
2 i 

reference and notes 

Lundstrom & Svensson (1972) 

Landsberg 1967 
from capture cross section 
x thermal velocity (Bonch- 
Bruevich & Landsberg 1968) 

The values of the recombination coefficients Ti are needed only in 

the calculations of the interfacial surface state current densities, and 

are there taken as independent of the trap energy Et. It is hoped that 

the last two lines of table 4 yield the correct orders of magnitude of 

these current densities. 

The electron/hole tunnel time constants (T and T respectively) oe . oh 

of an interfacial surface state, have been assumed equal and furthermore 

the weak dependence on the surface states energy has been ignored in the 

calculations. Also, the electron and hole tunneling barriers, between 

each interfacial surface state and the barrier metal, are assumed to be 

the same as the respective tunneling barriers between the barrier metal 

and the semiconductors conduction and valence bands. Therefore by 

equation (4.4.51), the net tunnel time constant T is given by 

11-11,1 
exp (- 6Xn)+i' exp Xh) 

oe oh 
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U= (np -ni 
2) F+ *i ii NA 

IU (n+n1) + Tr (p+p1) 

1 
t7.3.2) 

where G and,, H are as given in equation (2.5.4). n1 and p, are 

respectively, the electron and hole concentrations at some'position 

x ýi o, when the Fermi level is at the effective acceptor state. 

energy level EA in thermodynamic equilibrium. 

Equations (7.3.1) give the total current density J flowing 

through the junction under illumination as 

j=je (0) +i h(o) ' (7.3.3) 

w 

with j (0) -i (w) -e (U - F) dx. (7.3.4) 
ee 

Here Jh (o) represents the net hole current density just inside 

the semiconductor at x-o. It is composed of two basic current 

densities. Firstly, there is a hole thermionic emission tunnel 

current over the semiconductor barrier and through the insulating 

interfacial layer. Secondly, there is an interfacial surface 

state recombination, effect. By replacing ý by E-ý, V by 
B9 Bp i 

Vig and E FM -E Fpýo) 
by V, equations (6.3.34)and (6.3.32) give 

h 
(o) as 

*2 -Xh 
it 

( (ý +V p i h(o) -AhTe exp -e Bp i )/kT) (1-ex'(eV/kT)) 

E FM-ý4+"E-g I 

-e du h 
ifr (7.3.5) 

E 
Flf-ýBp 
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where we have integrated over the thermodynamic equilibrium surface 
ifr 

state energy range (see section 7.2) and dU h is as given in 

equation (6.2.8) with the Shockley-Read parameters given by (6.2.12). 

Similarly, for the electron current density Je (0) just inside 

the semiconductor at x-o, equations (6.3.33) and (6.3.31) 

together become 

J (o) -A* T2exp (-kl T)'exp(-e(E Vi)/kT {exp(eV /kT)-11 
een 9-eBp- ph 

,E FM-ýBp +E 
g 

dU 
e 

ifr 
(7.3.6) 

E FM-ýBp 

where dU 
e 

ifr 
is as given in equation (6.2.7). The comunication 

of the semiconductors conduction and valence bands with the metal, 

via the interfacial surface states, has been included in the 

expressions for dU 
e 

ifr 
and dU h 

ifr 
by modifying the surface state 

occupation model to encompass the effects of metal/interfacial 

surface state tunneling (see, for example section 6.2). 

In the expressions for the electron and hole current densities 

in the semiconductor at the interface x=o, Ae and Ah respectively, 

represent the effective Richardsons constants for thermionically 

emitting electrons and holes, while Xn and Xh represent the 

effective tunnel barrier heights, measured in units of electron 

volts, present against tunneling electrons and holes respectively. 

In this case represents the thickness of the insulating interfacial 

layer measured in angstroms (T - 1.0 x 10 10 6). 

Turning next to the bulk region, the net electron current 

density at x=w is given by 

L 
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J (w) - eD 
dn Iv 

en dx 
xmw 

(7.3.7) 

from equation (2-2-9) with the neglect of the drift component, in 

accordance with assumption (b) of section (7.2). Now by the 

continuity equation (7.3.1) for electrons in the semiconductors 

conduction band, and by expressing the recombination rate U, in 

the bulk semiconductor, in terms of a minority carrier (electron) 

lifetime T' (see chapter 2, for the analogous derivation of the 
n 

hole'lifetime), we easily deduce that the electron concentration 

n(x), in the bulk semiconductors conduction band, is given by: 

dn-n- no +F-o 
n dx2 In 

(7.3.8) 

where Dn is the electron diffusion constant, and the photo-generation 

rate F is given in equation (2.5.17) as 

-3 a ýDe -'= dX (s-l m (7.3.9) 

X0 

where X0, X1- hcAeEg) indicate the wavelength limits for the 

indicent-solar specti 7um, h is Planck's constant and c is the velocity 

-2 -1 of light. (D represents the photon flux (m s) incident to the 

semiconductor from the metal, while ci represents the absorption 

coefficient as a function of wavelength. 
I 

The net electron current density at the edge of the depletion 

layer (i. e. at x- w) is obtained by solving the differential 

equation for n: 

ie (w)- -en 0 
Dn (exp(e(V+V 

ph 
)/kT)-1) + eueLn exp(-aw)dX , (7.3.10) 

Ln l+Ln" 
x0 
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where L (-(D T 
n) 

1) 
is the diffusion length of electrons in the semi- 

conductors conduction band, and the following boundary conditions 

have been used: 

(1) n(x) -)-n 0, 
the unilluminated electron concentration far from 

the junction as x -1, cO. 

n(w) -n0 exp(e(V+V 
ph 

)/kT) and is a consequence of assumptions 

(a) and (c) . 

The electron current density in the semiconductor at position 

x-o is given by equation (7.3.4) to be 
I 

Je (0) -Je (w) -e Udx + e0 (1-exp(-aw»dÄ , (7.3.11) 

ý0. x0 

which becomes 

w 

e 
(o) -e exp (-ctw) ) dX -e 

6dx 
_ 

enoDn [exp 
(e (Vph+V) 

Ix1+Lna0 
Ln kT 

=jL-? 
rec - jo 

e, 
- (7.3.12) 

by the use of equation (7.3.10). 1L is the photo-generated current 

density. This will not be equal to the short circuit current density 

(given by V= o) because the photo-induced voltage V 
ph will in 

general be greater than zero, due to the imperfect communication 

between the metal and the semiconductors conduction band. Therefore 

iD 
rec and J0e, the recombination current densities in the depletion 

layer and bulk semiconductor respectively, will have non-zero contri- 

butions to the total current density even at the short circuit point 

(V o). 
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7.4 Recombination in the depletion layer and degeneracy effects 

The current density due to recombination (both unavoidable 

and avoidable) processes in the depletion layer is given by 

w 
D 

rec -e Udx (7.4.1) 

where U is the recom*bination rate and is given by equation (7.3.2). 

The electron concentration n in the semiconductorsconduction 
1 

I band, and the hole concentration p in the semiconductorsvalence 

band are, from equations (2.2.12) and (2.2.13) for a non-degenerate 

semiconductor, 

n-Nc exp (e (E 
Fn -E c) 

/kT) (7.4.2) 

and p-Nv exp(e(Ilv-E Fp 
)/kT) . (7.4.3) 

If we use the potential distribution ýSW from equation (7.2.5) 

then 

(E 
Fn -Ec 

eNA (w _ x) 
2-E9+Vp+V 

ph 
+v (7.4.4) 

2r:, 

and (Ev -E). _LNý (w - X) 
2_v (7.4.5) 

Fp 2cs p 

in the depletion layer. Thus n and p become for xC(o, w] 

n (x) -Nc exp[e(eLA (uý-x). 
2 

-E 
9 

+V 
p+ 

Vpt + V)/kT] (7.4.6) 
2F-s 

(w and p(x) -Nv exp[-e(eNA _x)2 + Vp)/kT (7.4.7) 
2c 

s 
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Therefore the thermodynamic equilibrium carrier concentrations 

no(x) and p0 (x) in the depletion layer (o4x4w) become 

eN 2 
exp (w-x) _E+V )/k (7.4.8) n (x) -N e( "A 

0c9p 
TI 

s 

and p0 (x) -Nv exp 
[-e 

(eNA(w_x)2 + VP)/kT (7.4.9) 
2F- 

s 

Owing to assumptions (a) and (b), there are two special cases for 

the carrier concentrations: 

(1) At the interface x-o the thermodynamic equilibrium and non- 

equilibrium electron and hole concentrations are given by 

n0 (0) -Nc exp(eO BP-E 9 
), /kT), n(o) -Nc exp(e(ý Bp +V i -ýE g 

+V 
ph 

)/kT) 

(7.4.10) 

and p0 (o) -Nv exp (-eý 
Bp 

/kT), p(o) -Nv exp (-e (ý 
Bp +V i -V) /kT) . 

Here we have used relation (7.2.13) for the depletion layer thickness 

w together with the fact that ý Bp mVb +V 
p 

(see figure 7.1). 

(2) In the bulk region (x; ýw), the majority carrier (hole) concentrat- 

ion remains virtually constant, both in and out of thermodynamic 

equilibrium, while only the thermodynamic equilibrium minority 

carrier (electron) concentration remains constant with respect to 

the position in the bulk region of the semiconductor. These 

carrier concentrations ate given respectively as 

PO (xW) - p(x>, w) =Nv exp(-eV 
p 

/kT) 

and n0 (xW) -Nc exp(-e(E 9-vp 
)/kT). 
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The carrier concentrations, as given by-equations (7.4.10), are 

used in the analysis of the interfacial surface state occupation 

probability and recombination rates. Also, the thermodynamic 

equilibrium electron concentration (n 
0 

(xw) of (7.4.11))within 
. 

the 

bulk region is used in the determination of J0e( the recombination 

current density in the bulk semiconductor)- 

A further relationship between the photo-induced voltage V 
ph 

and the interfacial voltage Vi can be constructed, now that all 

the current densities in equation (7.3.12) have been fully explained. 

So, using equations (7.3.12) and (7.3.6) we have 

iL- JD 
rec - jo 

e- 
A* 

eT2 exp(-X n 

1-6) 
exp(-e(E 9- 

OBp -vi )/kT)x 

T FM-ýBp+Eg 
[exp(eV 

ph 
/kT)-l] +e dU 

e 
ifr 

(7.4.12) 

,E FM-ýBp 

This equation when used in conjunction with the expressions for 

J L' 
JD 

rec* 
J0e and dU 

e 
ifr 

I yields an implicit relation 

connecting the interfacial voltage Vi with the photo-induced voltage 

V 
ph* 

The two equations (7.2.17) and (7.4.12) represent two simult- 

aneous non-linear equations in V1 and V 
ph' 

Assuming that the 

barrier height ý Bp has been determined from (7.2.18), and that the 

output voltage V is specified together with the other relevant 

physical parameters, then the solution to the pair of equations 

(7.2.17) and (7.4.12) yields Vi and, V 
ph - 

Substitution of these 

voltages together with the output voltage V, back into equations 

(7.3.5) and (7.3.6) enables us to form the complete J-V characteristics. 

It should be noted, however, that for each output voltage V both V 
3. 

and V 
ph must be recalculated. 



In our work so far we have assumed that the semiconductor 

remains non-degenerate, whilst the solar cell is operating. If 

however, we endeavour to examine the current density-voltage 

characteristics of water vapour degraded p-type Schottky barrier 

solar cells, then it becomes apparent that the non-degenerate model, 

as given above, is not adequate. The presence of water vapour, 

during the fabrication of the cell, causes some water to be trapped 

at the barrier metal/interfacial layer interface, and this trapped 

water then reacts chemically with the barrier metal to give an 

additional insulating layer which is sandwiched between the barrier 

metal and the already existing interfacial layer (oxide layer). 

The increased thickness and different effective tunneling barriers, 

caused by the trapped water, gives rise to the so called water 

vapour degradation of p-type Schottky barrier solar cells. As a 

direct consequence of increased tunneling attenuation, brought 

about by the additional insulating layer, the communication between 

the metal and the semiconductors conduction band becomes very 

difficult. For this reason the photo-induced voltage V 
ph 

tends to 

become large (see, for example (7.3.6)) so that some of the photo- 

generated electrons may pass through the insulating layers to the 

metal. In fact, V 
ph 

tends to become so large that the electron 

quasi-Fermi level E Fn' at the interface x-o, approaches the 

conduction band edge. Therefore we must make allowances for 

degeneracy effects in the above theory. 

Because of the increased interfacial layer thickness, the 

semiconductors conduction band, near the interface x-o, becomes 

degenerate. This throws up two important points to be considered: 

(a) The degenerate electron thermionic emission tunnel current 

217. 
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density and (b) degenerate recombination effects. We shall consider 

each of these points in turn. 

(a) The degenerate electron thermionic emission tunnel current may 

easily be identified, using appendix A, to be 

Co 

Ae*T2 exp(-X ln 
(1+exp(eVph/kT-9» 

dg (7.4.13) 
(Itexp(-g» 

e (E 
9-4Bp-Vi 

)/kT 

Therefore, when examining degraded p-type S. B. S. C. 's, the electron 

thermionic, emission tunnel current density (7.4.13) for degenerate 

conditions, replaces the first term on the R. H. S. of equations (7.3.5) 

and (7.4.12). 

(b) Degenerate recombination effects are, however, not quite so 

clear cut. In order to accurately allow for degeneracy effects in 

the recombination processes we need to know the dependence of the 

reaction coefficients upon the electron and hole energies (see, for 

example, Landsberg (1957)). For the present work we shall restrict 

ourselves to the case where the reaction coefficients are constants. 

Then following Landsberg (1957) we observe that the recombination 

rates reduce to their usual forms, dependent upon the degenerate 

electron and hole concentrations. Hence, as the semiconductors 

conduction bandp near the interface x-o, is the only region where 

degeneracy effects become apparent, we must replace the electron 

concentration n, in the expressions for the depletion layer and 

interfacial surface state recombination rates (U, dU 
e 

ifr 
and dU h 

ifr 
9 

respectively), by its corresponding degenerate form. The 

degenerate electron concentration is given by Landsberg (1969) to be 
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, 00 

n- Nc b/(x -ec/ kT) dx , (7.4.13) 
1+exp (x-eE 

Fn 
/kT) 

eEc/kT 

where E Fn 
is the electron quasi-Fermi level. 

With the degenerate form of the electron thermionic emission 

tunnel current density, together with approximate forms of the 

electron interfacial surface state and depletion layer recombination 

rates (the approximation being due to the assumed constant value 

for the functional reaction constants appropriate to degenerate 

recombination), we can examine the characteristics of degraded p-type 

S. B. S. C. 's by using the above theory. 

In the next section we shall present the results of calculations 

made for an In-doped Al-SiO 2-S' p-type Schottky barrier solar cell. 

7.5 Results and discussion 

Some results of the theory are presented in figures 7.2 - 7.10 

They were calculated for an In-doped Al-SiO 2- p-type Si Schottky 

barrier solar cell. In the numerical work we have assumed that the 

interfacial layers volume charge density p is independent of 

illumination and output voltage, so p-p 0 
(see table 4). Turning to 

the neutral level ý0, this is independent of illumination and output 

voltage and has been estimated to lie at about 0.30± 0.36eV (Cowley 

and Sze 1965), and it has been taken as zero for the present 

calculation. A positive value of ý0 would however lead to an 

increased thermodynamic equilibrium hole barrier height 0 
Bp* The 

results were calculated, on the lines suggested in the last section, 

by assuming that a total output voltage V is developed by the cell 

and that the parameters of table 4 are given. 

Consider a p-type Schottky barrier solar cell, illuminated 

under AM1 conditions. The size of both recombination current densities 
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(1 to 4, below) and thermionic emission tunnel current densities 

(5 and 6, below) will be discussed for various conditions. 

1. Recombination in (a) the depletion and (b) the bulk layers 

the semiconductor. In (a) the unavoidable, i. e. band-band, 

processes by single electron transitions are considered together 

with the corresponding avoidable processes, i. e. processes 

proceeding via traps. For (b) an effective minority carrier life- 

time has been used. The total current density due to recombination 

within the semiconductor substrate is given by (i D 
rec 

+ jo 
e 

2. Band-band recombination via interfacial states. 

3. Metal-conduction band recombination via interfacial states. 

4. Metal-valence band recombination via interfacial states. 

The three proýesses 2,3 and 4 are effectively lumped together 

in the two terms dU 
e 

ifr 
and dU h 

ifr (see, for example equations 

(7.3.5), (7.3.6), (6.2.7) and (6.2.8)). In both 3. and 4. there 

are cases when an interfacial surface state quasi-Fermi level lies 

above the metal Fermi level E and cases when it lies below E FM FM* 

The electron flow is to the left in the first case in both 3. and 

4., and it is to the right in the second case (figure 7.1). The 

potential drop A across the insulating interfacial layer in 

thermodynamic equilibrium is decreased to A-V. in the illuminated 

cell. -The above reversal of direction is therefore accompanied by 

a decrease in-this potential drop from a valve above to a value 

below that corresponding to thermodynamic equilibrium. 

5. Thermionic emission of electrons from the semiconductors 

conduction band to the metal. This is the first term in equation 

(7.3.6). 

6. Thermionic emission of holes from the semiconductors valence 

band to-the metal. This is, represented by the first term in 
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equation (7.3.5). In fact the thermionic emission tunnel current 

density between the metal and the semiconductors valence band is 

rarely important (when compared with processes 2 and 4) for the 

range of interfacial layer thicknesses 6 considered. On the one 

hand, with a low value of 6, one can show that the thermionic 

equilibrium barrier height has a large value, thereby making 

thermionic emission over the barrier difficult. On the other hand, 

if 6 is large then a large tunneling barrier exists to hole flow 

between the metal and the semiconductors valence band. 

Let us examine a p-type S. B. S. C., which is being illuminated 

under AMI conditions, having a low interfacial surface state 
15 -2 -1 density DSU 10 m eV ) and a large interfacial layer 

thickness 6 (11,25 R). While the photo-generated holes move into 

the semiconductor, the photo-generated electrons tend to accumulate 

in the semiconductors conduction band near the interface x-o 

because of the large tunneling barrier. Therefore the electron 

quasi-Fermi level EFn rises and the photo-induced voltage V 
ph 

becomes greater than zero. This encourages an important contribution 

from process 5. The electron concentration in the bulk is increased 

over its equilibrium value by virtue of the bunching of electrons 

near x-o. This encourages considerable recombination in the 

substrate (bulk and depletion layers i. e. process 1). Because of 

the low value of DS and as the hole concentration near x-o is 

small, process 2 is rather weak. In addition, processes 3 and 4 

are also relatively weak because of the thickness of the barrier. 

A strong internal electrostatic field, causing holes to be 

swept away from the region x-o, while electrons are bunched up 

there is expected at short circuit. This leads to minimal 

recombination mainly from process 1 (figure 7.2), maxima' Vph 
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lines) recombination current densities as a function of 

output voltage V, for various interfacial layer thicknesses 

6. The parameters of table 4 have been used together 
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(figure 7.3), and most of the photogenerated electrons are carried 

by process 5. Minimal recombination can also be recognised from the 

maximal output current J in figure 7.4. 

For relatively low interfacial surface state densities DS and 

large interfacial layer thickness 6 we do not expect processes 2, 

3 and 4 to be important unless the internal electrostatic field is 

reduced sufficiently, by an increased output voltage V, to allow a 

significant concentration of holes near x=o (see figure 7.2). 

The increased output voltage V enhances process 1 even more (see, 

for example curve 1 of figure 7.2) until the switch-over noted 

under point 4 takes place. Hence process 3 is no longer able to 

transmit photo-generated electrons to the metal via the interfacial 

surface states, but instead the interfacial surface states tend to 

receive electrons from the metal. Meanwhile, by virtue of processes 

2 and 4 and the increased hole concentration, the hole interfacial 

surface state recombination current density (e 
fdU 

h 
ifr ) becomes' 

significant. It causes a rapid decrease in the photo-induced'voltage 

v 
ph and a switching of recombination from the semiconductors substrate 

(process 1) to recombination via the interfacial states (process 2). 

This decrease in V 
ph 

is sufficiently rapid to bring the quasi-Fermi 

levels closer together even though V increases. The increased 

level of recombination can also be seen from the drop in curve a of 

figure 7.4, and the recombination switching-over effect is clearly 

seen in curve a of figure 7.2. 

Keeping the density of the interfacial surface states D at, a S 

low value ("- 10 15 
m -2 eV_l), and by decreasing the thickness 6 of 

the insulating interfacial layer, (say to about 16 X), cormunication 

between the metal and the semiconductors conduction band (processes 

3 and 5) becomes much easier for all output voltages. Thus the 
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Figure 7.3 The photo-induced voltage V 
ph as a function of output 

voltage V for various interfacial layer thicknesses 6. 

The parameters of table 4 have been used together with 
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Figure 7.4 The current density-voltage characteristi cs of the 

p-S. B. S. C. for various interfacial layer thicknesses 

6. The parameters of table 4 have been u sed together 
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photo-generated electrons encounter smaller tunneling barriers, 

and consequently the photo-induced voltage V 
ph reduces (see figure 

7.3), because fewer photo-generated electrons accumulate in the 

semiconductor near x-o. This tends to give less recombination 

via process 1, in the substrate (see for example, figure 7.2, 

curve 4) and, because DS is low, slightly reduced recombination by 

process 2 (figure 7.2, curve d). Recombination process 4 increases 

slightly because of the reduced 6, but still remains a lower order 

effect. Hence, by decreasing 6 to some moderate value, the power 

output of the p-type S. B. S. C. is improved as shown in figure 7.4, 

curve d. 

If the. thickness 6 of the insulating interfacial layer is 

0 
reduced still further, say to about 10 A, then the communication 

between the metal and the interfacial surface states improves to such 

an extent that, even though the photo-induced voltage V 
ph 

is very small 

(see figure 7.3, curve e) because of the very much reduced tunneling 

barriers, the metal readily communicates with the valence band of 

the semiconductor via the interfacial surface states. The inter- 

facial surface states'quasi-Fermi levels now tend to lie below E FM 

and electrons from the metal will contribute to the recombination 

current via process 4 rather than process 3. Some of the photo- 

generated electrons are-carried by the important process 5, and 

the rest recombine via processes 1 and 2. Hence the hole 

recombination current via processes 2 and 4 becomes more important 

for the very small values of, 6, particularly for the higher output 

voltages V, when the hole concentration is large. The increased 

hole recombination (figure 7.2, curve f) drags down the power output 

somewhat (figure 7.4, curve f). 

Turning now to the voltage Vi developed across the insulating 
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interfacial layer (having a large thickness 6(n, 25 as a result 

of the illumination, it is expected that the photo-voltage V 
ph 

is 

positive at the short circuit point. The interfacial surface 

states I quasi-Femi levels then tend to lie above EFM, and consequently 

the interfacial surface state charge density reduces from its thermo- 

dynamic equilibrium value. If we'Invoke ideas of charge conservation 

(see section 6.5 for an analogous discussion), remembering that the 

space charge in a p-type semiconductor is of negative sign, then we 

are lead to the conclusion that VI must be negative for the short- 

circuited and illuminated p-type S. B. S. C. 

As the operating voltage V is increased the hole quasi-Fermi 

level E Fp moves below E FM 
by an amount equal to V. This tends to 

pull the quasi-Fermi levels for the interfacial surface states 

downwards, and Vph decreases (figure 7.3). Therefore, the inter- 

facial surface state charge density then increases from its value 

under short circuit conditions, and as a result V 
3. 

increases. In 

fact for the larger operating voltages, Vi eventually increases 

to become positive (see figure 7.5). 

Again, for a low value of the density of interfacial surface 

states DS ('ý' 10 15 
M -2. ev-1 ) at the short-circuit point, the ph? to- 

voltage V decreases with decreasing thickness 6 of the insulating 
ph 

interfacial layer. Therefore the voltage tends to approach zero 

because decreasing V 
ph causes an increase in the interfacial 

surface state charge density as above. As the thickness of the 

insulating layer is reduced this layer becomes increasingly unable 

to support a potential drop, so that in the limit as 6 -)-, o we would 

expect both A and V 
3. 

to be zero. 

If we now consider the situation of an illuminated p-type 

S. B. S. C., having a moderate interfacial surface state density 
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Figure 7.5 The voltage Vi, resulting from the illumination, 

developed across the insulating interfacial layer as 

a function of the output voltage V, for various inter- 

facial layer thicknesses 6. The parameters of table 4 

have been used together with DS = 1015 m -2 eV_l. 
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D- 0,10 16 
m -2 eV-'), and a large interfacial layer thickness 

6(N 25 A), then we would expect a much reduced thermodynamic 
0 

equilibrium barrier height ý Bp because of the reduction in the 

interfacial surface state charge density (if ýo = o). Hence 

the electron quasi-Fermi level E Fn rises, and V 
ph 

(figure 7.6) 

tends to become larger than for the corresponding situation 

with the lower interfacial surface state density. The large 

value of the photo-voltage V 
ph encourages an important contribution 

from process 5. Hence the electron concentration in the bulk is 

therefore increased over its equilibrium value by virtue of the 

bunching of electrons near x=o. This encourages pronounced 

recombination in the substrate (process 1), and because of the 

moderate value of DS, process 2 is significant. The large thickness 

of, the interfacial layer makes processes 3 and 4 relatively weak. 

Increased output voltage V enhances process 1 even more (curve 

of figure 7.7) until the switch-over, noted under point 4 of 

paragraph 2 in section 7.5, takes place. At this stage the hole 

interfacial surface state recombination current becomes extremely 

important. It causes a rapid decrease in V 
ph and a switching of 

recombination from the semiconductor substrate (process 1) to 

recombination via the interfacial surface states (process 2). 

Again, this decrease in Vph is sufficiently rapid to bring the 

quasi-Fermi levels closer together even though V increases. The 

increased level of recombination may also be seen from the drop 

in curve a of figure 7.8. 

0 
As 6 is decreased (say to about 16 A), and holding the density 

of interfacial surface states DS at a moderate value ('%, 10 16 
m -2 eV-'), 

the communication between the metal and the semiconductors conduction 

band (processes 3 and 5) becomes much easier. Consequently the 
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output voltage V, for various interfacial layer thick- 

nesses 6. The parameters of table 4 have been used 
16 -2 -1 0 

together with DS. 10 m eV . (a) 25A 
0000 (b) 22A (c) 19A: (d) 6= 16A (e) 6- 13A 

0 
(f) 6 10,7,4A 

O. S 



231. 

cTh- 

160 

so 

0 

(ck) 

D.. r- 0-1 0-23 0-4 
(V) 
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lines) recombination current densities as a function of 

output voltage V, for various interfacial layer thick- 

nesses 6. The parameters of table 4 have been used 

together with DS. 10 16 
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photo-induced voltage V 
ph reduces (see figure 7.6) because fewer 

photo-generated electrons accumulate in the semiconductors 

conduction band near x=o. This tends to give less recombination 

via process I in the substrateland slightly reduced recombination 

by process 2 (figure 7.7, curve d). Recombination process 4 

increases slightly because of the reduced thickness 6, but still 

remains a lower order effect. Hence, by decreasing 6 to some 

moderate value the power output of the p-type S. B. S. C. is improved 

as shown in curve d of figure 7.8. 

0 If 6 is reduced still further, say to about 4 A, then the 

co=unication between the metal and the interfacial surface states 

improves to such an extent that, even though the photo-induced voltage 

V 
ph 

is very small (see figure 7.6, curve f) because of the very much 

reduced tunneling barriers, the metal readily communicates with 
I 

the valence band of the semiconductor via the interfacial surface 

states. The interfacial surface states quasi-Fermi levels now 

tend to lie below E FM and electrons from the metal will contribute 

to the recombination current density via process 4 rather than 

process 3. Some of the photo-generated electrons are carried by 

the important process 5 and the rest recombine via processes 1 

and 2. Hence the hole recombination via process 2 and the now 

important process 4 becomes more dominant than for the situation 

corr esponding to the case of moderate DS, particularly for the 

higher output voltages V (see, for example curve f of figure 7.7). 

The increased hole recombination tends to drag down the power 

outputs somewhat (figure 7.8, curve g). 

For moderate interfacial surface state densities DS 0110 16 
m -2 eV_l) 

0 
and a large interfacial layer thickness 6 25 A), it is expected 

that at short circuit, the photo-induced voltage V 
ph 

is positive 



234. 

and greater than that corresponding to the equivalent situation 

of low DS. Therefore by the same charge conservation. argument 

as was used before, we would expect the voltage Vi developed across 

the insulating interfacial layer, as a result of the illumination, 

to be negative at short circuit. Again, for the larger operating 

voltages V the voltage VI eventually increases to become positive 

(see figure 7.9). 

Turning now to the situation of large interfacial surface 

state densities DS 1\1 10 17 m72 eV_l, the interfacial surface state 

recombination processes dominate, while recombination in the sub- 

strate (process 1) plays only a secondary role. In fact for large 

interfacial layer thicknesses 6 processes 2 and 5 dominate the 

characteristics, whereas for small 6, the recombination processes 

2,3 and 4 are most important. 

After making the necessary adjustments for the transmission 

coefficient (for light passing through the Al film), and by 

allowing for a series resistance (by using an equivalent circuit) of 

10SI for a cell of area 1 cm 
2, 

the calculated J-V characteristics 

(for a moderate density of interfacial surface states DS 'tO. 6xlO 16 

m -2 eV-l ) agree reasonably well with experimental data 

(Lillington and Townsend 1978) (see figure 7.10). It is therefore 

hoped that the numerical values of the reaction constants, given 

in table 4, are reasonably realistic. The calculated and 

experimental characteristics, for both the degraded and undegraded 

cells, are shown in figure 7.10. The theoretical calculations for 

water vapour degraded p-type Schottky barrier solar cells, have 

been performed on the basis of, a large interfacial layer thickness 

6(- 29 A), a moderate interfacial surface state density D, 0 

Ov 0.6 x 10 16 
m -2 eV-'), and a slightly different electron tunneling 

barrier height Xn(, ý, 0.7 ev). 
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0 

Figure 70-9 The voltage Vi, resulting from the illumination, 

developed across the insulating interfacial layer as a 

function of the output voltage V, for various interfacial 

layer thicknesses S. The parameter of table 4 have 

16 -2 -1 been used together with DS= 10 m eV 

000 (a) 6- 25A : (b) 22A : (c) 6- 19A : 

000 (d) 6= 16A : (e) 6 13A : (f) 6= 10A : 

0 (g) 6- 4A 

I d) 
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-0 

v tv) 

Figure 7.10 The undegraded and degraded current density-voltage 

characteristics of the p-type S. B. S. C. The parameters 

0% 

of table 4 have been used together with DS-0.6 x 10 16 
m -2 eV-1 

and a series resistance (by the use of an equivalent 

circuit) of 3.2 f2 for a cell of area 1 cm2. 
0 (a) Cell before degradation, 6 13A , )(n m Xh - 0,5 eV 

0 (b) Cell after degradation, 6 29A, Xn=0.7 eV, ' Xh = 0.5 eV. 

x- experimental points (Lillington and Townsend 1978). 
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The description, given earlier, for the case of moderate DS 

and large interfacial layer thickness 6 applies equaly well to 

the situation under consideration here. In particular we point 

out that, due to the large tunneling barrier, the photo-generated 

electrons tend to accumulate in great numbers within the semi- 

conductors conduction band, near x-o. Therefore the photo- 

induced voltage V 
ph 

becomes so large that, the electron quasi- 

Fermi level E Fn rises to such an extent that the semiconductors 

conduction band, near x=o, becomes degenerate. This encourages 

considerable recombination in the semiconductors substrate 

(depletion and bulk layers, process 1), even at the short circuit 

point (see, curve b of figure 7.10, at V- o). 

The next chapter goes on to present the conclusions, and 

discusses some of the limitations of the present theory together 

with some ideas for its improvement. 
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CHAPTER 8, 

CONCLUSIONS AND FUTURE TOPICS OF INTEREST 

8.1 The conclusions 

A theory of Schottky barrier solar cells, with a thin insulating 

interfacial layer sandwiched between the barrier metal and the semi- 

conductors substrate, has been presented. The effects of varying the 

density of interfacial surface states and the thickness of the interfacial 

layer have been studied. 

For an n-type Schottky barrier solar cell, having a low to 

moderately valued interfacial surface state density DS (say of the 

16 -2 order 10 m eV-1, distributed evenly over the semiconductors 

energy gap)ýthe conversion efficiency n increases with increasing 

DS. But as DS is'further increased (say to some large value) the 

recombination traffic through the interfacial surface states begins 

to dominate the J-V characteristics, thereby pulling the efficiency 

down. Thus, as the conversion efficiency goes through a maximum, we 

deduce that an optimum value of DS exists for each interfacial layer 

thickness 6. Further to this, the value of optimum density of 

interfacial surface states decreases with increasing 6 (see Chapter 

2 or Landsberg and Klimpke (1977) and Klimpke and Landsberg (1976)). 

The effect of the direct (dashed) as againit the diffuie (solid 

lines) spectra is exhibited in Figures 3.3 - 3.5. The obvious disad- 

vantage of diffuse radiation is its low intensity. However, the 

diffuse spectrum being more compact enables one to make better use 

of this radiation. In figures 3.3 - 3.5 we have standardised on one 
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incident intensity (30m W cm -2 ), thereby shielding the results from 

the first disadvantage. This must be borne in mind when studying 

figures (3.3 - 3.5). For given incident power the power output and 

conversion efficiency are greater for diffuse rather than direct 

radiation. Apart from this, one observes that the conversion 

efficiency depends on cell parameters in much the same way for both 

incident spectra. [See Chapter 3 or Klimpke and Landsberg 1978a]. 

The more complete formalism of the n-type Schottky barrier solar 

cell, presented in chapters 5 and 6, shows that the depletion approximation 

is never in fact strictly valid. Also, the separation between the 

quasi-Fermi levels in the illuminated cell is greater than the output 

voltage. This suggests that recombination within the semiconductor 

substrate and through the interfacial surface states will be important 

loss mechanisms. The hole diffusion current density (near the ohmic 

contact) is shown to be of great importance, especially for thin 

substrate thicknesses. Forthe forward biased, unilluminated n-type 

Schottky barrier solar cell the separation between the quasi-Fermi levels 

in the substrate tends to be less than the bias voltage. This leads to 

slightly reduced recombination in the substrate and through the interfacial 

surface states. Perhaps one of the more interesting results is that I 

when the cell is being illuminated under short circuit conditions, the 

interfacial voltage Vi developed across the insulator (as a result of the 

illumination) is negative, whereas with the device forward biased without 

illumination Vi always positive (or zero when the bias voltage equals 

zero). 

Turning to the theory of the illuminated p-type Schottky barrier 

solar cell developed in chapter 7 (see Klimpke and Landsberg 1978 b), 

we observe that for the density of interfacial surface states DS 

lying within the range (10 15 
_ 10 17 

M -2 e V-1), the conversion efficiency 
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n decreases with increasing DS provided that the other cell parameters 

are held constant. This is in contrast to the behaviour of the n-type 

cell because, unlike the n-type S. B. S. C., the thermodynamic equilibrium 

barrier height ý Bp of the p-type S. B. S. C. decreases with increasing 

DS , thereby increasing the hole concentration at the interface between 

the semiconductor and the interfacial layer. Again, the voltage Vi 

developed across the insulating interfacial layer as a result of the 

illumination, is negative for low output voltages, thus increasing the 

potential drop across this layer relative to that of thermodynamic 

equilibrium conditions. This is contrary to what is usually assumed. 

V 
3. eventually becomes positive for the larger operating voltages of the 

illuminated p-S. B. S. C. The photo-induced voltage V 
ph 

(i. e. the 

amount by which the electron quasi-Fermi level E Fn at the interface, 

rises above the Fermi level E FM 
in the metal), is usually assumed to 

be zero, but in our model of the p-type S. B. S. C. it is always positive 

when the cell delivers power. This shows, rather clearly, that recombination 

is a more important constraint of cell efficiencies than has been thought 

heretofore. 

A general remark is that the theory, for both the n and p-type 

cells, seems to correlate the inter-dependence of the parameters in a 

way which can be understood by physical reasoning. 

8.2 Future topics of interest. 

The overall aim of continued research is to produce a comprehensive 

theory of one-dimensional photovoltaic devices such as Schottky barrier 

cells. As many experimentalists (e. g. - Townsend and Lillington 1977) 

have turned their attention to p-type cellsp the theory of the n-type 

Schottky barrier solar cell, as given in chapters 5 and 6 above, should be 

extended to that of the p-type case, paying particular attention to the 
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numerical difficulties arising when large substrate thicknesses are 

considered. In order to make accurate correlations between the theo- 

retical and the experimental curves we must include the effects of)(a) 

the variation of the mobilities as functions of the electrostatic 

field and ionized doping concentration (Caughey and Thomas 1967)yand 

(b) degeneracy. Degeneracy effects have, to some extent been examined 

in Chapter 7, and are seen to become very important when studying the 

degraded characteristics of p-type S. B. S. C. 's. (The degradation is due 

to chemical changes occuring after encapsulation, and not to particle 

irradiation damage to the semiconductor. ] The inclusion of degeneracy 

effects throws up another important question regarding recombination. 

Following earlier work (Landsberg 1957), we require to know how the 

reaction constants vary as functions of energy in the semiconductors 

bands. 

Using the theory of chapters 5 and 6, the capacitance of the 

Schottky barrier, under illumination or in the dark could also be studied 

theoretically, thereby yielding a more detailed model for the semiconductor 

and oxide capacitance than those used to date. The influence of the 

interfacial surface states on the capacitance should also yield to 

theoretical analysis. 

Our work to date has tended to concentrate on substrates made of 

single crystal materials, but we believe that it could be ammended to 

cover thin film devices such as those made from a- Si or polycrystalline 

silicon. From the calculated variation of the quasi-Fermi levels and 

the semiconductors band edge with position x in the subetrate, we would 

expect to improve our understanding of these solar cells with a view to 

enhancing their performance. 
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In principle the same type of calculations may be performed on 

n-p or p-n homojunction and heterojunction solar cells, having either single 

crystal or poly-crystalline or amorphous substrates. In the case of 

the heterojunction solar cell, the influence of the interfacial surface 

states on both the current density-voltage and capacitance-voltage 

characteristics may be studied extensively. Tunnel communication of the 

semiconductors conduction and valence bands, with the interfacial surface 

states could also be investigated. Also the same basic types of calculations 

may be performed onphoto-chemical diodes (see, for example Nozik 1977, 

and Williams and Nozik 1978), since these structures utilise semiconductor 

substrates forming Schottky type contacts and p-n type junctions. 
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A 'n""'kTT%T%F A 

The electron supply function 

Let the number of electrons per sec per unit area, having 

energies (electron volts) within the range (E 
xEx+ 

dE 
x 

), incident 

on the surface barrier be denoted by N(T, E F, EX)dExe Here EF is 

the Fermi energy and Ex is that part of the energy for motion normal 

to the surface. 

The Fowler-Nordheim equation (see, Fowler and Nordheim (1928) or 

Good and Muller (1956)), is obtained: 

47r mk Te 
N(T, E , Ex) -e lu 1+ exp (- e (EX -E) /kT) p (A. 1) 

Fh3F1 

Here eEx = eE: - (p 
y2+pz2 

)/2m 
e= Px 

2 
/2m + V(x) . (A. 2) 

where V(x) is the effective electron potential energy, c is the total 

energyp pxt py1, PZ are respectively the components of the the electron 

momentum in the three coordinate directions, and me is the electrons 

effective mass. 

The hole supply function 

For the sake of clarity of exposition, we will derive the analogous 

hole supply function. This is the number of holes per sec per unit area, 

having hole energies within the range (E 
xh, 

Exh+ dE 
xh), 

incident on 
hhhhh 

the surface barrier and is denoted by N (T, EF OE x 
)dE 

x 
Here EF 

is the Fermi energy measured on the hole energy scale, and Exh, the part- 

of the energy for motion normal to surface, is given by 
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eE xh= ec 
h_ 

ýp 

y. 

h2+ 
Pzb 

2) / 2mh . Pxh 
2 /2mh + Vh(x) (A. 3) 

where Vh (x) is the effective hole potential energy, ch iý the total 

energy on the hole energy scale, px 
hIpyhI 

PZ 
h 

are respectively the 

three components of the bole momentum, and mh is the bole effective 

mass. 

The number of states, having momenta in (p h 
'P 

h+ dp h) 
'(P 

hPph+ 
dp h 

xxxyyy 
hhh3h (pz 

"pz + dp 
z 

), per unit volume (real space) is dp 
h3- 

If this density of states function is multiplied by the hole 

occupation probability (i. e. the probability that a state is not occupied 

by an electron) then the concentration of holes, with momenta in the 

range (p h 
'p 

h+ dp h )'(P h 
'p 

h+ dp h (p h 
'p 

h+ dp ý, follows. The 
xxx Y' yyzzz 

concentration of holes is now multiplied by the hole x-velocity 

Px 
h 

mh. Hence the number of holes crossing unit area perpendicular to 

the x axis per unit time, with momentum pxh in the range (p 
xh0 PX 

h+ dp 
h 

is given by 

CO 

2hhhhhh 
73 Px /mh dp 

x 

CO 

(I 
+ exp(-e(eE FC )/kT) dp 

y 
dp 

z 

h 
h Px h But at some fixed point, x say, e dEx -dpx. Hence the flux 

mh 

of holes incident to the barrier, with the x-component of energy lying 

within the range (E h, Eh+ dE' h ), is given by 
xxX 

Co 

h'hhh2h dp h dp 
Z N (T, E, E) dE -- e dE y 

Fxx h3 x+ 
exp (-e (E h_E h) AT) exp ph2+ph2 - Co FxyZ 

2mhkT 

A change of variables: pyh=C cosep PZ 
h=C 

sinO with y- 2mhKT , gives 
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Nh (T, EF 
h, 

Ex 
h)=2 

00 

27r mh kTe 

0 

dy 

+ exp(-e(E Fh_Exh 
)/kT)exp y 

So Nh (T, Eh, Eh 
47T mh kTe 

ln 1+ exp(-e(E 
h_Eh) /kT 

Fxh3xF 

where both Exh and EFh are measured on the hole energy scale (see 

(A. 4) 

Chapter 4), and T is of course, the absolute temperature. The above 

results hold true irrespective of degeneracy conditions. 

The thermionic emission tunnel current density between the barrier metal 
I 

and the semiconductors conduction band. 

d-, 

'J-t 

ELECTRON -T- 
ENE Rr; r/ In 
I-e. 

M 

- ___ 

=E 

E F*n 

mr- 

I 

Figure A. 1 Band diagram illustrating the communication between the barrier 

metal and the semiconductors conduction band. 

Following Penley (1962), the current density e due to electrons sm 

entering the metal from the semiconductors conduction band, and the current 

e density J 
ms 

due to electrons entering the semicondtictors conduction band 

from tliv metal are given by 
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00 

ee 
sm 

Q+E FM 

00 

and iee 
ms 

T(E ) N(T, E (0), E) dE 
x Fn xx 

T (E 
x)N 

(T, E FM , Ex) dE 
x f 

v (A. 5) 

(A. 6) 

where VE 
x) 

is the tunnel transmission coefficient for an electron 

tunneling through the insulator (see fig. Al). Now by the W. K. B. 

approximation, and by assuming a rectangular barrier of height V0 

and thickness 6, the tunnel transmission coefficient is given by 

T (E 
x)= exp 

1- 
26 

-k 
(Vo - eE X) 

11 
. 

Further to this, if we also assume that the tunneling barrier is the 

same for all electrons at energies above Ex =Q+E FM (electron volts), 

we make the usual approximation (see for example, Card and Rhoderick 1971). 

T(E 
x exp Xn (A. 7) 

where Xn represents' the effective energy difference, measured in units of 

electron volts, between the conduction band edge of the insulator and 

that of the semiconductor (see figure A. 1). Also Z is the thickness 

of the insulating layer measured in angstroms. 

The total thermionic emission tunnel current between th- barrier 

metal and the semiconductors conduction band is given by 
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co 

tee 
41r me kTe -e (Eý-E 

Fn 
(0))/kT 

ieM ism _i ms -e exp Xn 
1) 

-- -1 ln 1+e 
h37 

Q+E FM 

- In 
(1+e -e (E 

x- 
EFM) /kT] 

dEx (A. 7) 

In this result we have assumed the same electron effective mass in both 

the metal and the semiconductors conduction band. 

Result (A. 7) holds for degenerate situations. If we now make 

the assumption that Ex>>E FM' E Fn 
(0) (i. e. non-degeneracy) 

thenequation (A. 7) is easily reduced to 

Co 

t 
47r me kT e21)[ -e (Ex -E Fn(0) 

) /kT -e (Ex-E 
FM) 

/kT 
iem-3 exp (- Z X. e-e1 dE 

Q+E FM 

m A* T2 exp(- 3X i) 
exp(- eQ/kT) exp(-e(E E (0) ) /kT) -1 (A. 8) 

en FM Fn 

where A* 40 47r mk2 e/h 
3 is the effective Richardsons constant for 

ee 

thermionically emitting electtons and Q is as given in figure A. l. 

There are three special applications for equation (A. 8), we will 

deal with each of them in turn. 

(1) The thermionic emission current densities Je and je for the sm ms I 

case of negligible tunneling attenuation, are required in chapter 2. In 

chapter 2, the quasi-Fermi levels have been assumed to have negligible 

slope and therefore E Fn 
(0) - EFM =V and Q-ýB+Vi (see chapter 2). 

Thus Je and je , in this case, are given by 
sm ms 

iewA*T2 exp(-e(ý + Vi)/kT) exp (eV/kT), (A. 9) 
sm eB 
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and ie=A*T2 exp(-e(ý + Vi)/kT) (A. 10) 
ms eB 

(2) The electron thermionic emission tunnel current density, as used 

in chapter 6 for the n-type Schottky barrier solar cell, is given by 

equation (A. 8) to be 

iemAeT exp(- j y, ) exp(- e (eB + Vi) /kT) 
ýexp 

(-e (E 
FM -E Fn 

(0»/kT)-1ý 

(A. 11) 

where Q in figure A. 1 is given by 
B+Vi 

(see Chapter 6). 

(3) The electron thermionic emission tunnel current density for the p-type 

S. B. S. C. (chapter 7) is determined from equation A. 8, by writing Q in 

figure A. 1 as Q=1: 
9- 

ýBp - Vi 9 and E Fn 
(0) - EFM =v ph 

(see chapter 7). 

Hence the electron thermionic emission tunnel current density may be written 

as 

it=A*T2 exp(- xl) exp (-e(E -V /kT) 
ýexp 

(eV 
ph 

W)-+ (A. 12) 
eeg Bp 

This result agrees with that of Buxo et al (1976). 

The degenerate form of the electron thermionic emission tunnel current 

density, required in the analysis of the degraded p-type S. B. S. C. in 

chapter 7 (see equation (7.4.13)), is found by using equation (A. 7) 

together with Q=E9- ýBp -VI and E Fn 
(0) - EIM =V 

ph* 
Therefore 

we write, for degenerate conditions 

t 
4Tr me kT e2 -e %-E 

Fn 
(0) ý /kT 

ehJ- exp (- 6 Yln ) 
ýln(1 

+e 

E9- eBp -vi +E FM 

- In (I +e 
-e (E 

x-E FM 
) /kT 

) 
... 
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T. hus, by a change of variables to y=e (E -E), and by 
kT x FM 

setting A 41r mk2eh3 we deduce that 
ee 

co (-Y+eV /kT) 
t*2+e ph 

ie=AeT exp Xn InJ 
+ e-Y 

dy. (A. 13) 

e (E V. ) /kT 
9 Bp i 

The hole thermionic emission tunnel current density between the barrier 

i 
metal and the semiconductors valence band. 

EFM 

HOL E 
ENER r-r%/ 

ý( 
1-Q-l 

Xk 

I 

DC 

Figure A. 2 Band diagram illustrating the communication between the 

barrier metal and the semiconductors valence band. 

Figure A. 2 shows the situation for hole thermionic emission analogoud 

to that of the electron thermionic emission. By making similar 

assumptions for the transmission coefficient T(E 
xh), we write the 

S 

total hole thermionic emission tunnel current density, between the 

I 
barrier metal and the semiconductors valence bandyas 
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t 
47r mh kT e2 -ý Xh 

h=h3-e 

Co 
-e (E h_Eh) /kT 

ln (1 +ex 

Eh+R FM 

-e(E 
h_Eh 

(0))/kT 
- ln(l +ex 

Fp )IdExh (A. 14) 

where we have used the hole supply function given in equation (A. 4) . 

Also I Xh is the effective energy difference, measured in units of 

electron volts, between the valence band edge of the insulator and that 

of the semiconductor (see figure A. 2). Application of non-degenerate 
hhh 

conditions (i. e. Ex>> EFM, E Fp 
(0)) yields the following result, 

t 
47r mh e(kT) 

2h 

ihh3- exp (h) exp (-e R/kT) 1- exp (e (E 
Fp 

(0) -E FM 
) /kT) 

1. 

Tý 

(A. 15) 

hh 
Here E (0) and E are measured on the hole energy scale, and R Fp FM 

hh 
is as given in figure A. 2. In fact, E Fp 

(0) -E FM E FM -E Fp 
(0), where 

E FM and E Fp 
(0) are measured an the electronic energy scale (in units 

of electron volts). 

There are two special cases of equation (A. 15), we will examine 

each of these in turn. 

(a) The hole thermionic emission tunnel current density for the n-type 

Schottky barrier solar cell is obtained by using (A. 15) in conjunction 

with R- Eg - OB - Vi (see Chapter 6), and is given by 

Jht. A*T2 exp(-Z Xh 
1) 

exp(-e(E g- 
ýB -V )/kT) 1- exp(e(E -E (0))/kT) hi FM Fp 

(A. 16) 

23 
where Ah = 41T mh ek /h is the effective Richardson's constant for 
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thermionically emitting holes. This result is used in chapter 6. 

(b) The hole thermionic emission tunnel current density, for the 

p-type Schottky barrier solar cell, is obtained by using equation (A. 15) 

in conjunction with R=ý Bp +vi and E FM -E Fp 
(0) -V (see chapter 7). 

and is therefore given by 

iT2 exp(-Z )(hl) exp(- + Vi)/kT) {1 - exp(eV/kT)l . h Ah 0- (ýBp 

A similar result for the hole thermionic emission tunnel current has been 

given by Buxo et al (1976). 
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