
DIRECT ENERGY CONVERSION USING THE BETA-VOLTAIC EFFECT 


IN EPITAXIAL SILICON P-N JUNCTION DEVICES 




DIRECT ENERGY CONVERSION USING THE BETA-VOLTAIC EFFECT 


IN EPITAXIAL SILICON P-N JUNCTION DEVICES 

by 

R. Kee ffe , B. Sc • 

A Thesis 


Submitted to the School of Graduate Studies 


in Part i a I Fu If i I ment of the Requirements 


for the Degree 


Master of Science 


McMaster University 


September, 1973 




MASTER OF SCIENCE ( 1973} McMASTER UNIVERSITY 

(Materials Science) Hamilton, Ontario 

TITLE: Direct Energy Conversion Using the Beta-Voltaic Effect in 

Epitaxial Si I icon P-N Junction Devices 

AUTHOR: Richard Keeffe, B.Sc. (Saint Francis Xavier University) 

SUPERVISOR: Dr. J. Shewchun, Engineering Physics 

NUMBER OF PAGES: x, I 06 

i i 



ABSTRACT 

This thesis presents an investigation of the electron-voltaic 

effect using epitaxial P-N junctions. The effect is manifested in the 

direct energy conversion of beta particles emitted from a radioisotope 

promethium147 source by single and multi-junction devices. The purpose 

of the investigation is to determine the power outputs of the devices which 

may be combined in series and parallel combinations in the construction 

of an atomic battery with a smal I size and long lifetime (approximately 

5 - 10 years>. 

i i i 



ACKNOWLEOOMENTS 

I wish to express my appreciation to Dr. John Shewchun for his 

support in this work. I would also like to thank Martin Green, Dave King 

and Lawrence Gooderich for many helpful discussions. The loan of equipment 

from Canadian Westinghouse in profiling my devices is gratefully 

acknowledged. Finally, I would like to thank Lydea de Jong for typing 

the manuscript and Atomic Energy of Canada for their financial 

assistance. 

iv 



TABLE OF CONTENTS 

a-tAPTER I INTRODUCTION 

CHAPTER 11 P-N JUNCTION THEORY 	 5 


2. I 	 Introduction 5 


2.2 	 Some Aspects of P-N Junction Theory 5 


a-IAPTER 111 THE P-N JUNCTION AS AN ENERGY CONVERTER 	 16 


3. I 	 Introduction 16 


3.2 The P-N Junction as an Energy Converter 16 


3~3 Multi-junction Gel Is for Energy Conversfon 28 


3.4 	 Efficiency of the P-N Junction as a Beta Energy 35 

Converter 


CHAPTER IV THE EPITAXIAL GROWTH SYSTEM 	 40 


4.1 	 Introduction 40 


4.2 	 The Chemical Vapour Deposition System 43 


01APTER V EXPERIMENTAL 	 49 


5. J 	 Introduction 49 


5.2 	 Substrate Preparation 49 


5.3 	 Epitaxial Growth of Un doped Films 51 


5.4 	 Doping of Epitaxial Fi Ims 56 


5.5 	 Multi layer Epitaxial Growth 64 


5.6 	 Summary 67 


v 



a-tAPTER VI RESULTS AND DISCUSSION 

6. I Introduction 

6.2 Single Junction Devices 

6.3 Multiple Junction Devices 

6.4 Efficiency of Pm 147 Battery 

CHAPTER VI I CONCLUSION 

APPENDIX A SPREADING RESISTANCE MEASUREMENTS 

APPENDIX B HALL EFFECT MEASUREMENTS 

APPENDIX C FABRICATION OF MESA DIODES 

APPENDIX D 1-V CHARACTER IST ICS 

APPENDIX E CALCULATION OF THE OPTIMUM GEOMETRY 

MULTI-JUNCTION DEVICE 

REFERENCES 

69 

69 

69 

76 

82 

84 

87 

91 

93 

95 

FOR A 98 

104 

vi 



Figure 1-1 


Figure 2-1 


Figure 2-2 


Figure 2-3 

Figure 2-4 

Figure 3-1 


Figure 3-2 


Figure 3-3 

Figure 3-4 

Figure 3-5 

LI ST OF Fl GURES 

Page 

147 (3)Pm beta spectrum • 3 

Illustration of the fonnation of space charge layers by dif- 6 

fusion of majority carriers near a junction to the region of 

opposite conductivity type. 

Potential energy diagram showing energy band configuration 6 

near a P-N junction in the presence of an applied bias. 

Potential diagram of a P-N junction (a) with reverse bias 10 

(b) with forward bias, showing how generation and recom­

bination fluxes are modified. 

Electron and hole concentrations and fluxes in the neighbor- 13 

hood of a P-N junction (a) with forward bias (b) with 

reverse b i as. 

Geometry of a diode used as a beta-voltaic energy converter. 17 

Current-voltage relation for a P-N junction beta-voltaic 23 

device under different radiation intensities, showing the 

maximum power points. 

Energy band diagrams for the proposed structures for the con- 29 

struction of 2 diodes f n series. 

Structure of 2 diodes in series. 3J 

Energy band diagram for the N+PP+N+P structure of 2 diodes 31 

in serf es i 11 ustrati ng the quas i-fenni leve Is and junction 

potentials for an irradiated device. 

vii 



Figure 3-6 

Figure 4-1 

Figure 4-2 

Figure 4-3 

Figure 5-1 

Figure 5-2 

Figure 5-3 

Figure 5-4 

Figure 5-5 

Figure 5-6 

Ff gure 6-1 

Block diagram showing energy losses which reduce the efficiency 36 

of a P-N junction as a beta-voltaic energy converter. 

Flow diagram for the epitaxial growth system. 42 

Detail of the growth chamber. 44 

Ca) Photograph of the chamber, susceptor and induction coi I 45 

mounted in position. 

(b) Close-up of induction coi I and susceptor. 46 

Concentration profile of a low doped n-type growth on an 54 

n-type substrate as detennined from spreading resistance probe 

measurements. 

High energy electron reflection diffraction patterns of (a) 55 

substrate and Cb) f i Im. 

Graph of the partial pressure of PH
3 

in the deposition gas 57 

versus the carrier concentration in the grown layer. 

,Concentration profile of an N+ grown layer on a p-type 59 

substrate as determined from spreading resistance probe 

measurements. 

Graph of the partial pressure of B
2
H

6 
in the deposition gas 63 

versus the carrier concentration in the grown layer. 

Concentration profile of an N+PP+N+ epitaxial structure grown 66 

on a p-type substrate as detennined from spreading resistance 

probe measurements and a stain showing the different layers. 

Semi-log plot of the current-voltage characteristics of a 70 

2I cm ~rea unpassivated mesa diode with sintered Ti-Ag and 

Al contacts. 

vi i i 



72 Figure 6-2 Semi-log plot of the current-voltage characteristics of a 

Figure 6-3 

Figure 6-4 

Figure 6-5 

Ff gure 6-6 

I cm 2 area unpassivated mesa diode with unsintered Al contacts. 

Plot of the current-voltage characteristics of a: 75 

I cm 2 epitaxial single junction device when irradiated by 

Pml47. 

Semi-log plot of the current-voltage characteristics of an 77 

epitaxial fy grown device acting as 2 diodes in series. 

Graphs i I lustrating the optimum dimensions ·with respect to 79 

energy conversion of betas from Pm 147 of (a) P+ thickness 

Cb} P thickness for an N+PP+N+P structure which acts as 

2 diodes in series. 

Plot of the current-voltage characteristics of a I cm 2 81 

area N+PP+N+P device acting as 2 diodes in series when 

irradiated by Pm 147
• 

ix 



LI ST OF TABLES 

Table ·Properties of Pm 147 
3 


Table 11 Comparison of Fi Im Mobilities to Bulk Crystal 61 


Table 111 Variations in I and V with substrate doping 74 

SC OC 


and Junction depth. 


x 



CHAPTER I 

INTRODUCTION 

An energy converting electrical power source can be constructed 

by exposing a P-N junction to radiation (optical or nuclear). The incident 

radiation produces electron-hole pairs by col I is ion or photo-excitation. 

The electrons and holes which are within a diffusion length of the junc­

tion may then diffuse to the junction. Upon reaching the junction the 

electrons from the p-type side descend the potential barrier into the n-type 

region while the holes fran then-type region cross the junction into the 

p-type side. By crossing the junction both the electrons and holes reduce 

their potential energy. Because of the change in carrier concentration 

near the junction the potential barrier is reduced when a load is applied 

to the terminals of the irradiated device and the P-N junction is effec­

tively forward biased. The biased junction acts as a battery and can 

deliver power to the load. In the case of beta emitting nuclear sources 

each high energy beta particle produces many electron-hole pairs at low 

energy,. i.e., junction ce 11 s convert a Iow· current of high energy betas to 

a much larger current of low voltage electrons. 

The efficiency of the P-N junction in converting the incident B 

radiation is very low. If si I icon is used as the semiconductor, the major 

factor in reducing the efficiency arises from the fact that it takes approx­

imately 4 ev to creat~ an electron-hole pair whereas the maximum energy 

available for power output when the electron crosses the junction is l.f ev, 
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(the energy gap of silicon), thereby reducing the efficiency by nearly 

73%. Other major factors reducing the efficiency, which wi II be explained 

later, are the voltage factor and the curve factor which reduce the efficiency 

to approximately 5%. 

Power supplies based on the electron-voltaic effect have been 

described in the literature(l-4>. The measured radiation damage threshold 

of silicon has been found to be 200 kevCS, 6). Early celfs used the 

s 90
d•101so ope . t r wh"1ch em1"tted b t as up t o 2 mev causing. the power ou t putra e 


of the cell to decrease rapidly due to radiation damage of the semiconductor. 


• 147 147For this reason promethium (Pm ) whose properties are listed in Table 

d. . t . I I f b . t . ( 4 ) Th .has been accept ed as the ra 101so ope 1n ce a rrca ion • e maximum 

energy of the emitted betas is only 233 kev which exceeds the damage 

threshold of si I icon but since the number of electrons having energy 

above this value is small, see Figure 1-1, the degradation in power output 

caused by radiation damage appears negligible or at least tolerable. 

P-N junctions used as energy converters of the betas emitted 

from Pm 147 are generally made by diffusing phosphorus into In an boron-doped . 
substrates at 875 - 975°C yielding minority carrier lifetimes between 

4I and 10 µ sec< > It has been shown that large area epitaxial diodes 

can be grown that are superior, in tenns of higher breakdown voltages 

which occur at lower reverse saturation currents, than large area shallow 

junctions fabricated by the diffusion technique<?>. Therefore, an investi­

gat ion of the di rect energy con version of the betas emitted from the 

radioisotope Pm 147 
by si I icon P-N junctions grown epitaxially by the 

chemical vapour deposition process was initiated. In addition the epi­

taxi al growth process lends itself to control fed doping so that devices 
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with several active junctions in series may be fabricated in one operation 

with no additional sample handling from growing a single junction device 

that might reduce device yield. The results obtained for the growth of the 

epitaxial P-N junctions and their energy conversion properties are presented 

in this thesis. 

Previous investigations for the direct energy conversion of 

147betas emitted from Pm using diffused N+P junctions have yielded short 

circuit currents (I ) of 20 µamp~open circuit voltage CV ) of 0.37
SC OC 

volts and maximum power outputs CP ) of 5.2 µ watts and an efficiency of m 

1.85% for a source strength of 2 mg/cm2 CB>. The diodes fabricated in the 

Pm 147present investigation were evaluated on a 2 mg/cm2 source. For a 

single junction device 1 c = 29 u amp, V c = 0.37 volts and P = 7.2 µ watts;
5 0 m 

a double junction device yields lsc = 15.2 µ amp, V
0 

c = 0.76 volts and P m = 

8 µ watts. The efficiency of these devices is approximately 3%. 



CHAPTER 11 

P-N JUNCTION THEORY 

2. I Introduction 

In this chapter a conventional description of the P-N junction 

found in most textbooks is repeated for completeness. The P-N junction 

Is first examined in the unbiased state and then the current-voltage 

relationships are obtained when the junction is biased. 

2.2 Some Aspects of P-N Junction Theory 

Consider a single crystal semiconductor that contains one region 

of n-type material (electrons are the majority carriers> and one region 

of p-type material (holes are the majority carriers) thus forming a P-N 

junction. The initial boundary between then-type material and the p-

type material is known as the rretallurgical junction. Due to the concentra­

tion gradients at the rretallurgical interface the mobile electrons and 

holes diffuse into the p- and n-type regions respectively leaving behind 

ionized donors and acceptors. The ionized donors have a positiva charge 

and the ionized acceptors a negative thereby causing a dipole field which 

counteracts the diffusive flow of electrons and holes. A condition of 

5 
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dynamic equilibrium is reached whereby the regions adjacent to the 

metallurgical junction are depleted of majority carriers and in which 

exist strong space charge layers containing high electric fields. This 

con di ti on is i I I ustrated in Figure 2-1. 

It is a well-known result of electrostatics that there is a 

difference in potential between the two extreme limits of an electric 

dipole layer which is related to the strength (dipole moment p.er unit 
(9)

area) of the layer by 

4>2 - ~ I = 4 ir 6 (2-1} 

where ~I and ~2 are the edge potentials and A is the dipole layer strength. 

Beyond the space charge regions there is no net charge density and there­

fore the electrostatic potential is constant. According to equation (2-1) 

the potential energy of an electron "at rest" at the bottom of the con­

duction band is lower by 4 ne6 on one side of the junction than on the 

other. Similarly for holes "at rest" in the valance band. Since the state 

of the system is one of thennal equilibrium, however, the fenni energy, Ef, 

must be the same throughout the system. These conditions enable one to 

depict the energy bands of the semiconductor in the neighborhood of an 

abrupt junction as shown in Figure 2-2. There is clearly an "internal 

contact potent i a I" bu i It up between the two regions. The va I ue of this 

contact potential is given by< 9 > 
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n pp

kT 

n 
0 kT 0 
=- Jn =- In4> 


e n e 
 Pn
Po 0 

where n Cp ) is the electron (hole) concentration in the n- (p-) type
0 o Po 

region under thermal equilibrium and n Cp ) is the electron (hole)
0Po o 

concentration in the p- Cn-) type region under thennal equilibrium. 

This may be written as: 

(2-2)• = -kT 

e 

when all the donors (Nd) and acceptors (Na) are ionized; n1 is .the intrinsi~ 

carrier concentration of the semiconductor at temperature T. From equation 

(2-2) it is apparent that the contact potenti a I is greater the I arger 

the doping of the n and p sides of the junction. 

Some other aspects of the space charge region and the electric 

field are: 

Ca> The space charge layer is of greater extent in lightly doped p- or n-

type regions than in regions which are heavily doped. For a 

given junction the space charge layer extends furthest into 

the region which is least heavily doped. That is for an N+P 

junction the space charge region exists almost entirely within 

the p-type region where N+ designates·a h~avily doped semi­

conductor. 



9 

(b) 	 The maximum field value is very high in heavily doped junctions and 

smaller in junctions where one or both sides are lightly doped. 

(c) 	 Under reverse bias conditions the space charge regions extend out 

into the crystal while under forward bias they are compressed. 

In the equi t ibri um state of a P-N junction there wi 11 be a certain number 

of electrons in the n-type region with sufficient energy to surmount the 

potential barrier and diffuse into the p-type side. These electrons have 

now changed from majority carriers to minority carriers. In the p-type 

region these minority carriers wi 11 then recombine with holes after a 

finite time. Therefore, in equi I ibrium, we have a "recombination" current, 

J , set up whereby electrons diffuse from then-type region into the p-typenr 

region where they recombine with holes. However, in the equilibrium con­

dition there is no net current flow; furthermore, according to the 

principle of detailed balance, at equilibrium any microscopic transport 

process and its inverse must proceed at equal rates. In this case the 

reverse process is the thermal generation of electrons in the p-type 

region which easily diffuse down the potential barrier into the.n-type 

region where they become majority carriers creating a generation current, 

J • At equilibrium J = - J • Similarly for holes we have J =-J • ng ng nr pg pr 

That is the total fluxes of holes and electrons across the junction under 

equilibrium conditions is equal to zero. 
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Figure 2-3 	 Potential diagram of a P-N junction Ca) with reverse bias, 

Cb) with forward bias, showing how generation and recombination 

fluxes are modified. 
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Let us now examine the P-N junction under non-equilibrium 

conditions as in the case when a bias is applied. From Figure 2-3(a) 

when a reverse bias is applied the potential barrier is Increased to eCq,-V) 

and the currents J and J are substantially reduced due to the fact nr pr 

that the majority carriers now find it more difficult to surmount the 

potential barrier. The fluxes J and Jpg' however, depend only on the
09 

thermal gen_eration of electron-hole pairs and are unaffected by the applied 

bias. As the bias is increased the current density across the junction 

approaches a constant value - e(J -J ) cal led the saturation current 
pg ng 

which fs limited to the thermal generation of electron-hole pairs in the 

bulk regions near the depletion region. This current depends solely on 

material parameters and temperature and is independent of the applied 

voltage. It must be noted, however, that after a certain voltage is applied 

certain phenomena exist which drastically increase the current. This 

voltage is known as the breakdown voltage. 

With the application of a forward bias as in Figure 2-3(b) 

the potential barrier is reduced and it now becomes easier for the diffusion 

of majority carriers across the junction thus increasing J and J nr pr 

above their equi Ii bri um va I ues. The generation currents. J and J ..- , ng pg· 

remain constant but the overal I effect is that large currents may arise. 

Thus we have a low impedance device in the forward bias condition and a 

high impedance device in the reverse bias state. 

By solving the continuity equation for excess minority carriers 

tn both the p- and n-type regions and applying the appropriate boundary 

conditions one is able to obtain the current-voltage characteristics of 
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the junction. It wi II be assumed that a steady state has been reached and 

that all voltage drops occur only in the space charge regions. The 

(9)
continuity equations a re 

!E. = 0 for the n-type regionD 
p 

T p 

0 for the p-type region 

where 6n(6p) is the excess electron (hole) concentration 

D CD) is the electron (hole) diffusion coefficient 
n p 

T (T ) is the electron (hole) minority carrier lifetime n p 

These are subject to the boundary conditions: 

n 
_£__ = exp ( eV ) 

n kr


Po 

at the junction where n is the equilibrium electron concentration in 
Po 

the p-type region 

- n
Po 



13 

n,p 	 n,p 

I I 


-Pno 

---------------------•X 


JJ 

s.c. region 

(a) 

Figure 2-4 	 Electron and hole concentrations and fluxes in the neighbourhood 

of a P-N junction (a) with forward bias, (b) with reverse bias. 

s.c. region 

(b) 
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similarly for pn, pn and ~p and 
0 

n 

tin = ~p = 0
P n 

far from the junction. 

Using this procedure one first calculates the excess carrier 

concentrations which are shown in Figure 2-4(IO) and from these are 

determined the electron and hole currents. By assuming that there is no 

generation or recombination in the space charge region we arrive at the 

diffusion control led ideal diode equation sometimes cal led the Shockley 

• { 10) equation 

D D2 n pI = en. + ) (exp CeV/kT) - I) (2-3)
I 

n LPp Ln 
0 "o p 

D D n pwhere J = and J = ng pg 
Lpp Ln "n0 p0 

and D and D are the minority carrier diffusion coefficients for electrons 
n p 

and holes respectively, 

and l and L are the minority carrier diffusion lengths for electrons 
n p 

and holes respectively, 

L = li5T where Tis the minority carrier lifetime. The reverse saturation 

current I is given by I = e(J + J >. o o ng pg 
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A I though this equation adequate I y describes gennan i um P-N 

junctions at low current densities, it is only qualitative for other 

materials. The departures from ideal behaviour are due mainly to the 

fol ICM i ng effects: 

(I) 	 the surface leakage effect 

<2> 	 generation-recombination in the depletion region 

(3) 	 tunneling of carriers in the band gap 

(4) 	 the high injection condition, which may occur at relatively small 

forward bi as 

(5) the series resistance effect. 

For silicon planar junctions we need not consider the surface leakage 

current because in general It is much smaller than the generation-recombination 

current in the depletion region. The effect of the generation-recombination 

current in the depletion region is to increase I and to add. to the forward 
0 

current at low biasing. Experimentally the forward current has the 

.. . . If (IQ)f o II ow 1ng emp 1 r 1ca onn : 

eVI = I (exp C ) - I) 	 (2-4)
0 nkT 

where n = 2 when the generation-recombination current dominates and n = I 

when the diffusion current dominates. In generat for si I icon diodes n = 2 

for small applied voltages and n = I for higher voltages where the diode 

current is diffusion controlled. The effects of high injection and series 

resistance is to reduce the slope of the forward curve. 



.CHAPTER I I I 

THE P-N JUNCTION AS AN ENERGY CONVERTER 

3.1 Introduction 

This chapter describes the effect of irradiating a P-N junction 

with a beam of ~-particles. It is shown that the P-N junction when irradiated 

can be used to supply power to a load. Several of the material parameters 

which influence the power output of the irradiated junction are also 

discussed. 

3.2 The P-N Junction as an Energy Converter 

Radioactivity can be converted to useful electrical power by 

means of a P-N junction.· Electron-hole pairs produced in the semiconductor 

by beta radiation or light, for example, are separated by the junction 

field; the separated pairs bias the junction in the forward direction and 

deliver power to a load. For optical radiation -- sunlight, for example -­

each photon with energy equal to or larger than the band gap of the semi­

conductor produces one electron-hole pair. The energy in each photon in 

excess of the band gap is absorbed as phonon energy. For beta particles, 

16 
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however, each beta may produce many electron-hole pairs unti I its energy is 

less than that required for the generation of one electron-hole pair. The 

beta particles are absorbed exponenti a I ly with di stance of penetration and 

have the absorption coefficient given in Table I. The average energy, w 

(in electron volts) expended in the generation of one electron-hole pair 

t·s given by w = Eg + 2.5 (or 3.6 ev for silicon) as indicated by the data 

( 12)of McKay and McAfeeCI I>. Bussoloti et al have reported a value of 
. . ( 13) 

w = 3.8 while Vav1 lov reported w = 4.2. Both these measurements 

were detennined from electron bombardment measurements. The combination of 

a P-N junction with.a beta-emitting radioisotope may be looked upon as 

a de transformer, since the low current and high voltage of the electrons 

emitted by the radioisotope are transformed into a high current at a low 

voltage. 

In order to evaluate material parameters in the construction of 

P-N junctions employing the electron-voltaic effect for energy conversion 

using a beta-emitting radioisotope it is necessary to understand the 

processes involved when the junction is irradiated by betas emitted from 

the radioisotope. An irradiated junction is shown in Figure 3-1. First 

consider the case when the P-N junction is connected to an open circuit. 

Excess electrons are created in the p region and excess holes in the n 

region. It must be noted that for each excess minority carrier generated 

in a given region there is also an excess majority carrier generated but 

this excess creates a negligible increase in majority carrier concentration 

whereas the minority carrier concentration changes by orders of magnitude. 
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Excess electrons in the p region may diffuse to the junction and descend 

the potential barrier into then region while the excess holes in then region 
' 

may diffuse to the junction and float up the potential barrier into the p 

side thus reducing their energy. When this occurs an excess positive 

charge is created on the p side of the junction and an excess negative 

charge on the n side. This effectively forward biases the junction so 

that the barrier height is reduced by an amount V to some va I ue q, - V • 
QC OC 

This counteracts the flow of current in the junction which would otherwise 

occur. The internal voltage is now different from the contacting potentials 

at the device terminals and a voltage equal to the difference, V , wi I I oc 

appear at the circuit terminals. This phenomenon is known as the electron 

voltaic effect. The magnitude of this voltage may be determined by the 

carrier concentrations at the edge of the space charge regions<9> 

eV 
= exp ( __Q£ ) ( 3-1) 

kT 

where p and n are the minority hole and electrOD concentrations due to 
n p 

Irradiation. In the open circuit condition of the irradiated junction the 

generation currents, J and J , are increased while the recombination ng pg 

currents, J and J , are initially unaltered. The resulting unbalanced nr pr 

diffusion currents cause a net charge accumulation whose field lowers the 

fnltial barrier height, thus enabling the recombination currents to 

increase until a balance between generation and recombination is once more 

achieved, giving rise to a voltage across the device terminals. If we now 
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short out the device terminals an electric current wi II flow therein as 

long as there is a diffusion current of irradiation created excess minority 

carriers into regions where they become majority carriers in order to 

maintain the internal barrier height at ~. In this condition the generation 

currents are always larger than the recombination currents (which have no 

inherent dependence on the radiation intensity) except through damage creation. 

It is these generation currents continuing as long as the device is irradiated 

which provide the source of current which flows in the external circuit. 

To determine the current-voltage characteristics of the irradiated 

junction the continuity equations for the minority carriers must be 

examined as in the development of the Shockley diode equation. Moreover, 

the generation of carriers due to the radiation must be added. The con­

tinuity equations for an infinitely planar junction become: 

g - ~ 
T 

~ 
ax 

= ~ 
at 

for the n-type region (3-2a) 

p 

and 

Lin aJn aM 
g - - -- =-- for the p-type region (3-2b) 

ax at' n 

where Lin and 6p are the excess minority carrier concentrations above their 

equilibrium values and g is the generation rate of carriers caused by the 

radiation impinging on the surface of the device. Assume g takes the form 
(14) 

g = a Ne-ax where a is the absorption coefficient of the semiconductor 

and N is the incident electron flux. 
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Assuming that no electric fields exist outside the space charge 

region the continuity equations for the steady state become: 

2 
a 'Ne-ax - ~ + D ~ = 0 (3-3a)2P ax

and 
2 

a Ne-ax_ An + D ~ = 0 (3-3b) 
n *dx2

'th 

let x = 0 at the junction which is at a depth d below the surface which is 
(9)

irradiated. The general solutions to these equations are well known. 

for x > 0 
aNT 

An = A exp (~ ) + B exp (- ~ ) + __n exp - aCx+d) C3-4a) 
L ln 1-a2 L~0 

for x < O 
aNt' 

Ap = C exp (~ ) + D exp (- ~ ) + .--1?.. exp - <iCx+d) (3-4b)
2 2

l L l-a L
p p p 

Consider a device with d >> L , that is one in which the p and n regions
p 

are both infinite in the x direction. Thus we have a condition in which 

An and Ap must decay to zero at large values of x and therefore the arbi­

trary constants A and C must be zero. We may determine Band D by using 

the boundary conditions at the junction: 
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n Co) p (o} 
p n ·= exp ( ~) (3-5)= 

kT 

Note that n (o} = n + t.\n(o) and p Co) = p + t.\p(o). 
p Po n n 

0 

aNT 
( ev

8 = p exp I) - ____£.. exp (-ad) C3-6a)
"o kT · 1-a2L 

p 

aNT ev 0
D = n exp ( I} - --2 exp (-ad) ( 3-6b) 

2"o kT 1-a L
n 

Knowing the excess carrier concentrations the current densities 

into the P-N junction may now be determined by evaluating the diffusion 

currents on both sides of the junction. 

J (o) = 0 < at.\n > and J Co) = D C ~)
n pn ·ax P axx=O x=O 

I = e (J (o) - J (o)) 
I p n 


n 0
Pn DP nPo eaNL0 ev _= e ( + ) exp ( I ) __p2 C1-aL ) exp C-ad)
l p L 

n dT f-a2 L p 
p Cr7> 

eaNL 
n Cl-al) exp (-ad)

n 
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Figure 3-2 Current-voltage relation for a P-N junction beta-voltaic device 

under different radiation intensities, showing the maximum power 
points. 
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This may be expressed as: 

C 6I = I Cexp V > - I> - I (3-8) 
o kT g 

where the first tenn is the Shockley diode equation and the second is the 

generation current caused by the betas irradiated into the Junction. It 

can be shown that no matter what the values of a, L, and d are, I is g 

always positive( IQ) so that for the irradiated junction the initial forward 

portion of the I-V curve is in the fourth quadrant. The current voltage 

relationships for the irradiated diode are illustrated in Figure 3-2 for 

several different intensities of the beta flux. 

If the circuit resistance (including the internal resistance 

of the device itself) approaches zero, then the voltage is negligibly 

small and we have the short circuit condition corresponding to a current 

density of the diode: 

I = - I (3-9)
SC 9 

When the current is zero (i.e., we have an infinite load across the device 

terminals) we have the open circuit condition such that: 

kT I
V = - In C -9. + I) C3-10) 
oc e I 

0 

As indicated from equations (3-7) and (3-8) the generation 

current is proportional to the intensity of the irradiation whereas the 
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open circuit voltage varies logarithmically through I of equation (3-10).
g 

This leads to the family of curves shown in Figure 3-2. 

The maximum power which may be obtained from the junction for 

a given radiation intensity may be found by the area of the largest rec­

tangle which may be inscribed in the fourth quadrant of the I-V curve. 

From equation (3-10) it is evident that V increases as I increases 
· 	 OC SC 

• (I 0)
and I decreases. The reverse saturation current, l , may be written as: 

0 	 0 

D D . 

I = 2 C _I C _Q_ > I /2 + _I C __n_ >I /2) 
 (3-11>o 	 eni 


NA -rp ND T 
n 


if a 11 the acceptors (NA) and donors CND) are ionized. From this expression 

the condition that I be low implies that the minority carrier lifetimes 
0 

be large as well as the dopant concentrations in then- and p-type regions. 

The maximum open circuit voltage available is equal to the internal 

potential barrier of the junction which, from equation (2-2), is a function 

of doping densities increasing as NA and ND increase. However, it is 

found that for high impurity concentrations the minority carrier lifetime 

decreases. Thus to obtain low saturation currents we must find the opti­

mum conditions for doping densities and minority carrier lifetimes. 

It is necessary to obtain large generation currents for high 

power outputs for two reasons: 

(I) an increase in I· increases the open circuit voltage according to 
9 


equation C3-10) 


(2) the larger I the I arger is the current available for the power
g 


output Cp = I V >. 
m mm 
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From equation (3-7) we find that an increase in minority carrier lifetimes 

(and thus diffusion lengths) wi I I lead to an increase in I . It should g 

be also noted that minority carrier lifetimes have a larger effect on I 
g 

than V and it is mainly for this reason that highly doped materials are oc 

not used for both n- and p-type sides of the junction. However, If one 

constructs a junction so that it is one sided shallow abrupt junction 

with the base region being the lighter doped and having a long minority 

carrier lifetime most of the incident energy wi II be absorbed within the 

base and the minority carriers so generated can be collected at the junction. 

In such cases, we may make the top region of the device heavily doped 

but thin enough so that most minority carriers created in this layer are 

collected by the junction. In this way we are able to increase the built-

in potential of the junction while tolerating a low minority carrier 

lifetime in one side of the junction. 

Devices made with shallow junction depths, d, such that d"' L 
p 

as for the diode illustrated in Figure 3-1, change the boundary conditions 

used in finding I in equation (3-7). In this case we must use a different 
g 

boundary condition for the n-type layer. At x = -d: 

D ( d~n ) = S • [ n C-d) (3-12) 
n dx x=-d p 

where S is the surface recombination velocity. For the p-type region let 

us use a finite length wand at x =w, An= 0 (i.e., we have an ohmic 

contact>. These conditions lead to a different expression for I such 
0 

that larger values of S tend to increase the reverse saturation current. 
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More important however is the effect on the generation current which 

becomes (IS): 

L exp(-ad) 
2 expC-w/L ) ~ exp(-ad)

n (I - a n) + ____n______I = eaN 
9 sinh Cw/L ). n 

(3-13) 

S+ao ~.co /L + S> exp d Cl/L - a)LP Cl-al) exp(-ad) + P P P P+ 2 2 
a L p S sinh Cd/L ) + D /L dosh Cd/L )

p p p p p 

From this expression one finds that as w decreases below L , I decreases. 
n g. 

It has also been shown that LP has a deleterious effect when LP < 2d. 

For solar eel Is the surface recombination velocity has a negligible effect 

4 on the generation current below 10 cm/sec and a maximum over the range 

106 - 108 cm/sec( IS). 

The material parameters affecting the maximum current and 

voltage outputs of an irradiated P-N junction have now been discussed. 

As has already been discussed the available power obtained from an irradiated 

P-N junction canes fran the area of the power rectangle inscribed in the 

fourth quadrant of the 1-V curve. The maximum power obtainable comes 

from the largest rectangle so inscribed which must have one of its corners 

in the knee of the curve. It is obvious that the maximum power given by 

p = I .V does not equal the product of I .V • This could only occur m m m sc oc 

if the curve were square rather than the exponential of the Shockley 

equation. It has already been pointed out that in reality the exponential 

has the form exp eV/nkT. The effect of values of n larger than I is to 
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make the curve even more rounded and thus reduce the available output 

power. In solar eel Is n has been found to have a value larger than 2 

for voltages less than 0.4 volts and n = I for voltages larger than 
(16)

0.5 volts • 

Other effect~ which tend to reduce output powder by flattening 

the knee of the I~V curve are effects arising from series and shunt resis­

tances. The series resistance includes the contact resistance -- those of 

the terminals and base region of the cell -- and the sheet resistance of 

the top layer. The series resistance effect is greater at high current 

levels than at lower ones and can have disastrous effects on the output 
(17)

performance of solar eel Is for values as smal I as t n • The shunt 

resistance, RSh' adds a positive term, V/RSh' to the current of the ideal 

diode equation. This effect is observed at low biasing but if the shunt 

resistance is very low the effect is observed at higher voltages. 

3.3 Multi-junction Cel Is for Energy Conversion 

In this section is presented a simplified theoretical treatment 

of an irradiated multi-junction device which acts as two diodes in 

series. That is, the device when subjected to the betas emitted from the 

promethium 147 should yield an open circuit voltage which is double that 

of a sing I e junctf on ce 11. The energy band diagrams of three poss i b I e 

structures for a two diode in series structure are shown in Figure 3-3. 

In order to have the two diodes in series it is necessary to have an ohmic 
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Figure 3-3 Energy band diagrams for the proposed structures for the construc­

tion of two diodes in series. 
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contact between the N+ region of one diode and the p-region of the other as 

shown ih Figure 3-3(a). If the two useful energy converting junctions 

~ere not separated in this manner the structure of the device would be 

that of Figure 3-3(b) or Cc>. In Figure 3-3(b) there are three junctions 

which can becane forward biased when irradiated. The voltage developed 

across the middle junction, however, is opposite in sign to the two on 

the outside and would subtract from them resulting in .a total voltage 

less than the sum of that derived fran two junctions. In Figure 3-3(c) 

the two junctions when irradiated would develop voltages opposite in sign a 

and the effective output voltage of the device would approach zero. 

A problem arises in obtaining the ohmic contact shown in 

Figure 3-3(a). Previously this had been achieved by growing the two diodes 

separately and matching metallization grids on the back of one diode 

and on the t op of the second d.10de <t 4>• In the present 1nves. t•1gat•ion th"ts 

• . p+ t + • .was achieved by growing a layer between he N and P regions 1n place 

of the ohmic contact shown in Figure 3-3(a). It is the resulting N+PP+N+P 

structure which wi II be described in this section. 

When the N+PP~N+P structure shown in Figure 3-4 is irradiated 

by beta radiation it is the transport of minority carriers which determine 

the current-voltage characteristics of the device. The continuity equations 

for the minority carriers are: 

g - L -
aJ 
___E_ =2-2. for the N-regions 

Tp ax at 

g n 
aJ 

n- -­ an =­ for the P-regions 
L'n ax at 
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Figure 3-5 	 Energy band diagram for the N+PP+N+P structure of two diodes 

in series illustrating the quasi-fenni levels and junction 

potentials for an irradiated device • 
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If we assume there are no electric fields in the bulk of the 
( 16) 

· t th t · ion t ·ts · by e - axsemiconductor and tha e genera ra e given g =a N 

then the continuity equations become: 

-ax .e_aNe - + D ~ 2 
-~ 


'f P ax at 
p 

and 
2-ax n anaNe - - + D ~ = ­

'f n ax2 atn 

Assuming that a steady state has been reached (i.e., ap/at = 

an/at= 0) solutions to the continuity equations are: 

in the p-reg ions: 

•a/L 
An A.ex/ln + B.e-x/Ln Ne n = 

I I 2 2L D Cl-l/L a > n n n 

and in the N-reg ions: 

-a/L
C x/L + D -x/L Ne EAp = .e p .e p ­

t I 2 2L D Cl-l/a L > 
p p p 

Knowing the excess minority carrier concentrations we may 

detennine the electron and hole-current flows: 
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an 36.n
J = q D = q D n n 	 n ax ax 

and 

!e. ~J = - q D = q D 
p p p axax 

Therefore in the P regions we have: 

D A. D B. 	 -ax 
n I x/L n I -x/L + Ne .J 	 =- e n e nn/q 	 2 2 
L 	 (1-1/a L)n 	 n 

and 	 in the N regions: 

DC. x/L DC. -x/L Ne-ax 
J = - ....R._!.. e p + ....R._!.. e p - --~~-p/q 	 2L 	 L Cl-l/a2L > 

p p 	 p 

Thus we have ten unknowns -- A2 ,B2; A3,s3; A5,s5 for the P regions and 

Cl"DI; c4,o4 for the N regions -- which must be solved. This is done by 

matching at the junctions. 

Assume: 

(I) 	 The quasi-fenni I eve Is are constant across the junction. That is at 

junction I for example p = n~ eq$/kT = niNA where ~ is the1N0 

difference between the electron and hole quasi-fenni levels and is 

not the contact potential described earlier. 

(2) The front and back contacts are ohmic. 
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These two assumptions give six equations for the A, B, C, 0 ­

four from the junctions and two from the contacts. 

(3) Assume the generation and recombination in the junctions are negligible. 

Jn + J - J = constant- diodePI i 

Also J J + 
P2 p 2 

This implies 3 more equations which give three additional relationships 

for the A, B, C, D. 

let junction 3 be a tunnelling junction such that: 

J + J + J = J diode"3· P4 tun 

It should be noted that Jtun is a function of ~3 • 

Thus far there are nine equations for the ten unknowns and one 

more equation is necessary to solve for the unknowns. This is shown from 

the fermi level shifts of the irradiated diode shown in Figure 3-5. 

Assuming changes in the majority carrier quasi-fenni levels are neg I igible: 

V =~ -4> +4> =Va I 3 4 oc 
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Using this last relationship adds the tenth equation. The technique 

used to solve for the unknowns was to specify 4> which then al lowed Jtun
3 

to be calculated. The ten equations were set up and solved simultaneously 

by Gaussian reduction. This al lows Jd. d and V to be calculated for each 
10 e a 

N, a, junction depth and doping density. If tunnel ling is easy, i.e., $3 

approaches zero, the problem is identical to treating two distinct diodes 

in series. That is the current for the overall diode may be expressed as 

I= 1 (exp qV/nkT - I) where V = v1 + v2 and n = n1 + n2 ; or for two 
0 

identical diodes V = 2v and n = 2n • This means that the open circuit1 1

voltage of the double diode wi I I be twice that of the single diode struc­

ture. However, if Junction 3 does not tunnel then no increase in V 
oc 

over a single diode is observed in the numerical calculations. It was also 

found the layers 2 and 3 possess optimum values for obtaining the maximum 

power output. The optimum thickness (see Appendix E) for the layers are: 

N+ N+= 1.0 microns = I micron t 4 

p2 = l3 microns p5 = 250 microns (substrate thickness) 

p+ = I .5 microns
3 

3.4 Efficiency of the P-N Junction as a Beta Energy Converter 

In this section the tenn efficiency refers to the ability of a 

device to convert the energy of the beta input flux into electrical energy. 

That is what fraction of the incident power can be converted into electrical 

power. 
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Figure 3-6 	 Block diagram showing energy losses which reduce the efficiency 

of a P-N junction as a beta-voltaic energy converter. 
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Figure 3-6 is a block diagram representing the power losses 

which reduce the efficiency of the P-N junction as a beta-voltaic energy 

converter. The power losses are due to three main factors: CI) the high 

energy needed to create an electron hole pair, (2) the voltage factor, 

(3) the curve factor. Factor Cl) represents 72.5% of the power losses. 
. U2 13>

This factor is so large because for electron bombardment 1t takes 4 ev ' 

to create an electron-hole pair rather than the I. I ev of the energy 

gap for si I icon. That is the maximum energy available when the electrons 

or holes diffuse to the junction is I.I ev when the minority carriers 

cross the junction. Therefore, the maximllll amount of energy available 

from any one of the minority carriers is I. I ev whereas it takes 4 ev 

to create it. 

The 4 ev needed for electron-hole pair generation by beta 

particles is much larger than the I.I ev necessary for photon generated 

(38)electron-hole pairs. However, Shockley has shown that the energy for 

electron-hole pair generation by beta particles may be written as: 

where E is the energy gap 
9 

Eph is the energy of the incident particle that is converted into 

phonon energy before the actual ionization occurs 

Ef is the final energy of the electron or hole which is very quickly 

-12
CtO sec) dissipated as phonon energy. 

Thus the extra energy needed in creating the electron hole pair is absorbed 

as phonon energy. It should be noted that for the energies of the beta 



particles emitted by the promethium 147 almost all is used for ionization, 

I.e., the formation of electron-hole pairs, and hardly any for atomic 

• . (J 8)
co I I 1s1on • 

Factor (2), the voltage factor, is the ratio by which the open 

circuit voltage is smaller than the energy gap and is given by V /E • 
OC g 

This accounts for the fact that not a 11 the energy of the energy gap 

(I. I evl can be obtained in the energy converting process at the junction. 

The voltage factor depends on the base resisitivity and the intensity of 

the ·a-irradiation in that both of these effect V • The voltage factor oc 

f·s obviously also effected by the choice of semiconductor because each 

semiconductor has a different E • For silicon P-N junctions irradiated by
9 

147 Vbetas emitted from An c/E ~ 0.36. This can be determined using
0 9 

5equatron (3··10) and values for I and I of 3 x ro- A amp/cm2 and I 
g 0 0 

11of Ix 10- amp/cm2 which are found for N+P si I icon diodes used in energy 

conversion. 

Factor (3), the curve factor, expresses the ratio of the maximum 

power avai fable from the cell to the product of I c x V c and is given as 
5 0 

C.F. = I xV /I xV • This factor is always less than unity due to the m. m sc oc 

fact that the diode equation is an exponential, with the consequence that 

any rectangle inscribed within the curve must be smaller in area than an 

external rectangle with corners at I and V
0 

• The n value in the 
SC C 

exponential, which has already been described further rounds the knee 

of the I-V curve making the curve factor even smaller than that for an 

ideal diode. The curve factor for an ideal diode is approximately 0.82 

whereas expe r i menta I I y for the beta ce I I it is 0. 7. The effect of these 
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three factors is to reduce the eel l efficiency to approximately 6.9%. 

Other lesser factors reduce the efficiency of the cell to approximately 

5% or less (3>. Some of these factors are (I) betas which are reflected from 

the device surface and not absorbed, (2) poor collection efficiency; 

electrons and holes which recombine before reaching the junction. This 

effect becomes very important when the minority carrier diffusion length 

becomes shorter than the penetration depth of the beta particles. (3) 

(3) resistance losses -- both series and shunt effects, (4) self-

absorption of betas in the promethium oxide. This effect becomes larger 

the thicker-the layer becomes which increases power output but lowers 

efficiency as the se If-absorpt ion increases. The efficiency is known 
2(8) 

to peak and begin to decrease around 2 mg/cm 



CHAPTER. IV 

THE EPITAXIAL GROWTH SYSTEM 

4.1 Introduction 

It has been shown that large area junctions, grown epitaxially, 

are superior in tenns of higher breakdown voltages and lower reverse satura­

tion currents, to the diffusion technique for the fabrication of large 

area shallow junctions.< 7
> For this reason it was decided to use an epitaxial 

growth process to study the energy conversion by si I icon P-N junctions 

of a radioactive beta emitter. 

The epitaxial growth of si I icon can be achieved in a gas flow 

system by the thennal reduction of silicon halides and the pyrolysis of 

si lane. The si lane process in a flow system has been reported by Bhola 
- ( 19) 

and Mayer • The relative merits of this process over the commonly 

used tetrachloride process are fairly well established. The pyrolysis 

is thermochemically and kinetical Jy more favourable than the thermal 

reduction of silicon tetrachloride or si I icon trichloride. Si lane is 

thermochemical ly unstable at room temperature and above and decomposes 

rapidly above 600°c thus enabling the growth of silicon at lower tempera­

tures. The use of a lower substrate temperature not only reduces the 

amount of diffusion between adjacent layers of si I icon but also minimizes 

40 
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the liberation of impurities from the susceptor used for heating the sub­

strates and also al lows for less diffusion of lifetime ki I ling impurities 

into the substrate. Furthermore, the pyrolysis of si lane is essentially 

chemically irreversible; the undesirable consequences of chemical transport 

associated with the silicon halide processes may be eliminated and the 

resistivity of the epitaxial layer may be better control led. On the 

other hand, the silane process has the disadvantage that the thermal 

instabi I ity of the si lane tends to promote nucleation by pyrolysis in the 

gas phase. The solid silicon formed in the gas phase is in the fonn of 

large atomic clusters of random orientation, and the deposition of these 

clusters on the growing interface could interfere with the oriented 

growth. The gas phase nucleation, however, can be suppressed by optimizing 

1exper1men. t a I cond·t·ions <7>• 

It is important that oxygen, in particular, be eliminated from 

the system because traces of oxygen interfere with the doping and react 

with silicon to form si I icon monoxide particles which can become imbedded 

w1. th .1n the depos1. t th us creat.1ng .anhomogenet. t . 1es .1n the cryst a I ( ZO) • I t 

is important that the cry~ta I be free of any major de feet because just one 

ts sufficient to ruin the device to be fabricated. 

Extreme care must be taken with pure silane as mixtures of 

sf lane and air are explosive over a wide range of composition. It has 

been foundCl 9 >, however, that silane diluted with hydrogen or a rare gas 

to a concentration of less than 5% by volume is not pyrophoric. 

The fol lowing section describes the chemical vapour deposition 

CCVD) system used to carry out the epitaxial growth with controlled 
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Figure 4-1 Flow diagram for the epitaxlal growth system. 
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doping profiles. 

4.2 The Chemical Vapour Deposition System 

For reasons pointed out in the preceding section the epitaxial 

growth was carried out by the pyrolysis of si lane using a gas flow system 

in a vertical reactor. The si lane source was electronic grade 3% by volume 

of sf lane in hydrogen purchased from the Matheson Gas Company. The dopant 

gases, also electronic grade from Matheson, were 5,000 ppm phosphine in 

hydrogen and 50 ppm diborane in hydrogen. All reactant gases were passed 

through submicron filters to remove any solid particles before entering 

the main gas line. The hydrogen used as a diluent and carrier gas was 

ordinary hydrogen which was first passed through a deoxo unit and then 

a hydrogen purifier containing a palladium sf Iver alloy purchased from 

Englehard Industries Cwith a capacity of 20 SCFH) before entering the 

main gas stream. The purifier was capable of delivering 20 SCFH of pure 

hydrogen. A schematic of the deposition system is shown in Figure 4-1. 

All gas lines and valves of this system are made of stainless 

steel and connected with swagelock fittings with the exception of the 

reactor chamber and f Iowmete r tubes which have vi ton "O" r i ngs. The f I ow­

mete rs are single tube or mixing f lowmeters purchased from the Matheson 

Company but fitted with Brooks "N.R.S." valves for better flow control. 

Before the system was put into operation it was checked for leaks by 
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Figure 4-2 Deta i I of the growth chamber. 
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Fig. 4-3(a) Photograph of the chamber susceptor and induction 

col I mounted in position. 



Fig. 4-3(b) Close-up of Induction coll and susceptor. 
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evacuating the gas lines using a rotary pump and observing any changes in 

vacuum by the thermocouple vacuum gauges after the pump had been isolated. 

The reactor tube is made of quartz with an inside diameter of 

4 cm and held in a vertical position. A water jacket is used to keep the 

reactor wall cool so that the pyrolysis of si lane is confined to the induc­

tion heated susceptor upon which the silicon substrates are heated. The 

susceptor is a s i I icon ca rb i de coated graphite disk with a depression on 

one side. The disk is 0.5 in. thick and 1.13 in. in diameter. The 

depression is 30 mi I. deep and I in. in diameter. The susceptor is 

supported by a quartz pedestal which fits into a tef Ion seat in the 

stainless steel bottom of the reaction chamber as can be seen in 

Figure 4-2. The entire stain less stee I bottom is raised or lowered to load 

and unload samples. 

The generator used to provide the induction heating did not 

operate at the higher frequencies of most generators comnonly employed for 

ep itaxi a I reactors. The generator operated at only 10 Kc and a power 

rating of 15 KVA. For this reason care had to be taken in constructing 

a coi I which would provide a strong enough induction field to heat the 

susceptor. The coi I itself is pictured in Figure 4-3. The coil is made 

of quarter inch copper tubing and is water coo led. The return temperature 

of the water is monitored to make sure the coi I does not overheat. In 

order to obtain maximum coupling between the coi I and susceptor the coil 

was connected i .n para 11 e I to two tuning capacitors so that the maxi mum 

resonant frequency could be achieved. The temperature of the sample was 
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measured by means of a two color comparator pyrometer which operated at 

0.55 and 0.65 micron wavelengths. The pyrometer was focussed onto the 

substrate through the optical window at the top of the reaction 

chamber. 



CHAPTER V 

EXPERIMENTAL 

. 5. I Introduction 

In this chapter are presented the experimental techniques used 

in the epitaxial growth of the P-N junction devices and the methods of 

their evafuation. The growth covers sample preparation and the growth 

of both doped and undoped single crystal layers of si I icon. The evaluation 

covers crystal perfection and doping profiles. 

5.2 Substrate Preparation 

The substrates upon which the epitaxial layers were grown were 

10 mi I. thick "monex" s I i.ces obtained from Monsanto. Al I s Ii ces Iarger 

than one inch in diameter were scribed into quarters so that they would 

flt onto the susceptor. The "monex" slices are "Syton" polished and no 

further polishing is necessary and the only preparation necessary is to 

remove any surface oxide and surface contamination, whether organic or 

metal ions. In order to achieve clean surfaces on which relatively 

defect free ep itaxi a I I ayers may be grown severa I cleaning procedures 

were eva I uated. 

49 
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I) 	 10 minutes in hot H2o2 :H2so4 (1:1) plus rinse in D.I. water 

10 minutes in hot H 0:H o :HCI (4:1:1) plus rinse in water
2	 2 2

5 minutes in hot di lute HF plus rinse in D.I. water 

Ca 11 this procedure Cl 

2) Cl plus an insitu prefire in H2 for 20 min. 

reactor. 

Call this procedure Cl(a) 

at ll00°C in the epitaxial 

3) 30 second dip in 48% HF. 

Call this procedure C2 

4) 10 min. in hot dilute HF plus rinse in D.I. water 

15 min. at 70-ao0 c in H20:H2o2:NH40H (5:1:1 to 7:2:1) plus rinse in 

D. I. water 

15 min. at 7o-ao0 c in H20:H2o2 :HCI (5:1:1 to 7:2:1) plus rinse in 

D. I. water 

15 min. at 70-S0°C in H20:H2o2 :HCI (8:1:1 to 8:2:1) plus rinse in 
(21)

D. I. water · 

Ca I.I . this ..procedure C3 

5) C3 plus an "in situ" prefi re 

Cal I th i.s. procedure C3Ca) 

at I I00°c for 20 min. in H
2 
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The dionized water was obtained using a super Q filtration 

system from the Millipore Corp. and delived water with a resistivity larger 

than 18 megaohms. The final step in all the cleaning procedures was to 

blow dry the substrates using helium. 

The epitaxial layers grown on substrates using all the above 

cleaning procedures can appear mirror smooth and show no gross defects 

using a high intensity I ight as suggested by LenieC 34>. However, C2 does 

not always yield a mirror smooth surface whereas the rest do which suggests 

that the as-received substrates have some surface contamination. 

Stacking fault densities as revealed by SirtlCZZ) etching~ 

vary according to the cleaning procedure with Cl yielding the largest 

number of faults while C2 and C3 yield considerably less. It was found 

that CHa) reducad the number of stacking faults found using Cl by at 

least three orders of magnitude but sti I I only a slight improvement from 

C2 or C3. Using C3(a) the defect density was reduced to between 10 and 

2100 per an at growth temperatures of 01070 C. Consequently procedure C3(a) 

was used for device fabrication. 

5.3 Epitaxial Growth of Undoped Films 

The general procedure used for the epitaxial growth of an 

undoped silicon layer is as follows: 
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(I) The prepared si I icon substrate is loaded onto the susceptor which is 

then raised into the chamber so that the susceptor is in the middle of the 

i nduct i on co i I • 

(2) The thumbscrews are then tightened to obtain a vacuum "O" ring sea I 

at the bottom of the chamber. The chamber is then evacuated using the 

rotary pump to remove the air and last traces of moisture. 

(3) Hydrogen is admitted until atmospheric pressure is reached and then 

the exhaust is opened. The hydrogen flow is adjusted to 5 I/min. and the 

chamber flushed for thirty minutes. 

(4) After the purge is completed the substrate temperature is raised 

to 11000 C and kept there for 20 minutes. 

(5) The temperature is adjusted to the growth temperature and while it is 

stabilizing the silane flow is adjusted to the desired flow rate for 

growth using the bypass directly to the exhaust without going into the 

reaction chamber. 

(6) After the temperature is stable the bypass is shut off and the SiH4/H2 

gas stream admitted into the reactor where the si lane decomposes and si I icon 

ts deposited on the substrate. 
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(7) After the desired deposition time the si lane flow is shut off; the 

temperature reduced at an initial rate of approximately 300°C/min., 

and the susceptor allowed to cool for 10 minutes in the hydrogen stream 

before the sample is removed. 

As will be seen later only slight modifications are introduced 

when doping the grown epitaxial fi Im to a given concentration. 

Since it is desirable for the epitaxial layers used in device 

fabrication to be grown at as low a temperature and as fast a growth rate 

as poss i b I e in order to minimize any diffusion between Iayers or the 

diffusion of lifetime ki I ling impurities, the optimum growth parameters 

corrmensurate with the above conditions was first established for crystal 

growth without intentional doping. 

The growth rate and crystal perfection of si I icon using si lane 

epitaxial deposition systems has been established by many authors with respect 

t o t emperat ure, pa rt .1a I pressure of s·1 lane and total gas flow<a, 23,z4>. 

With the specific reactor design and dimensions of the epitaxial system 

which has already been described it was found that the optimllll growth rate 

and temperature together with good qua I ity crystal perfection were 0. 7 

microns per minute at IOS0°c. The total gas flow was 5.5 I/min. and the 

si lane concentration 0.13%. Increased si lane concentrations lead to 

pofycrystal line or amorphous layers whereas decreased concentrations 

lead to slower growth rates. Decreasing temperature also leads to fi Jms 

of poor quality. 
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Figure 5-1 	 Concentration profile of a low doped n-type growth on an n-type 

substrate as determined from spreading resistance probe measure­

ments. 
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<a> 

SI <100> substrate 

(b) 

SI -<100> Fi Im 

Fig. 5-2. 	 High energy electron ref lectlon diffraction patterns 

of (a) St <100> substrate (b) Si <100> Film 
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The resistivity of the undoped epitaxial layers was approximately 

100 n cm n-type as detennined from spreading resistance probe measurements. 

This probe, model ASR-100, was obtained from Solid State Measurements Inc. 

and is similar to that described by Mazur and Dicke/25 ). The profile of 

an n-type layer on an n-type substrate is shown in Figure s~1. 

It has already been stated that the grown layers were mirror 

smooth and had relatively low defect densities. The crystallinity of the 

layer was also evaluated using high energy electron reflection def­

fraction which yielded single crystal patterns identical to the substrates. 

This is ii lustrated in Figure 5-2 where the spot pattern and strong 

Kikuchi lines are indicative of the crystal perfection. 

5.4 Doping of Epitaxial Films 

It has already been stated that for high efficiencies in the 

direct energy conversion of the incident beta particles by the P-N 

junction it is desirable to have both then- and p-type regions highly 

doped in order to obtain a large built in potential. Also it is necessary 

to have long minority carrier lifetimes in both regions of the junction 

so that maximum collection of electrons and holes may be achieved. 

It has also been pointed out that the lifetime degrades with the level of 

impurities introduced into the semiconductor. For these reasons the ideal 

junction for energy conversion is a one-sided abrupt junction with the 

heavily doped layer fonning a shallow junction(l 6 >. It has also been 
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io-4 


PARTIAL PRESSURE OF PH3 (abn.) 


Figure 5-3 	 Graph of the partial pressure of PH3 in the deposition gas 

versus the carrier concentration in the grown Iayer. 
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Shown (26 ) that N+P +junctions are more radiation resistant than P N 

eel Is and therefore N+P eel ls·wi 11 have a longer lifetime. For this 

reason N+P junctions were fabricated for the direct energy conversion 

1'47of beta particles emitted from Pm • 

In order to obtain a N+ layer phosphine from the 5000 ppm in 

ultrahigh purity H2 source was added to the silane flow in steps (5) 

and (6) of section 5.3. In step (6) the si lane and phosphine are added 

simultaneously using on/off toggle valves to the H2 carrier gas. 

The partial pressu~ ?.f si lane in all doping runs was 1.3 x 10-3 atm, 

resulting in a growth rate of 0.7 microns per min. at 1050°c. A plot of 

the partial pressure of phosphine vs. the doping concentration in the 

grown epitaxial layer is shown in Figure 5-3. The partial pressure of the 

dopant gas is proportional to its concentration in the hydrogen carrier 

stream since the hydrogen is at I atm. in the reaction chamber. 

The N+ epitaxial films were grown on p-type boron doped 

substrates. The impurity profiles were determined by spreading resistance 

probe measurements which were complimented with Hall effect measurements 

from which the average concentration of the grown fi Im can be determined. 

A typical profile of an N+P junction is shown in Figure 5-4. The Hall 

effect measurements were performed at room temperature using the method 

of Van der Pauw<27>. Employing suitable masking techniques Van der Pauw 

clover leaf patterns were mesa etched in the deposited layer. By applying 

a reverse bias the pattern could be electrically isolated fran the substrate. 

Chnductivity and Hal I effect measurements perfonned on these isolated 

patterns allowed the resistivity, carrier concentration and mobility in 
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Figure 5-4 Concentration profile of an N+ grown layer on a p-type substrate 

as determined from spreading resistance probe measurements. 
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the deposited layer to be determined. Both the techniques employed to 


delineate these patterns and the subsequent electrical measurements are 


described in Appendix B· 


The results of several layers of different dopant concentration 


are presented in Tab le 11 and compared to the conductivity mobi I ities of 


bulk material of the same concentrations. The Hal I mobility, µH' is 


·related to the conductivity mobility,~ , according to the relation 
c 

23
µ = rµ < > where r is dependent on the impurity concentration. For theH c 

high concentrations of the deposited layers in Table II r has a value of 

unit/28). Therefore the conductivity mobi I ities of the grown layers are 

the same as those of bulk crystals indicating the high degree of 

crystal perfection of the grown fi Im. Electron reflection diffraction 

patterns of the doped layers were identical to those of Figure 4-2 also 

indicating the crystal I ine perfection. 

During the growth of epitaxial crystals using 0.13% si lane in 

hydrogen without any doping intentionally added to the deposition gas 

stream only a slight deposit was noticed to bui Id. up on the reactor wal Is 

in the region of the susceptor or downstream in the chamber after long 

periods of growth. However, with the addition of phosphine to the gas flow 

a brown fi Im was deposited on the reactor walls in the region of the susceptor 

and downsrream from it. The amount of deposit increased as the partial 

pressure of the phosphine was increased. tt was discovered that after the 

deposit became thick enough fol lowing runs resulted in poor crystal growth. 

This point was reached after a single run of one minute at a PH3 pressure 

of 3 x 10.... 4 atm. or four to five runs of 1.5 minutes each at a PH3 
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TABLE 11 

Comparison of Fi Im Mob i I it i es to Bu I k Crysta I 

Doping 
Con cent ration 
(atoms/cc) 

Ha I I Mob i I i ty 
Ccm2/volt-sec) 

Fi Im 
Conductivity 
Mobi I ity 
Ccm2/volt-sec) 

Typical Bulk 
Conductivity 
Mob i I ity 
Ccm2/volt-sec) 

1.8 x 10 19 94 94 94 

2.4 x IO 19 86 86 88 

3.8 x IOl9 81 81 79 
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-5 pressure of 1.8 x 10 atm. This problem may possibly be overcome by 

constructing a reaction chamber with a larger inside diameter. 

Due to present system limitations the maximum dilution of 

the phosphine gave a control led doping density of 6.5 x 10 18 atoms/cc. 

Once the control led doping of n-type epitaxial layers by the 

addition of PH had been characterized diborane CB H6> was incorporated3 2

Into the system to add a p-type dopant to the grown layer. For subsequent 

device fabrication as has been described earlier, p-type doping was desired 

from degenerate doping down to 10 16 atans/cc. 

As has been described earlier the diborane source was 50 ppm 

B2H6 in H2• The diborane is added to the H2 carrier gas along with the 

SiH4 so that the total gas flow is 5.5 I/min. in steps (5) and (6) of 

the growth procedure exactly as the phosphine was added to obtain the n-type 

doping. At a partial pressure of 4.6.x I0-6 atm corresponding to a diborane 

flow rate of 510 cc/min. the p-type doping in the epitaxial layer was 1.3 

x 1020 atans/cc. The Hall mobility of a 1.2 micron layer doped to 1.3 x 

20 210 atoms/cc was found to be 43.5 an /volt-sec, as determined from 

Van der Pauw measurements, as opposed to a bulk conductivity mobility of 

50 cm2/volt-secCZS). At this concentration r is unity and therefore the 

boron doped layer has a mobility 87% of a bulk crystal indicating that 

the degree of crystallinity in the grown layer is still high. The lower 

limit of controlled boron doping was found to be 1.4 x 10 18 atoms/cc at 

a partial pressure of 1.3 x I0-7 atm corresponding to a diborane flow rate 

of 13.5 cc/min. Further di Iution of B2H6 with the present system was unable 

to be achieved. A graph of the partial pressure of B H6 vs. the dopant2
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Figure 5-5 Graph of the partial pressure of B2H6 in the deposition gas 

versus the carrier concantrati on in the grown Iayer. 
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concentration in the epitaxially grown layer is shown in Figure 5-5. 

Although only two points were determined similar results for boron doping 

in the same concentration range carried out by P. Rai-Choudbury and 

E. I. Salkovitz(30) indicates that a straight I ine should join the two 

points. 

5.5 Multi layer Epitaxial Growth 

Once the controlled doping of both n- and p-type impurities 

had been achieved the growth of multi layered structures was attempted 

for use in energy converting diodes. The term multi layered here refers 

to the growth of a si I icon crystal such that the doping type is changed or 

the concentration of the dopant type is altered as a function of crystal 

thickness. The growth of multi layered structures has been accomplished 

( 35 36 37)
by many authors ' ' • 

For reasons already discussed the desired structure was 

N+PP+N+P with the last ·P layer being the substrate. This structure is 

a three junction device and consists of four grown layers. The substrates 

used were 2 n cm CIOO) 8-doped wafers. The procedure for cleaning and 

loading of the substrates into the reaction chamber and the growing of a 

single epitaxial layer has been discussed previousl.y. The same procedure 

is fol lowed for the growth of the first N+ layer of the multi layer struc­

ture. Before the P+ layer is grown the main gas line as wall as the 


reaction chamber is flushed with hydrogen at a rate of 5 I/min. for 10 minutes. 
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In order that as litTl.e diffusion as possible occurs during the flushing, 

the power To the induction coi I is.turned down, but not off, so that the 

temperature of the substrate is considerably reduced (< 100°c>.· During 

the last 5 minutes of the hydrogen~purge the silane and diborane flow rates 

are adjusted to the values which are desired during the growth of the P+ 

layer. After The flush is completed the substrate is raised To the growth 

temperature C1070°C> in a hydrogen ambient. After the temperature has sta­

bilized the silane and diborane are simultaneously turned on using toggle 

valves; the flow rates being preset during the preceding purging. After 

the desired layer thickness is grown the silane and diborane flows are 

slmu I taneous I y shut off. 

The next layer to be grown is p-type which was desired to be 

approximately I n cm or 10 16 atoms/cc. As has previously been noted, 

however, the lower I imit of the control led boron doping was found to be 

1.4 x 10
18 B atoms/cc - two orders of magnitude larger than that 

desired. In order to obtain low doped layers after the growth of the P+ 

layer it was necessary to flush the main gas line and reaction chamber for 

one hour with hydrogen at the rate of 5 I /min and then grow the next 

layer using only si lane and no intentional doping. During the flushing 

period the substrate temperature was again lowered and then raised to 

th~ growth temperature at the end of the purge. When the growth temperature 

had stabilized silane was turned on until the desired layer thickness had 

been achieved and then turned off using the toggle valve. Using this 

procedure P layers between 0.5 and 1.0 nan p-type were produced. The p-type 

doping comes from residual boron doping in the chamber and gas lines. The 
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grown on a P type substrate as determined from spreading 

, resistance probe measurements. 
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temperature of the substrate is lowered and the system fs purged for 5 

minutes with a hydrogen flow. Duri_ng the final two minutes of this flush 

the PH3 and SiH4 flow rates are adjusted to the values desired during the 

growth of the second N+ layer and.then shut off. The substrate is again 

raised to the growth temperature and the N+ layer is grown by turning on the 

PH3 and SiH4 flows simultaneously using the toggle valves. At the end of 

the growth period the PH3 and SiH4 flows are shut off and the sample al lowed 

to cool in hydrogen for 10 minutes before it is removed fran the reaction 

chamber. 

• •ty f. I f N+ + + t t tAn 1mpur1 pro t e or an PP N P s rue ure as de ermined 

fran spreading resistance probe: measurements is presented in Figure 5-6. 

Also shown is a stain of the structure clearly showing all the different 

layers. 

5.6 Summary 

Using the epit9xial process it has been shown that both single 

junction and multijunction structures can be fabricated which should prove 

useful as direct energy converters. It should be noted that no additional 

sample handling is required for the multijunction structure than the single 

Junction one and therefore device yields should be similar. 

The method used at present to obtain a low doped layer after a 

highly doped layer has been grown (i.e., Pon- P+) is far from satisfactory. 
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Considerable improvement should be achieved if individual doping sources 

and gas lines were used for high and low doping of impurities. To obtain 

low doped material it is recommended that a double or even triple dilution 

of the source gas be used. 

When using epitaxial systems it is recorrmended that all gas 

lines always be pressurized and that after any shut down, whether only 

a day or two, cons i derab I e f I ush i ng of a 11 gas I i nes be pe rfonned before 

any crystal growth be attempted. 



CHAPTER VI 

RESULTS AND DISCUSSION 

6.1 Introduction 

This chapter presents the electrical properties of the devices 

fabricated for direct energy conversion using the electron voltaic effect. 

The effects of various eel I parameters such as series and shunt resistance, 

resistivity, and thickness of the grown Iayers are discussed. 

6.2 Single Junction Devices 

Employing suitable contacting and masking techniques large area 

circular mesas were etched into the grown layers and evaluated for their 

current-voltage relationshi.Ps as described in Appendix B. A typical dark 

1-V characteristic for an N+P diode is shown in Figure 6-1. The N+ 

layer is doped to 4 x 10 19 atomsicc and the junction depth is 0.9 microns. 

The forward biased curve contains two regions of different slope. For smal I 

biasing the curve has n = 1.68 and for larger biasing n = I'. I where n is 

contained in the exponential term of equation (2-4). This indicates that 

the current is dominated by generation-recombination Cn =2) in the low 

voltage regions but becomes highly diffusive Cn = I) for higher injection 
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( 10)
levels • These values of n may be compared to those of solar eel Is in 

which n > 2 for even higher injection levels C0.4 - 0.5V)<l 5> than.then 

value of 1.68 shown in Figure 6-1. 

The shunt resistance of the diode in Figure 5-1 is very large 

(greater than one megaohm as determined from the initial slope of the forward 

bias I-V curve) and has little effect on the forward characteristic beyond 

a bias of 0.1 volt. This value of shunt resistance is approximately two 

orders of magnitude larger than that reported by Wolf for solar cells<t 5 >. 

Whereas for solar eel Is the smaller shunt resistance is tolerable due to 

the large generation currents obtained from solar irradiation, a shunt 

resistance of 10 kO would have a disastrous effect on the power output of 

a beta-voltaic ce 11 due to the sma Iler generation currents. 

A s i mi Iar situation occurs for the series resistance effect on the 

beta-voltaic and photo-voltaic cells. Due to the lower generation currents 

obtained in the beta eel I a larger series resistance can be tolerated than 

in the solar eel I where higher current levels are obtained. In the case 

of a solar eel I the series resistance should not exceed 0.5 Q at most<t 7>, 

whereas due to the lower generation currents of the beta cell the series 

resistance may be more than an order of magnitude larger than that used in 
solar cells. The effect of a large series resistance on the I-V charac­

teristic similar to that in Figure 6-1 is shown in Figure 6-2 where the 

device contacts are made of uns i ntered a I tJTI i num. In this case the forward 

current deviates from the expected slope of the curve (n =I.I as determined 

using low resistance Ti-Ag contacts) at relatively low injection levels. 
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However, ·it wi I I be shown that for the intensity of the radiation usedlthe 

series resistance does not appreciably effect the power output of the beta 

eel I because the generation currents are less than the current levels 

at which the Al contacts effect the fon-1ard bias 1-V characteristic. 

In order to construct an efficient beta energy converter using a 

P-N junction various cell parameters such as junction depth and resistivity 

were examined with respect to power output. The short circuit current, open 

circuit voltage, and power outputs of the mesa diodes was measured by 

placing them in contact with a Pm 147 radioisotope source as described in 

Appendix D. The resu Its of several diode structures are presented in 

Table I I I which indicates that for a N+ layer doped to 4 x 10 19 atoms/cc 

an optimum junction depth is approximately one micron. 

The variation of open circuit voltage with base resistivity 

follows that predicted by theory in that the lower the resistivity the 

higher open circuit voltage is obtained. However, the higher resistivity 

substrates used as the base had higher initial minority carrier lifetimes 

the lifetime being the same in microseconds as the resistivity in o on 

according to Monsanto Corp. This indicates that higher short circuit 

currents should be obtained in diodes using high resistivity substrates 

(I.e., life~imes). As seen in Table Ill this is not the case but rather 

N+P diodes differing in construction only in base resistivity had nearly 

Identical short circuit currents. Measurements of the minority 'carrier 

lifetime in finished cells were then made by injecting a pulse and observing 

th. d f • . t It (31>e ecay o open c1rcu1 vo age • The minority carrier lifetimes from 

al I eel ls were found to be in the ra,nge 2.5 to 3.5 µ sec. This indicates 
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Variations in I and v with substrate doping and Junction depth.
SC OC 

TABLE 111 


r l 
r

Open CircuitShort CircuitJunction DepthLayer DopingSubstrate Doping 
(µm) VoltageCurrent(P atans/cc)(8 atans/cc) 

{ amp/an2x 106> <volts) 

10 14 
 IOI 9, 340
28.80.93.8 x
2 x 


15 
 IOl9 357
29.30.93.8 x
2 x 10
 

IOl91016 
 370*29.00.93.8 x
I x 


10 19
16 
 350
27.00.33.8 x
I x 10
 

t9
16 
 364
28.20.63.8 x 10
I x 10
 

1013'Ix IOl6 345
29.41.83.8 x 


* Optimum values 
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that the processing which the substrate undergoes reduces the effective 

lifetime to a maximum of 3.5 µsec. The main factor causing this lifetime 

degradation is probably due to the elevated growth temperature used for the 

epitaxial growth process. 

The power output from a typical N+P cell with a 0.9 micron N+ 

19layer doped to 4 x 10 P atoms/cc grown on a 2 n cm B doped substrate is 

2shown in Figure 6-3. The device is one an in area and delivered a short 

6circuit current of 29 x I0- amp. and an open circuit voltage of 370 mv. 

The maximum power obtained was 7.2 µ watts from a current of 24 µ amp 

at a vo I tage of 0. 3 V. P = 68% CI x V ) • This is in good agreement m SC OC 

with that obtained by Olsen et al(S) CP = 70% <I x V ) for a I cm2 
m SC OC 

phosphorous diffused diode in a 0.3 n cm boron doped substrate. While the P 
m 

and I of the epitaxial diode are larger than the value obtained by Olsen 
SC 

et al (5.2 µwatts and 20 µamp) the open circuit voltages are nearly 

identical for diodes evaluated at 2 mg/cm2 the source strength used in the 

present investigation. 

6.3 Multiple Junction Oevi'ces 

In this section are presented the results obtained from an 

investigation of the energy conversion properties of multilayer devices the 

growth of which has previously been described. It was anticipated that by 

fabricating such devices much larger open circuit voltages than single junc­

tion devices could be obtained while. at the same time delivering a slight 
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increase in power output. 

The fon1ard dark I-V characteristics of a typical device with an 

N+PP+N+P structure are shown in Figure 6-4. As would be expected the n 

value for the straight line portion of the curve is, 3.5 which is double 

that for a sing le junction Cn = 1.68 - I. 79) and extends over tw Ice the 

voltage range. Al so for the same current Ieve I the bi as voltage for the 

multilayer device is twice that for a single layer diode (i.e., 0.64 V 

compared to 0.32 V at I0-5 amp using Figures 6-2 and 6-4). 

Since the current-voltage characteristics of the multi layer device 

were those of two diodes in series several devices were fabricated varying 

the thickness of the P and P+ regions and evaluated as energy converters. 

The results are summarized in Figure 6-5. It can be seen that the optimum 

P+ region for a doping of 1020 A atoms/cc should be I to 2 microns thick. 

This can eas i Iy be understood i ntu i ti ve Iy. It wou I d be best to have the 

P+ region as thin as possible to avoid beta absorption in this layer because 

electrons and holes created here do not contribute to useful power output. 

However, if the P+ region is made too thin the recombination of minority 

carriers into majority carriers is not complete thus giving a poor ohmic 

contact between the tw~ useful junctions. 

The optimum thickness of the P layer is seen to be in the neigh­

bourhood of 9.5 microns. This value ts mainly due to the absorption of the 

beta particles by the si I icon. In order to obtain the most efficient 

coupling between the two diodes each diode must develop the same generation 

current otherwise the output current of the device is limited to that of the 
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poorer junction. Thus if the p-type region is too thin enough electrons 

are not collected by the junction and I of the top junction is less than 
SC · 

that of the bottom one. On the other hand, if the p layer is too thick 

most of the incident radiation is absorbed before it reaches the bottom 

junction and I of this junction is lower than that of the top one. The 
SC 

optimum condition is reached when each junction absorbs equal amounts of 

radiation thus producing identical values for I of the two junctions.
SC 

Because of this the short circuit.current for the multilayer device would 

not be expected to be much larger than that of a single junction for a 

given intensity of radiation. Fran a simple theoretical treatment of the 

N+PP+N+P .diode given in Section 3.3 it was found that an optimum thickness 

for the P+ region is approximately I micron and for the P region f3 microns. 

These values are in close agreement with those found experim~ntallv. (1-2 ~m 

+for P and 9.5 µm for P), considering the ccmplexity of the device and the 

assumptions made tn determining the.:theoretical-values. 

A typical diode with near optimum dimensions for the P and P+ 

2
regions is shown in Figure 6-6. For this I an multilayer diode the Player 

+· was 7.5 microns and the P layer 1.7 microns. The short circuit current is 

15.2 µ amp and the open circuit voltage 763 mV •. T~e maximun power was 8 µ 

warts obtained from a voltage of 0.6V and a current of 13.3 µ amp. 

P = 70% CI x V ) and ·is approximately the same percentage as for a 
IA SC QC 

single junction device, although an overal I increase in power output of 

11% is ach teved. Part of this increase arises from the fact that V of 
QC 
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the multi layer structure is slightly more than double V for a single diode. oc 

This increase is partially obtained in the top diode of the structure where 

16the P-type doping of the base region is larger than 10 atoms/cc 1 the 

substrate concentration 1 thus giving the overal I device a higher V than . oc 

would be expected for a symmetrical structure. Most of the increase 1 

however, Is found in the short circuit current which is larger than 

half the value of I for a single junction device. If a device were grown 
SC 

such that the optimum dimensions were used an even larger short circuit 

current is anticipated. 

6.4 Efficiency of Pm' 47 Battery 

The efficiency of the single junction and multi junction devices 

Is approximately 3% which is near the theoretical limit of 5% as discussed 

earlier. The efficiency is ca Icu Iated by taking ha If the power output of 

the source since betas are emitted from both sides of the Pm 147 source while 

the diode is only irradiated from one side and dividing it into the maximum 

power output obtained fran the single and multijunction cells. The Pm 147 

source has a power output of 492 watts/cm2 which yields efficiency of 2.94% 

for a single junction eel I and 3.25% for a multi junction eel I. This is 

considerably higher than the 1.85% efficiency reported by Olsen et al(S). 

Although the devices evaluated in this investigation were only 

an2 in area, no additional fabrication problems should be encountered in 
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2
constructi_ng devices 3 or 4 cm yielding 3 or 4 times the output power of a 

2I cm area device. 



-CHAPTER VII 


CONCLUSION 


The electron-voltaic effect in epitaxial P-N junctions has been 

investigated using the beta radiation emitted from a four curie source, 

3_ cm2 in area, having a strength 2 mg/cm2 of the radioisotope Pm 147• 

The power output of a single.junction device I cm2 in area has been evalua­

ted and found to produce an open circuit voltage of 0.37 volts and a short 

circuit current of 29 µ amps, yielding a maximum power output of 7.2 µwatts 

and an efficiency of 2.94%. Multijunction devices which act as a two 

diodes in series have also been investigated and found to yield double the ' 

voltage C0.76V); near half the current (15.2 µamp) of a single junction 

device; an increase in maximum power output of 11% (8.0 µwatts) and an 

Increased efficiency to 3.25%. It is expected that for the optimum geometry 

of the multi layer device even a large increase in power output and efficiency 

can be achieved. 

The si I icon cells were evaluated for direct energy conversion 

using Pm 147 as the beta source because it emits pure betas with a mean 

energy of 75 kev and a maximum energy of only 233 kev. Therefore the crystal 

damage due to the beta radiation should be small since most particles 

emitted are less than 200 kev, the damage threshold reported for silicon<5, 6>. 
147Also the half life of Pm is 2.6 years and therefore promethium should 
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provide a radioisotope source which can be used in conjunction with P-N 

junctions (in series or parallel combinations) to _construct a small atomic 

battery with a relatively long lifetime (5-10 years). The perfonnance of 
' 147 . .

the battery should be limited by the lifetime of the Pm and not by the 

radiation damage of the semiconductor. 

While both the single layer and multilayer devices yield similar 

output powers, the multi junction device would have an advantage for use 

In a battery which did not require a I arge current but did require a I arge 

voltage output. less eel Is and therefore a decrease in size and the number 

of Interconnections would be necessary for the construction of the battery 

using multilayer cells instead of single layer ones. The use of fewer 

Interconnections should lead to an increased reliability of the atomic 

battery. A second advantage in the use of a multilayer structure should 

be found in its increased radiation resistance. The radiation damage of 

a single P-N junction cell is manifested in the minority carrier lifetime 

and thus diffusion length of minority carriers in the base region. In order 

to obtain large generation currents (i.e., lsc) it is necessary to have 

long ·dt ffus ion lengths. When these are reduced due to radiation damage 

so are the generation currents. In t.he multi junction devices the sub­

strate receives a lower level of radiation than for a single junction 

dev i ce because of. the Iaye_rs of s I I i con between it and the Pm 147 and 

therefore minority carrier lifetimes in this region are maintained longer. 

In the other P region of the multijunction device the collection efficiency 

Is not much affected until the diffusion length becomes smaller than the 
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thickness of this region •. Therefore the minority carrier lifetime may decrease 

appreciably before an effect is observed on I . However, once the diffusion 
SC 

length is less than the thickness of the P region the deterioration in 

minority carrier lifetime and therefore short circuit current is similar 

to a single junction cell. Thus the multijunction cell should be superior 

in terms of lifetime caused by radiation damage to a single junction cell. 

A poss i b Ie use for the preposed atomic battery are as a source of 

biasing voltage for integrated circuits and even discrete solid state 

devices for cases in which a small long lived power supply is necessary 

as in space vehicles. A second use is as a power source for a cardiac 

pacemaker to be implanted under the skin with the pacemaker. Due to the 

low current but high voltage requirements of the electronics of the pace­

maker the multi junction eel Is are more advantageous t~an single junction 

eel Is because they decrease the size of the battery which is needed and 

would likely have a longer lifetime. 

Although the devices fabricated in this investigation were only 

2an in area, no additional problems should be encountered in constructing 

2cells 3 or 4 an2 in area yielding 3 or 4 times the output power of a I cm 

device. Also, devices with 3 and 4 active junctions should be able to be 

grown increasing V by 3 and 4 times over a single junction device but oc 

cutting I by ·t/3 and 1/4 respectively.
SC · 



APPENDIX A 

SPREADING RESISTANCE MEASUREMENTS 

The spreading resistance probe used in obtaining the doping 

profiles of the grown epitaxial layers was a model ASR-100 obtained from 

Solid State Measurements Inc. Th is type of probe measures the spreading 

resistance using one of two probes on the bevel led surface of the silicon 

wafer< 25 , 32 >. The value of spreading resistance obtained is then used 

to determine the resistivity of the sample. The' sample is bevel led using 

a "Syton" polish obtained from Monsanto. The tangent of the bevel for most 

measurements was 0.02 and the probes took measurements at 5 micron steps. 

This results in 0.1 micron steps in the concentration profile. Once the 

spreading resistance profile is obtained the concentration profile is determined 

using a computor program supplied by Solid State Measurements Inc. 

The program is shown below and contains correction factors when 

there is a P-N junction or insulating layer beneath the probe points. 

Mazur and Dickey< 25 > have shown that using two probes results in a better 

average value for the spreading resistance. For this reason, al I measure­

ments were conducted using two probes. 
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'APPENDIX B 


HALL EFFECT MEASUREMENTS 


The Hal I effect measurements used to detennine the mobi I ity and 

average resistivity of a grown layer were determined by the method of 

Van der Pau.. ",CZ?>. The c Iover Iea f pattems were f onned on the Iayer surf ace 
0 

by evaporating a thick (> 10,000 A) layer of aluminum through a clover leaf 

shadow mask onto the sample surface. Aluminum is evaporated onto the back 

surface. Black wax dots, approximately 20 mi Is. in diameter, were then 

deposited onto the ends of the clover leaves and over the entire back 

surface. The sample was then etched in an HF-HN03 {1:20) solution using the 

aluminum as a mask. After etching the aluminum is stripped off, except 

under the wax dots, using a hot solution of phosphoric, acetic, and nitric 

acids (25:5:3). The wax is then removed using chloroform. The sample is 

immediately rinsed in alcohol and blown dry in helium. 

Next the sample is tested on a curve tracer to detenni ne whether 

or not the mesa structure behaves as a rectifier and that the reverse 

leakage current is less than 1% of the conductivity current of the layer to 

ensure that the measurements to be performed are isolated in the layer and 

are not appreciably effected by the substrate. The sheet resistivity is 

detennined by passing a known current through two adjacent leaves and 

measuring the voltage developed across the remaining two. The current 

chosen was one which resulted in a voltage of 50 mv. The sheet resistivity 
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(27)
is given by 

p = Cw/ln2> CV/I) 

The sheet Hal I coefficient was measured by placing the sample in 

a magnetic field of 5 kgaus such that the field was perpendicular to the 

junction. A current (the same magnitude as that used to determine the sheet 

resistivity) was passed through two opposite leaves and measurlng the voltage 

resulting across the remaining two. The magnetic field is then reversed 

and the voltage is measured once more. Using the change in voltage due to 

the change in direction of the magnetic field, the sheet Hal I coefficient 

. (27) 
~ may be dete rm 1ned 

f'\t = 108 C6V/2 I Bl> 

The Hall mobility is given by: 

10 18
and the average doping density in the layer is given by N = 6.25 x / 

qt x 'l1 (Z7) where t is the I ayer thickness. 



APPENDIX C 

Fabrication of Mesa Diodes 

After the epitaxial layers had been grown metal contacts were 

evaporated into the top and bottom of the sample. The base pressure Jn the 

evaporator Can NRC 3116 Vacuum Coater) before evaporation was less than 

4 x 10-6 torr. The contact to the P-type base region was 3000 
0 
A of Al, 

+ 0
which covered the entire back surface. On the N surface first 500 A 

0 
of Ti and then 1400 A of Ag was deposited through a circular mask ·1eaving 

a dot slightly less than I an2 in area. The sample was then sintered at 

0 -6450 C in a vacuum less than 4 x 10 torr, for 10 minutes. This procedure 

gives low resistivity (< 0.5 0) contacts< 33>. It should be noted however 

that for construction of cells for battery applications a layer of Pd should 

be deposited between the Ti and the Ag to prevent moisture from corroding 

the Ti-Ag contact thus increasing the resistance of the contact and destroying 

its adhesion to the si I icon. Some diodes were also constructed with contacts 
0 

of 2000 A of Al to the N+ surface and the contacts not sintered. 

Next the top contact was covered with a circular black wax dot 

by p I acing a mask made of 0.003" brass with a circular hole I an2 in 
c\..> 

area over t~e heated substrate and pressing the wax onto the substrate 

through the mask. The temperature of the substrate must not be too hot 

or the wax wi II run under the mask and yield a non-unifonn pattern. The 

base area is completely covered with wax. The sample is then etched wel I into 

the substrate in a solution of HN02-HF (20:1) which etches the exposed 

silicon at a rate of 0.8 microns/minute. 
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After etching the device is rinsed in deionized water and blown dry 

in helium. Then the wax is stripped off in chloroform; the sample rinsed in 

alcohol and finally blown dry in helium. It should be noted that the mesa 

structures so fonned were not passivated. 



APPENDIX D 

1-V ~ARACTERISTICS 

In order to measure the 1-V characteristics of mesa diodes the 

device was placed in a light-tight box and mounted on a plate which made 

an electrical contact to the bottom of the device. Contact to the top 

was made by a needle probe. The dark current I-V characteristics were then 

measured point by point using a variable voltage supply {Harrison 62068 D.C. 

power supp Iy purchased from Hew Iett Packard) in para I le I with the device 

and an arrmeter (keithley 419 Picoammeter) in series. 

Once the dark current 1-V characteristics were obtained the 

de • p ace I . • d e a g ove I ox cont a1n1ng. . the m e a source.vace was d 1ns1 b P I 47 b t 

The source was four curies of promethium oxide O. 75" in diameter evaporated 

onto a I" diameter stainless steel disk. The source strength then is 2 mg /cm2 

using a specific activity for promethium oxide of 680 ci/gm.<a> 

The source· and !:?amp le were mounted as shown in Figure D-1. The 

top of the mesa was separated from the radioisotope by 0.001" aluminum 

wire which served as the contact to the irradiated side of the diode. The 

variable resistance shown in Figure D-1 is a resistance box having a range 

from 100 n to ·t0 Mo. Using the known va I ue of resistance and the voltage 

across .the device terminals measured by the OVM one may determine I V· sc' oc 

and any other point on the I-V curve for the irradiated diode. Thus one 

obtains a point by point 1-V curve of the irradiated diode from which one 
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BOX 

DIODE 

.001" Al WI 

PLEXY GLASS 

STAINLESS STEEL 
DISK 

Figure D-1 Schematic for the diode evaluation when irradiated by the 

beta particles emitted from the prometh ia· source (2 mg/on2>. 
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may detennine the power output available fran the device. 



APPENDIX E 

Calc~lation of the Optimum Geometry for a Muttijunction Device 

Using the theory outlined in Section3.3 the computer program below 

was used to determine the optimum geometry for a two diode in series 

multijunction device by employing Gaussian reduction. the fol lowing 

values were used in the numerical calculations. 

10 16 2Intrinsic carrier concentration= l.5x cm-

Incident flux of 4 Ci source 

Si absorption coefficient = 4 x 104 m-t 

Doping density p-type = I x 1022 ,n-3 

1025 3Doping density N+ and P+ = I x m­

= 3 x I0-6 sec 

+ 
T and T CP I ayer) = I x I0-7sec 

p n 

Diffusion coefficient P-layer = .0025 cm2/sec 

+.
Diffusion coeficient P - Iayer = •002 an 2 /sec 

Diffusion coefficient N+-layer = .001 an2/sec 

4Conductance of tunnel diode = I x 10 mho 
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