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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 radiocisotope
prome’rhiumI47 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 small size and long lifetime (approximately

5 - 10 years).
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CHAPTER |
INTRODUCT ION

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 collision 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 from the n-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 concenfration

- 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 biase& Jjunction 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 cells convert a low current of high energy betas to
a much larger current of low voiTage electrons.

The efficiency of the P-N junction in converting the incident 8
radiation is very low. |f silicon is used as the semiconductor, the ma jor
factor in reducing the efficiency arises from the fact that it takes approx-
imately 4 ev to create an electron-hole pair whereas the maximum energy '

available for power output when the electron crosses the junction is .1 ev,



(the energy gap of silicon), thereby reducing the efficiency by nearly
73%. Other major factors reducing the efficiency, which wili be explained
later, are the voltage factor and the curve factor which reduce the efficiency
to approximately 5%.

Power supplies based on the electron-voitaic effect have been

described in the liTeraTure(!-4). The measured radiation damage threshold

of silicon has been found to be 200 kev(5’6). Early cells used the
radioisotope Srgo which emitted betas up to 2 mev causing the power output
of the cell to decrease rapidly due to radiation damage of the semiconductor.

147 (Pm'47

For this reason promethium ) whose properties are listed in Table |
has been accepted as the radioisotope in cell fabricafion(4). The maximum
energy of the emitted betas is only 233 kev which exceeds the damage
threshold of silicon but since the number of electrons having energy
above this value is small, see Figure |-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

147

from Pm are generally made by diffusing phosphorus into | Q@ cm boron-doped

substrates at 875 - 975°C yielding minority carrier liféfimes between

| and 10 u sec(4). It has been shown that large area epitaxial diodes

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

which occur at lower reverse saturation currents, than large area shallow
junctions fabricated by the diffusion Technique(7). Therefore, an investi-
gation of the direct energy conversion of the betas emitted from the
radioisotope Pm'47 by silicon P-N junctions grown epitaxially by the

chemical vapour deposition process was initiated. In addition the epi-

taxial growth process lends itseif to controlled 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 daevice 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
betas emitted from Pm‘47 using di ffused N+P Jjunctions have yieided short
circuit currents (ISC) of 20 pamp, open circuit voltagse (Voc) of 0.37
volts and maximum power outputs (Pm) of 5.2 u watts and an efficiency of

1.85% for a source strength of 2 mg/cm2 (8). The diodes fabricated in the

present investigation were evaluated on a 2 mg/cm2 Pm|47 source. For a

single junction device !sc = 29 u amp, Voc = 0.37 volts and Pm = 7.2 u watts;

it

a double junction device yields ]sc = 15.2 u amp, Voc = 0.76 volts and Pm

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



CHAPTER ||

P-N JUNCTION THEORY

2.1 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 the n-type material and the p-
type material is known as the metallurgical junction. Due to the concentra-
tion gradients at the metallurgical interface the mobile electrons and
holes diffuse info the p~ and n-type regions respectively leaving behind
ionized donors and acceptors. The ionized donors have a positive charge
and the ionized acceptors a negative thereby causing a dipole field which

counteracts the diffusive flow of electrons and holes. A condition of
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Figure 2-2 Potential energy diagram showing energy band configuration near

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



dynamic equilibrium is reached whereby the regions adjacent to the
metaliurgical junction are depleted of majority carriers and in which
exist strong space charge layers containing high electric fields. This
condition is illustrated in Figure 2-1.

I+ is a well-known result of electrostatics that there is a
di fference in potential between the two extreme limits of an electric
dipole layer which is related to the strength (dipole moment per unit

(9)
area) of the layer by ¢

- =4n A -
= ¢, = 4T 2-1)

where ¢| 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 neA on one side of the junction than on the
other. Similariy for holes "at rest" in the valance band. Since the state
of the system is one of thermal equilibrium, however, the fermi 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 potential” built up between the two regions. The value of this

contact potential is given by(g):



where n (pp ) is the electron (hole) concentration in the n- (p-) type
o o
region under therma! equilibrium and n (pn ) is the electron (hole)
o o
concentration in the p~ (n~) type region under thermal equilibrium.

This may be written as:

$ = — In > (2-2)

when all the donors (Ny) and acceptors (N ) are ionized; n, is the infrinsic
carrier concentration of the semiconductor at temperature T. From equation
(2-2) it is apparent that the contact potential is greater the larger
the doping of the n and p sides of the junction.

Some other aspects of the space charge region and the electric

field are:

(a) 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 NT designates-a heavily doped semi-

conductor.



(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 equilibrium state of a P-N junction there will be a certain number

of electrons in the n-type region with sufficient energy to surmohnf 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 will then recombine with holes after a

finite time. iTherefore, in equilibrium, we have a "recombination" current,
Jnr’ set up whereby electrons diffuse from the n-type region into the p-type
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 Th‘e p-type

region which easily diffuse down the potential barrier into the n-type
region where they become majority carriers creating a generation current,
Jng’ At equilibrium Jng = - Jnr' Similarly for holes we have Jpg = -Jpr'

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 (a) with reverse bias,
(b) 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 e(¢-V)
and the currents Jnr and JPr are substantially reduced due to the fact
that the majority carriers now find it more difficult to surmount the
potential barrier. The fluxes Jng and Jpg’ however, deéend only on the
thermal generation 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(Jpg-Jng) called the saturation current
which is 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 independén+ of the applied
vojtage. |t 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 Jnr and Jpr
above their equilibrium Qalues. The generation currents, Jng and Jpg’
remain constant but the overall effect is that large currents may arise.
Thus we have a low impedance device in the forward bias cbndifion and a
high impedance device in the reverse bias state.

By solving the continuity equation for excess minority carriers
in 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. [+ will be assumed that a steady state has been reached and

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

continuity equations are(g):

2
D aap _ Ap 0 for the n-type region
P 52 ‘
Ix T
P
azAn An
Dn 5~ - — = 0 for the p-type region
ax T

where An(Ap) is the excess electron (hole) conceniration
Dn(Dp) is the electron (hole) diffusion coefficient

Tn(Tp) is the electron (hole) minority carrier lifetime

These are subject to the boundary conditions:

at the junction where np is the equilibrium electron concentration in
0
the p-type region
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of a P-N junction (a) with forward bias, (b} with reverse bias.
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imi and
simifarly for P pn0 and Apn
Anp = Apn =0

far from the junction.

Using this procedure one first calculates the excess carrier
concentrations which are shown in Figure 2-4('0) and from these are
determined the electron and hote currents, By assuming that there is no

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

diffusion controlled ideal diode equation sometimes called the Shockley

equafion‘lO):
Dn D
I =en; ( + —B——) (exp (eV/KT) - I) (2-3)
p Ln n L
Po oP
Dn D
where J = and J = P
ng p L P8, L
Po P n, P

and Dn and Dp are the minority carrier diffusion coefficients for electrons
and holes respectively,

and Ln and Lp are the minority carrier diffusion lengths for electrons
and holes respectively,

L = /Dr where t is the minority carrier lifetime. The reverse saturation

current I _is givenby I =e(d_ +J ),
o o ng  “pg



Although this equation adequately describes germanium P-N

Jjunctions at low current densities, it is only q&alifafive for other
materials. The departures from ideal behaviour are due mainly fo the
following effects:
(1) the surface leakage effect
(2)  generation-recombination in the depletion region
(3) +tunneling of carriers in the band gap
(4) +he high injection condition, which may occur at relatively small

forward bias
(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 Io and to add to the forward
current at low biasing. Experimentally the forward current has the

following empirical form('O):

eV
nkT

I = Io (exp ( Y - 1) ' (2-4)
where n = 2 when the generation-recombination current dominates and n = |
when the diffusion current dominates. In general for silicon diodes n = 2
for small applied voltages and n = | 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 111

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 8-particles. |t 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.eiec?ron-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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Figure 3~1 Geometry of a diode used as a beta-voltaic energy converter.
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however, each beta may produce many electron-hole pairs until its energy is
less than that required for the generation of one electron-hole pair. The
beta particles are absorbed exponentially with distance of penetration and
have the absorption coefficient given in Table |. The average energy, w
(in electron volts) expended in the generation of one electron-hole pair
Is given by w = Eg + 2.5 (or 3.6 ev for silicon) as indicated by the data

of McKay and McAfee('I). Bussoloti et al(IZ) have reported a value of

w = 3.8 while Vavilov(l3) reported w = 4,2, Both these measurements
were determined from e!ecfrﬁn bombardment measurements. The combination of
a P-N junction with a beta-emitting radioisotope may be looked upon as
a dc +ransformer; since the low cufrenf and high voltage of the electrons
emitted by the radio#sofope are transformed into a high current at a low
volitage.

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-l. 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., |t 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 the n region while the excess holes in the n 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 VOC to some value ¢ - Voc'
This counteracts the fiow 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, Voc’ will
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(g).

©

--n—=22=exp( o< ) (3-1)
Pn n

where Pn and np are the minority hole and electron concentrations due to
irradiation. |In the opeﬁ circuit condition of the irradiated junction the
generation currents, Jng and Jpg’ are increased while the recombination
currents, Jnr and Jpr’ are initially unaltered. The resulting unbalanced
di ffusion currents cause a net charge accumulation whose field lowers the
initial 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. |f we now
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short out the device terminals an electric current will 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 currén+ 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 - 8p _ 2p 3P 4o the n-type region (3-2a)
T ox ot :
)
and
» g - Gn _ 230 3 o0 the p-type region (3-2b)
tn ax . ot

where An and Ap 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 &% 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
aNe® - A2 4 p é,%ﬂ

= 0 {3-33)
Tp p X
and
2
a Ne 0% - 4 +Dni—§2 =0 (3-3b)
Tn X

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 = Aexp X=) +Bexp (- 2=) + —X  exp ~ alx+d) (3-4a)
2.2
L L j-a"L
n n n
for x < 0
. x aNt
Ap = Cexp (— ) + Dexp (- =) + —E. exp - a{x+d) (3-4b)
2,2
Lp Lp i-a Lp

Consider a device with d >> Lp’ that is one in which the p and n regions
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 deltermine B and D by using

the boundary conditions at the junction:
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= = exp ( 2 (3-5)

Note that n (o) = n_ + &n{(o) and p_(0) = p_ + Ap(o).
p Po n ng

aNt
B=p exp( gy _n-=L exp (-ad) (3-6a)
n 2
o kT I-a™L :
P
ev uNrn
D=n_ exp ( —- 1) - —5 5 exXp (~ad) (3-6b)
o KT 1-a"L”

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 ( An )y gng 1,0) = D ¢ 3p

X %=0 Ix %=0

I =e (J (0) - J (o))
P n
D D
pno p _ npo n Y, eaNL
=g ( . + : Yexp ( — - 1) - 55 (I-aLp) exp (-ad)
P n dt ) Lp

(37)
eaNL

n :
- —55— (l-al_) exp (-ad)
I—azLi 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:

1=1°,<exp(ﬂ)-n-lg (3-8)
kT
where the first term is the Shockley diode equation and the second is the
generation current caused by the betas irradiated into The‘juncfion. It
can be shown that no matter what the values of a, L, and d are, I _is
always posifive('O) 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.

| f 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:

= -1 | | (3-9)

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

terminals) we have the open circuit condition such that:

, I
v =Xl 2 4+ (3-10)
oc e Io

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 Ig of equation (3-10).
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 Voc increases as Isc increases

and IO decreases. The reverse saturation current, Io’ may be written as:(|0)
D D

I=en? (o212, L (0,172 (3-11)
NA Tp ND L

if all the acceptors (NA) and doﬁors (ND) are ionized. 'From this expression
the condition that Io be low implies that the minority carrier Iifefimeé
be large as well as the dopant concentrations in the n- 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 fo obfajn 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:
(1) an increase In Ig increases the open circuit voltage according to

equation (3-10)

(2) the larger Ig the | arger is the current available for the power

output (pm = Ime).
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From equation (3~7) we find that an increase in minority carrier lifetimes
(and thus diffusion lengths) will lead to an increase in Ig' i+ should
be also noted that minority carrier lifetimes have a larger effect on 1
than Voc and it is mainly for this reason that highly doped materials are
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 will 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 junc+ion‘while tolerating a low minority carrier
lifetime in one side of the junction.

Devices made with shallow junction depths, d, such that d ~ Lp
as for the diode itlustrated in Figure 3-1, change the boundary conditions
used in finding Ig in equation (3-7). in this case we must use a different
boundary condition for the n-type layer. At x = -d:
p (4, =s. Cn(-d) - n ] (3-12)

n dx x==d o

where S is the surface recombination velocity. For the p-type region let
us use a finite length w and at x = w, 4n = 0 (i,e., we have an ohmic
contact). These conditions lead to a different expression for Io such

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

b (15)
ecomes :

L _exp(-ad) 2 exp(-w/L ) - exp(-ad)
I =eN s (1 - a“n) + L
g a“L -1 sinh (w/L )
(3-13)
L S+aD - (D /L_+ S) exp d (I/L_ - a)
+-3;%? (l-al ) exp(-ad) + P p_P P P
a“L P S sinh (d/L ) + D /L dosh (d/L )
p p P P P

From this expression one finds that as w decreases beloQ Ln’ Ig_ decreases.
It has also been shown that Lp has a deleterious effect when Lé < 2d.
For solar cells the surface recombination velocity has a negligible effect
on the generation current below IO4 cm/sec and a maximum over the range
108 - IO8 cm/sec(|5).

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 comes from the area of the power rectangle inscribed in the
fourth quadrant of the I-V curve. The maximum power obtainable comes
from the largest rectangle so inscribed which ﬁusf have one of its corners
in the knee of the curve. |t is obvious that the maximum power given by
P = Im.Vm does not equal the product of Isc‘voc' This could only occur
if the curve were square rather than the exponential of the Shockley

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

has the form exp eV/nkT. The effect of values of n larger than | is to
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make the curve even more rounded and thus reduce the available output
power. In solar cells n has been found to have a value larger than 2
for Qolfages less than 0.4 volts and n = | for volitages larger than
0.5 volts''®),

Other effects which fend 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
performance of solar cells for values as small as | 9(l7); 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 Cells 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 befaé emitted from the
promethium 147 should yield an open circuit voltage which is double that
of a single junction cell. The energy band diagrams of three possible

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

In order fto have the two diodes in series it is necessary to have an ohmic
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(a)

(b}

{c)

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 in Figure 3-3(a). |f the two useful energy converting junctions
were not separated in this manner the structure of the device would be
that of Figure 3-3(b) or (c). In Figure 3-3(b) there are three junctions
which can become 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 from 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 top of the second diode('4). In the present investigation this
was achieved by growing a P+ layer between the N+ and P regions in place
of the ohmic contact shown in Figure 3-3(a). It is the resulting nteetnte
structure which will be described in this section.

When the N+PPfN+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:

3d

g - L. - 2 -2 for the N-regions
X ot
Tp 9
oJ
g-+ -2 = an for the P-regions
T Ix ot
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Figure 3-4 Structure of two diodes in series.
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| f we assume there are no electric fieilds in the bulk of the
(16)

>

semiconductor and that the generation rate is given by g = a Ne™ %

then the continuity equations become:

-ax 32 )
aNe - B~ +p =5 =P

T P X at
p
and
2
aNe ™ - D 4 p 3—%— =
T n X ot

Assuming that a steady state has been reached (i.e., 3p/3t =

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

in the p-regions:

x/L -x/L Neda/Ln

an = A.e”™’n + B.e n ‘
' ‘ L D (1-1/1%62)
nn n

and in the N-regions:

-x/L _ Ne-a/Lp

x/Lp + Die b -
LD (i-1/a"LD)
pp p

Ap = Cie

Knowing the excess minority carrier concentrations we may

determine the electron and hole current flows:
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J =qp M = gqp 240
IX Ix
and
J:—qD EE- Dgéﬂ
P P Ix P 9x

gy = XL Dn8; SXIL Ne~ ®X
n/fa T (176212
n n n
and in the N regions:
= DS XL, DyC; XL NeTH
p/q P P 2 2
L L (1-1/a"L7)
p P p

Thus we have ten unknowns -~ AZ,BZ; A.,B

32835 A5,85 for the P regions and
CI,D'; C4,D4 for the N regions =-- which must be solved. This is done by
matching at the juﬁcfions.
Assume:
(1) The quasi-fermi levels are constant across the junction, That is at
Junction | for example pIND = n? eq¢/kT = niNA where ¢ is the
di fference between the electron and hole quasi-fermi levels and is

not the contact potential described earlier.

(2) The front and back contacts are ohmic. That is prD = n? = nbNA’
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. These two assumptions give six equations for the A, B, C, D -

four from the junctions and two from the contacts.
(3) Assume the generation and recombination in the junctions are negligible.

P, = Jdiode = ¢onstant

Also J =J +

This implies 3 more equations which give three additicnal relationships

for the A, B, C, D.

Let junction 3 be a tunnelling junction such that:

J 3,+ Jp4 * qun = Jdiode

|t should be noted that J is a function of ¢3.

tun
Thus far there are nine equations for the ten unknowns and one
more equation is necessary to solve for the unknowns. This is shown ffcm

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

Assuming changes in the majority carrier quasi-fermi levels are negligible:

Va = &) —d3+ 8=V,
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Using this last relationship adds the tenth equation. The technique

used to solve for the unknowns was to specify ¢3 which then allowed qun

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

by Gaussian reduction. This allows Jdiode and Va to be calculated for each

N, a, junction depth and doping density. |If tunnelling 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= Io (exp qV/nkT - |) where V=V, + V_and n = n, +ny; or for two

i 2

identical diodes V = 2V| and n = 2n|.

voltage of the double diode will be twice tThat of the single diode struc-

This means that the open circuit

ture. However, if junction 3 does not tunnel then no increase in VOC
over a single diode is observed in the numerical calculations, [T 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:

. + .
NT = 1.0 microns N4 = | micron
P2 = |3 microns P5 = 250 microns (substrate thickness)
P; = 1.5 microns

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

In this section the term efficiency refers to the ability of a
device to convert the energy of the beta input flux info 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'converfer.
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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: (1) the high
energy needed to create an electron hole pair, (2) the voltage factor,
(3) the curve factor. Factor (1) represents 72,.5% of the power losses.

. (12,13)
This factor is so large because for electron bombardment it takes 4 ev ’

to create an electron-hole pair rather than the 1.1 ev of Tﬁe energy
gap for siticon., That is the maximum energy available when the electrons
or holes diffuse to the junction is |.| ev when the minority carriers
cross the junction. Therefore, the maximum amount of energy available
from any one of the minority carriers is |.l ev whereas it takes 4 ev
to create i+t.

The 4 ev needed for electron-hole pair generation by beta
particles is much larger than the |.l ev necessary for photon generated

(38)

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

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

W=€E *+E +E

g ph = °f
where Eg is the energy gap
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

(10”12

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



38

particles emitted by the prome'rhiumI47 almost all is used for ionization,
l.e.,, the formation of electron-hole pairs, and hardly any for atomic
co!lision(‘s).

Factor (2), the voltage factor, is the ratio by which the open
circuit voltage is smaller than the energy gap and is given by Voc/Eg'
This accounts for the fact that not all the energy of the energy gap
€i.1 ev) can be obtained in the energy converting process at the junction.
The volitage factor depends on the base resisitivity and the intensity of
the B-irradiation in that both of these effect voc' The voitage factor
I's obviously also effected by the choice of semiconductor because each
semiconductor has a different Eg. For silicon P-N junctions irradiated by

betas emitted from Pm'47

Voc/Eg X 0.36. This can be determined using
equation (3-10) and values for Ig and I_ of 3 x 107 A'amp/cm2 and I_

of I x IO-" amp/cm2 which are found for N'P silicon diodes used in energy
conversion.

Factor (3), the curve fac+dr, expresses the ratio of the maximum
power available froﬁ the cell to the product of ISC X VQC and is given as
C.F. = Imxvm/lscxvoc' This factor is always less than unity due to the
fact that the diode equa%ion is an exponential, with the consequence fhé?
an9 rectangle inscribed within the curve must be smaller in area than an
external rectangle with corners at ISC and Voc' The n value in the
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 experimentally for the befa cell it is 0.7. The effect of these



39

three factors is to reduce the cell efficiency to approximately 6.9%.
Other lessef factors reduce the efficiency of the cell to approximately
5% ér less(3). Some of fhesé factors are (1) betas which are reflected from
the device surface and not absorbed, (2) poor coliection 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 becames targer
the thicker the layer becomes which increases power output but lowers
efficiency as the self—absofpfion increaées. The efficiency is known

(8)
to peak and begin to decrease around 2 mg/cm .



CHAPTER |V

THE EPITAXIAL GROWTH SYSTEM

4.1 Introduction

It has been shown that large area junctions, grown epitaxially,
are superior in terms of higher breakdown voltages and lower reverse satura-
tion currents, to the diffusion technique for the fabrication of large

area shalliow juncfions.(7)

For this reason it was decided to use an epitaxial
growth process to study the energy conversion by silicon P-N junctions
of a radioactive beta emitter.

The epitaxial growth of silicon can be achieved in a gas flow
system by the thermal reduction of silicon halides and the pyrolysis of
silane, The silane process in a flow system has been reported by Bhola
and Mayer(lg). The relative merits of this process over the commonly
used tetrachloride process are fairly well established. The pyrolysis
is thermochemically and kinetically more favourable than the thermal
reduction of silicon tetrachloride or silicon trichloride. Silane is
thermochemical ly unstable at room temperature and above and decomposes
rapidly above 600°C thus enabling the growth of silicon»af lower tempera-

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

amount of diffusion between adjacent layers of silicon but also minimizes

40
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the liberation of impurities from the susceptor used for heating the sub-
strates and also allows for less diffusion of lifefime killing impurities
into the substrate. Furthermore, the pyrolysis of silane 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 controlled. On the

other hand, the silane process has the disadvantage that the thermal
instability of the silane tends to promote nucleation by pyrolysis in the
gas phase. The solid silicon formed in the gas phase is in the form 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
experimental condifions(7).

I+ 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 silicon monoxide particles which can become imbedded
within the deposit thus creating inhomogeneities in the crysfal(ZO). 1+
Is important that the crystal be free of any major defect because just one
Is sufficient to ruin the device to be fabricated.

Extreme care must be taken with pure silane as mixtures of
silane and air are explosive over a wide range of composition. It has
been fdund(|9), however, that silane diluted with hydrogen or a rare gas
to a concentration of less than 5% by volume is not pyrophoric.

The following section describes the chemical vapour deposition

(CVD) system used to carry out the epitaxial growth with controlled
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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 silane using a gas flow system
in a vertical reactor. The silane source was electronic grade 3% by volume
of silane 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 silver alloy purchased from
Englehard Industries (with 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 flowmeter tubes which have viton "O" rings. The flow-
meters are single tube or mixing flowmeters purchased from the Mathseson
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 Detail of the growth chamber.



Fig. 4-3(a) Photograph of the chamber susceptor and induction

coi | mounted in position.
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4-3(b) Close-up of induction coil 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 silane is confined to the induc~
tion heated susceptor upon which the silicon substrates are heated. The
susceptor is a silicon carbide coated graphite disk with a depression on
one side. The disk is 0.5 in. thick and |.13 in. in diameter. The
depression is 30 mil. deep and | in. in diameter. The susceptor is
supported by a quartz pedestal which fits into a teflon seal in the
stainless steel bottom of the reaction chamber as can be seen in
Figure 4-2. The entire stainless steel 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 commonly employed for
epitaxial reactors. The generator operated at only 10 K¢ and a power
rating of |5 KVA., For this reason care had to be taken in constructing
a coil which would provide a strong enough induction field to heat the
susceptor. The coil ffself is pictured in Figure 4-3. The coil is made
of quarter inch copper tubing and is water cooled. The return temperature
of the water is monitored to make sure the coil does not overheat. |In
order to obtain maximum coupling between the coil and susceptor the coil
was connected in parallel to two tuning capacitors so that the maximum

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

5.1 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 evatuation. The growth covers sample preparation and the growth
of bofh doped and undoped single crystal layers of silicon. The evaluation

covers crystal perfection and doping profiles.

5.2 Substrate Preparation

The substrates upon which the epitaxial layers Qere grown were
10 mil. thick "monex" slices obtained from Monsanto. All slices larger
than one inch in diameter were scribed into quarters so that they would
fit 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 epitaxial layers may be grown several cleaning procedures

were evaluated.

49
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10 minutes in hot H202:H2804 (1:1) plus rinse in D.!l. water

10 minutes in hot HZO:HZOZ:HCI (4:1:1) plus rinse in water

5 minutes in hot dilute HF plus rinse in D.l. water

Call this procedure Ci

Cl plus an insitu prefire in H2 for 20 min. at 1100°C in the epitaxial
reactor.

Calt this procedure Cl(a)

N NN

30 second dip in 48% HF.

Call this procedure C2

10 min. in hot dilute HF plus rinse in D.l. water

I5 min. at 70-80°C in H,0:H,0,:NH,OH (5:1:1 to 7:2:1) plus rinse in

27727274

D.l. water

15 min. at 70-80°C in H,0:H.0

,0:H, 2:HC! (5:1:1 to 7:2:1) plus rinse in

D.!. water

15 min. at 70-80°C in H,0:H.O

,0:H, 2:HCl (8:1:1 to 8:2:1) plus rinse in
21

D.I. water

Call.this.procedure C3

~

C3 plus an "in situ" prefire at 1100°C for 20 min. in H2

Call this procedure C3(a)
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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 light as suggested by Lenie(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 SirTI(ZZ) etching,
vary according to the cleaning procedure with Cl yielding the largest
number of faults while C2 and C3 yield considerably less. 11+ was found
~ that Cl{a) reduced the number of stacking faults found using Cl by at
leésf three orders of magnitude but still only a slight improvement from
C2 or C3., Using C3(a) the defect density was reduced to between 10 and
100 per cm2 at growth temperatures of 1070°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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(1) The prepared silicon substrate is loaded onto the susceptor which is
then raised into the chamber so that the susceptor is in the middle of the

induction coil.

(2) The thumbscrews are then tightened to obtain a vacuum "O" ring seal
at the bottom of the chamber. The chamber is then evacuated using the

rotary pump to remove the air and tast 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

+o 1100°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 silane decomposes and silicon

Is deposited on the substrate.
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(7) After the desired deposition time the silane 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 film 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 possible in order to minimize any diffusion between layers or the
di ffusion of lifetime killing impurities, the optimum growth parameters
commensurate with the above conditions was first established for crystal
growth without intentional doping.

The growth rate and crystal perfection of silicon using silane
epitaxial deposition systems has been established by many authors with respect
to temperature, partial pressure of silane and total gas flow(8’23'24).
With the specific reactor design and dimensions of the epitaxial system
which has already been described it was found that the optimum growth rate
and temperature together with good quality crystal perfection were 0.7
microns per minute at 1050°C. The total gas flow was 5.5 1/min. and the
silane concentration 0.13%. Increased silane concentrations lead to
polycrystalline or amorphous layers whereas decreased concentrations
lead to slower growth rates. Decreasing temperature also leads to films

of poor quality.
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ments.
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(a)

Si <100> substrate

Fig. 5-2.

(b)

Si <100> Film

High energy electron reflection diffraction patterns
of (a) Si <100> substrate (b) Si <l100> Film
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The resistivity of the undoped epitaxial layers was approximately
100 2 cm n-type as determined from spreading resistance probe measurements.
This probe, mode! ASR-100, was obtained from Solid State Measurements Inc.
and is similar to that described by Mazur and Dickey(ZS). The ﬁrofile of
an n-type layer on an n-type substrate is shown in Figure 5-1.

It has already been stated that the grown layers were mirror
smooth and had relatively low defect densities. The crysfallinify of the
layer was also evaluated using high energy electron reflection def-
fraction which yielded single crystal patterns identical to the substrates.

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

Kikuchi lines are indicative of the crystal perfection.

5.4 Doping of Epitaxial Films

I+ 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 the n- and p-type regions highly
doped in order to obtain é large built in potential. Aiso 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 sémiconducfor. For these reasons the ideal
Junction for energy conversion is a one-sided abrupt junction with the

heavily doped layer forming a shallow junc+ion(|6). It has also been
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-+
(26) that N P junctions are more radiation resistant than Y

shown
celils and therefore N+P celis will have a longer lifetime. For this

reason NP Junctions were fabricated for the direct energy conversion

of beta particles emitted from Pm’47.

In order to obtain a nN* layer phosphine from the 5000 ppm in
uttrahigh purity H2 source was added to the silane fiow in steps (5)
and (6) of section 5.3. In step (6) the silane and phosphine are added
simultaneously using on/off toggle valves to the H2 carrier gas.

The partial pressure of silane in all doping runs was 1.3 x IO”3 atm,
resulting in a growth rate of 0.7 microns per min. at 1050%C. A plot of
the partial pressure of phésphine 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 | 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 conéen+rafion of the grown film can be determined.

A +9pical 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 eftched in the deposited layer. By applying

a8 reverse bias the pattern could be electrically isolated from the substrate.

Conductivity and Hall effect measurements performed on these isolated

patterns allowed the resistivity, carrier concentration and mobility in
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the deposited layer to be determined, Both the techniques employed to
delinsate these patterns and the subsequent electrical measurements are
described in Appendix g.

The results of several layers of different dopant concentration
are presented in Table |l and compared to the conductivity mobilities of

bulk material of the same concentrations. The Hall mobility, is

My
- related to the conductivity mobility, Mo according to the relation
ny = ruc(ZS) where r is dependent on the impurity concentration. For the
high concentrations of the deposited layers in Table Il r has a value of
unify(zs). Therefore the conductivity mobilities of the grown layers are
the same as those of bulk crystals indicating the high degree of
crystal perfection of the grown film. Electron reflection diffraction
patterns of the doped layers were identical to those of Figure 4-2 also
indicating the crystalline perfection.

During the growth of epitaxial crystals using 0.13% silane in
hydrogen without any doping intentionally added to the deposition gas
stream only a slight deposit was noticed to build up on the reactor walls
in the region of the susceptor or downstream in the chamber after fong
periods of growth. However, with the addition of phosphine to the gas flow
a brown film was deposited on the reactor walls in the region of the susceptor
and downstream from it. The amount of deposit increased as the partial
pressure of the phosphine was increased. It was discovered that after the
deposit became thick enough following runs resuITedvin poor crystal growth.

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

of 3 x IO‘“4 afm; or four to five runs of 1.5 minutes each at a PH3



TABLE {1

Comparison of Film Mobilities to Bulk Crystal

Ooping Hall Mobility Film Typical Bulk

Concentration (cmZ/volt-sec) | Conductivity Conductivity

(atoms/cc) Mobility Mobi ity
(cmZ/volt-sec) (cm2/volt-sec)

1.8 x 10'2 94 94 94

2.4 x 10'? 8 86 88

3.8 x 107 81 81 79
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pressure of 1.8 x IO-5 atm. . This problem may possibly be overcome by

constructing a reaction chamber with a larger inside diameter.
Due to present system limitations the maximum diiution of
the phosphine gave a controlled doping density of 6.5 x IO'8 atoms/cc.
Once the controlled doping of n-type epitaxial layers by the

addition of PH3 had been characterized diborane (BZHG) was incorporated

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

16

from degenerate doping down to 10~ atoms/cc.

As has been described earlier the diborane source was 50 ppm

BZH6 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 30-6 atm corresponding to a diborane

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

X 5020

IOZO atoms/cc was found to be 43.5 cm2/vo!f-sec, as determined from

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

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

50 cmz/voIT—sec(zs). 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 10'8 atoms/cc at

a partial pressure of 1.3 x 10-7 atm corresponding to a diborane flow rate

of 13.5 cc/min. Further dilution of BZHG with the present system was unable

to be achieved. A graph of the partial pressure of 82H6 vs. the dopant
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concentration in the eapifaxiafly 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

(30)

E. 1. Salkovitz indicates that a straight line should join the two

points.

5.5 Multilayer Epitaxial Growth

Once the controlied doping of both n- and p-type impurities
had been achieved the growth of multilayered structures was attempted
for use in energy converting diodes. The term multilayered here refers
to the growth of a silicon 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 multilayered structures has been accomplished
by many aufhors(35’36’37).

For reasons already discussed the desired structure was
N'PPIN'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 Q cm (100) B-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 previously. The same procedure
is followed for the growth of the first Nt layer of the multilayer struc-

ture. Before the pt layer is grown the main gas line as well 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 little diffusion as possible occurs during the fiushing,
the power to the induction coil is.turned down, but not off, so that the
temperature of the substrate is considerably reduced (< 700°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 pt
layer. After the ffush is completed the substrate is raised to the growth
temperature (1070°C) in a hydrogen ambient. After the Temperafure‘has sta-
bilized the silane and diborane are simultaneously turned on using toggle
valves; the flow rates being preséf during the preceding purging. After
the desired layer thickness is grown the silane and diborane flows are
simultaneously shut off.

The next layer to be grown is p~type which was desired to be
approximately | @ cm or IO‘6 atoms/cc. As has previously been noted,
however, the lower limit of the controiled boron doping was found to be

1.4 x 10'8

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 silane and no intentional doping. During the flushing
period the substrate femperature was again lowered and then raised to

the growth temperature at the end of the purge. When the growth temperature
had stabilized silane was furned on until the desired layer thickness had
been achieved and then turned off using the Téggle valve. Using this

procedure P Jayers between 0.5 and 1.0 2 cm p-type were produced. The p-type

doping comes from residual boron doping in the chamber and gas fines. The



TIMPURITY CONC. (ATOMS/CC

10

10

10

10

10

10

10

Figure 5-6 Concentration profile of an NTeetNt epitaxial structure

2l

20

19

18

17

16

15

66

DISTANCE FROM SURFRACE [ MICRONS)

= ] | I I 1 ] il ] 1 §
- EG 135D .
E D‘W =
Ef' 0 g
lr— —
] f |
= =
: . -
r—. o
B 0 -
= =
o v
| 1 | ] ] | | 1 1
4 8 12 16 20

10 21

10 €0

10 14

10 18

10 17

10 L6

19 18

grown on a P type substrate as determined from spreading

. resistance probe measurements.



67

temperature of the substrate is lowered and the system is purged for 5

minutes with a hydrogen flow. During the final two minutes of this flush
the PH3 and SIH4
growth of the second N* layer and.then shut off. The substrate is again

flow rates are adjusted to the values desired during the

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 allowed
to cool in hydrogen for 10 minutes before it is removed from the reaction
chamber.

An impurity profile for an N+PP+N+P structure as determined
from 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 epitaxial process it has been shown that both single
Junction and multijunction structures can be fabricated which should prove
useful as direct energy converters. |t should be noted that no additional
sample handling is required for the multijunction structure than the single
Jjunction 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., P on 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 recommended that all gas
lines always be pressurized and that after any shut down, whether only
a day or two, considerable flushing of all gas lines be performed before

any crystal growth be attempted.



CHAPTER VI

RESULTS AND DISCUSSION

6.1 tntroduction

This chapter presents the electrical properties of the devices
fabricated for direct energy conversion using the electron voltaic effect.
The effects of various cell parameters such as series and shunt resistance,

resistivity, and thickness of the grown layers are discussed.

6.2 Single Junction Devices

Employing suitable contacting and masking techniques large area
circular mesas wers etched into the grown layers and evaluated for their
current-voltage relationships as described in Appendix B. A typical dark
I-V characteristic for an N'P diode is shown in Figure 6-1. The N'

19 atoms/cc and the junction depth is 0.9 microns.

layer is doped to 4 x 10
The forward biased curve contains two regions of different slope. For small
biasing the curve has n = 1,68 and for larger biasing n = |.1 where n is
contained in the exponential term of equation (2-4). This indicates that

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

voltage regions but becomes highly diffusive (n = 1) for higher injection
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levels('O). These values of n may be compared fo those of solar cells in

(16) than the n

which n > 2 for even higher injection levels (0.4 - 0.,5V)
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 volft. This value of shunt resistance is approximately two
orders of magnitude larger than that reported by Wolf for solar cells('G).
Whereas for solar cells the smaller shunt resistance is tolerable due to
the large generation currents obtained from solar irradiation, a shunt
resistance of 10 k? would have a disastrous effect on the power output of
a beta~voltaic cell due to the smaller generation currents.

A similar situation occurs for the series resistance effect on the
beta-voltaic and photo-voltaic cells, Due to the lower generafionhcurrenfs
obtained in the beta cell a larger series resistance can be tolerated than
in the solar cell where higher current levels are obtained. In the case
of a solar cell the series resistance should not exceed 0.5 @ at mosf('7),
whereas due to the lower generation currents of the beta cell the series
resistance may be more than an order of magnitude farger than that used“ih
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 unsintered aluminum. In this case the forward

current deviates from the expected slope of the curve (n = 1.l as determined

using low resistance Ti-Ag contacts) at relatively low injection levels.
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However, it will be shown that for the infensify of the radiation used, the
series résisfance does not appreciably effect the power output of the beta
cell because the genefafion currents are less than the current levels
at which the Al contacts effect the forward bias I-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

147

placing them in contact with a Pm radibisofope source as described in

Appendix D. The results of several diode structures are presented in

Table 11l which indicates that for a N+ layer doped to 4 x IO19

atoms/cc
an optimum junction depth is approximately one micron.

The variafidn of open ¢ircuif 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 miﬁorify carrier lifetimes -~
the lifetime being the same in microseconds as the resistivity in Q@ om
according to Monsanto Corp. This indicates that higher short circuit
currents should be obtained in diodes using high resistivity substrates
(l.e., lifetimes). As seen in Table 11l this is not the case but rather
N+P diodes differing in construction only in base resistivity had nearly
ldentical short circuit currents. Measurements of the minority carrier
lifetime in finished cells were then made by injecting a pulse and observing

(31)

the decay of open circuit voltage . The minority carrier lifetimes from

all cells were found to be in the range 2.5 to 3.5 u sec, This indicates



74

Variations in lsc and Ve with substrate doping and Junction depth.

TABLE 111

Substrate Doping Layer Doping Junction Depth Short Circuit Open Circuit

(B atoms/cc) (P atoms/cc) (um) Current Voltage
(amp/om?x 105) (volts)

2 x 10" 3.8 x 107 0.9 28.8 340

2 x 10" s.8x 107 0.9 - 29,3 357

I x 10'0 3.8x 107 0.9 29.0 370 *

I x 10'6 3.8 x 107 0.3 27.0 350

I x 10'° 3.8 x 10!° 0.6 28.2 364

| x 10'® 3.8x 1017 1.8 29.4 345

* Optimum values
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that the processing which the substrate undergoes reduces the effective
lifetime to a maximum of 3.5 u sec. The main factor causing this |ifetime
degradation is probably due fto 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+

layer doped to 4 x 10'9

P atoms/cc grown on a 2 @ cm B doped substrate is
shown in Figure 6-3. The device is one cm2 in area and delivered a short
circuit current of 29 x IO"6 amp, and an open circuit voltage of 370 mv.

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

at a voltage of 0.3 V. Pm = 68% (ISC x V_). This is in good agreement

oc
with that obtained by Olsen et al(s)

_ 2
P = 70% (I x Vo) foral cm
phosphorous diffused diode in a 0.3 Q@ cm boron doped substrate. While the Ph
andigc:of the epitaxial diode are larger than the value obtained by Olsen
et al (5.2 u watts and 20 u amp) 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 Devices

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. |t 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 forward 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 tine portion of the curve is 3.5 which is double
that for a single junction (n = 1,68 -~ 1.79) and extends over twice the
voltage range. Also for the same current level the bias voltage for the
multilayer device is twice that fgr a single layer diode (i.e., 0.64 V
compared to 0.32 V at 107 amp using Figures 6-2 and 6-4).

Since the current-voltage characteristics of fheAmulfilayer 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
Pt region for a doping of 1029 A atoms/cc should be | to 2 microns thick.
This can easily be understood intuitively. |t would be best to have the
P+‘region as thin as possible to avoid beta absorption in this layer because
etectrons and holes created here do not contribute to useful power output.
However, if the pt region is made too thin the recombination of minority
carriers into majority carriers is not complete thus giving a poor ochmic
contact between the two useful junctions.

The optimum thickness of the P layer is seen fo be in +he neigh-
bourhood of 9.5 microns. This value tis méinly due to the absorption of the
beta particles by the silicon. 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 Isc of the top junction is less than
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 bottem
Junction and Isc of this junction is lower than that of the top one. The
optimum condition is reached when each junction absorbs equal amounts of
radiation thus producing identical values for Isc of the two junctions.
Because of this the short circuit current for the muiltilayer device would
nof‘be expected to be much larger than that of a single junction for a
given intensity of radiation. From a simple theoretical treatment of the
N+PP+N+P.diode given inSection 3.3 it was found that an optimum thickness
for the P+ region is approximately | micron and for the P region |3 microns.
These values are in close agreement with those found experimentally (i-2 Qm
for pt and 9.5 um for P), considering the complexity of the device and the
assumptions made in determining the.theoretical values. |
A typical diode with near optimum dimensions for the P and pt
regions is shown in Figure 6-6. For this | cm2 multilayer diode the P layer
was 7.5 microns and the P+.layer 1.7 microns. The short circuit current is
15.2 u amp and the open'circuif voltage 763 mV. The maximum power was 8 u
watts obtained from a voltage of 0.6V and a current of 13.3 u amp.
Fh = 70% (Isc X voc) and is approximately the same percentage as for a
single junction device, although an overall increase in power output of

% is achieved. Part of this increase arises from the fact that Voc of
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the multilayer structure is slightly more than double VOC for a single diode.
This increase ispartially obtained in the top diode of the structure where
the P-type doping of the base region is larger than IOl6 atoms/cc, the
substrate concentration, thus giving fhe overall device a higher Voc than
would be expected for a symmetrical structure. Most of the increase,
however, is found in the short circuit current whfch is larger than

half the value of Isc for a single junction deyice. If a device were grown
such that the optimum dimensions were used an even larger short circuit

current is anticipated.

147

6.4 Efficiency of Pm ' Battery

The efficiency of the single junction and multi junction devices
is approximately 3% which is near the Theérefica! fimit of 5% as discussed
earlier. The efficiency is calculated by taking half fhebpower output of
the source since befas are emitted from both sides of the F’m'47 source while
the diode is only lrradiated from one side and dividing it into the maximum
power output obtained from the single and multijunction cells. The Pm'47
source has a power output of 492 wa'l"rs/cm2 which yields efficiency of 2.94%
for a single junction cell and 3.25% for a multijunction cell. This is
considerably higher than the 1.85% efficiency reported by Olsen et al(a)’

. Although the devices evaluated in this investigation were only

i cmz in area, no additional fabrication problems should be encountered in
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constructing devices 3 or 4 cm2 yielding 3 or 4 ftimes the output power of a

2 .
] cm~ area device.



‘CHAPTER V11

CONCLUSION

The electron-voltaic effect in epifaxial 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/cmzbof the radioisotope Pml47.

The power output of a single junction device | cm2 in area has been evalua-
ted and found to produce an open circuit voltage of 0.37 volts and a short
clrcuit current of 29 u amps, yielding a maximum power output of 7.2 u watts
and an efficiency of 2.94%.l Multi junction devices which act as a two

diodes in series have also been investigated and found to yield double the -
voltage (0.76V); near half the current (15.2 u amp) of a single junction
device; an increase in maximum power output of 11% (8.0 u watts) and an
increased efficiency to 3.25%. It is expected that for the optimum gecmetry
of the muitilayer device even a large increase in power output and efficiency
can be achieved.

The silicon cells were evaluated for direct energy conversion

147

using Pm 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(s’s).

Also the half life of Prn'47 is 2.6 years and therefore promethium should

84
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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 performance of

147 and not by The‘

the battery should be limited by the lifetime of the Pm
radiation damage of the semiconductor.

While both the single layer and mulfiiayer devices yield %imilar
output powers, the multi junction device would have an advantage for use
in a battery which did not require a large current but did require a large
voltage output., Less cells and therefore a decrease in size and the number
of interconnections wouid be necessary for the construction of the battery
usjng 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 mulfilayer-sfrucfure 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., Isc) it is necessary to have
long diffusion lengths. When these are reduced dus to radiation damage
so are the generation currents. In the multijunction devices the sub-
strate receives a lower level of rédiafion than for a single junction

147 and

device because of the layers of silicon between it and the Pm
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 |ifetime may decrease
appreciably before an effect is observed on Isc' However, once the diffusion
length is less than the thickness of the P region the deterioration in
minority carrier lifetime and therefore short éircuif current is similar
to a single junction cell. Thus the multijunction cell should be superior
in terms of |ifetime caused by radiation damage to a single junction cell.

A possible use for the proposed atomic battery are as a source of
biasing voltage for integrated circuits and even discrete solid state
devices for cases in which a small iong lived power supply is neéessary
as in space vehicles. A second use is as a power source for a ca?diac
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 multijunction cells are more advantageous than single junction
cel ls 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
i cm2 in area, no additional problems should be encountered in constructing
cells 3 or 4 cm2 in area yielding 3 or 4 times the output power of a | cm2
device. Also, devices with 3 and 4 active Junctions should be able to be
grown increasing Voc by 3 and 4 times over a single junction device but

cutting ISC by 1/3 and 1/4 respectively.



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, This type of probe measures the spreading
resistance using one of itwo probes on the bevelled 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 bavelled 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 in0.l 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(ZS) have gthn that using two probes results in a better

average value for the spreading resistance. For this reason, all measure-

ments were conducted using two probes.

87




PROGRAM FOR CALCULATING COMCEMTRATION PRQOFILFS
FROM SPREADIMNG RESISTANCE MEASURFEMENTS

0oARDAY TST (INPUTsAUTPUT s TADES=TADUT »TADEA=AUTDUT)

T NIMENSTAN Y(20) 3 (20) sH{30) sM{R0) ok (A0) s R (270) 4,V {20} 4P (1N} 4NN

IMTFGFR WalleseZ¢PD
REAL MeK2 Ko N7
CNUMBER OF SPRFADING RESISTANCE CALIPRATION POINTS
CAND THE DIFFFREMCE BETWEEN SUBSEQUENT TTERATION
CPATNTS IN THF CALCULATTION (USUALLY.05)
2 PEAD(5 3 INSE
2 FORMAT(I?29F543)
CSPREADING RESISTANCE CALARRATION DATA WRITTFN IN
CTHE FORM, SPRFADING RESISTANCE (OHMS)sRESISTIVITY
C N=TYPFE(OHM=CM)} 4RFSISTIVITY P-TYDE(OHM=CM) | ISTFD
C REPETITIVELY. THESE POINTS ARFE TAKEN FROM A
C CALABRATION CURVE CONSTRUCTED FROM A SET STANDARDS
4 REAND(S4B) (Y {IYsGlT)aH{T)sI=TaN)
5 FARMAT(6F10,4)
€ BPARE NTAMETER(,0NN4) AND PROQE SDACING
6 RFAD(S47)YA4D
7 FORMAT(F10e435341)
C CARRIFR CONCENTRATINN CORRFSPONDING T0O THF
C RESISTIVITY 0OF THF G(I) AND H(I)
R READ(ISs9)Y(V{I)aP(T)el=14sN)
Q FORMAT(8ER,2)
C SAMPLF INENTIFICATTOM NUMRER
10 RFAN(GR,111¥SIN
11 FORMAT(AT)
CALL L"__TTFQ(790.1?977LA. 96.‘391;0:9%1{))
C TANGENT OF THE BFVFL sNUMBER OF PROBES USED,
C X~-STEP OF THE PROBFS
172 READ(551311TLsPPsX
121 FORMATI{FH 4411 sFb4)
C ILAYFR NUMRFRSJUNCTTICN DEPTHLLAYER TYPF(1I FAR N —~ 2
C FOR P)y NUMRFR OF SPRFADING RESISTAMCE DATA PNINTS
C IMN LAYER
14 READ(S5415)L7eQsilsWeZ
15 FORMAT({I1sF1Ce59I113411)
16 IF(Z.EQ.1)G0 TO 21
17 WRITE(A+18ILT7sQsUsW
18 FORMAT(25H NFXT LAYER L7+0QsUsW ARE 214, 10F14,55312574)
19 GNn Tn 27
21 WRITF(As+22)S51ID
22 FORMAT(1H1s12HSAMPLF D IS A7)
WRITE(As26)AsDsTL sPPsX
26 FORMAT(17H AsDsTLaPPsX ARE sF1CeRaF2a]lsFbebsl2sF6e4//

1 6X s 13HMEASURED s 1 7HDEDTYH s 13BRESISTIVITY

2 13HNET DORPANT s SHPOTINT/14H SORWRESS s 12H

2 12y 2 12H DFENSIYY o564 N, /14H {OHMS
iy 12H{MICRONS) s 12 (DHM—CM o 1RH(DFER (-1} /)

27 IF(L7=80,01G0 Tn 20N
28 IF{U.FN.2)rN TH 28
10 DN 21 T=1.N

2] MI[)Y=G(1)

34 GN TN 39

25 DD 24 T=1sN

24 M{TIY=H({I)
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20
no

DA 40 T=14N
C{TY=2 0%aM{TY/Y (T

C SPREADIMG RESTSTAMCE DATA

K8

55

59

A0

A5

70

75

80

a5

90

QL4

895
10
110
118
170
175
130
125
140
145
150
1681
155
160
165
170
17
178
120
188
200
20~k
210
215
220
225
220
240
P2HL5
280
7?6868
7864

257

258

poa
~~A N

READ(IBGEEY(R[J) e =T W)

FORMAT (10E6473)

DO 260 J=1 Y

T=0-({J-1)y=X*TL})

TF(TWLF QYA T 80
C=142N%AF(ANGIN/{(2,70%TY ) ="118Y /(1201572227
6N TN /s

C=1.0

T1=( (4 ,0%A)Y /FLOAT(PD) ) #R ()

DO 95 I=14N

TF(R({JYeLELM{INIGO TC 105

CONTINUE

To2=(ALOGIY (T =ALOGIY (T-1 )Y (ALNG{R NI =ALNGIMIT=1) )
RO=ALNG(MITIY-ALOGIM({T 1Y)
Y2=FXP{ALOGIY(I-1)1+T2/R2)

DN 120 TI=1N
IF(ALOGIY?2 ) LFQALOAIY (T IYIGO TO 128
CONTINUYE

T2={K D)=LK I=T 1) (ALOGIY LI )=ALNGIY2)Y))
RA=ALOGIY{(I))=-ALOGIY(T=1)
Kk2=¢(1)y-T2/213

TELARSIT I/ (K214 Y2  LE L {FxY2))yan TN 147
Y2=T1/(¢¥>2=1+C)

Gn TO 120

IF{JeGT1IGO TO 170

§7=0

ST7=57+(XxTLY/Y?

RS7=31/57

IF(ULGFe2YGN TO 225

NA 200 T=1sN

IF(Y2.I.F. Y1V Tn 208

CONTINUFE
Ta=(ALNGIVITYY-ALOAIV (T3 1% (ALNGIY 2V =ALOGIY({T=T)))
Ba=ALOGIY({I) ) =ALOGIY(TI~-1))
N7=FXP{ALOGIVITI=-1Y)+T4/R4)

GO TO 254

N 240 T=1eN

IFIY2LFLY(TIYIGO TN 248

COANT INUF _
Te=(ALOGI{P{IT))—ALOGIP{T -1 )Y IYX{ALOGIY2)-ALOGIY(I-1)1)
ABR=ALOGIY(T))Y=ALDGIY(I-1))
N7=FXPALOGIP({TI-1))+T5/R5)
nT=(n-T}%40000,

IF(L7.GT.1Y GO TO 257

YN1S8T=={NT)

SUM=YDTST

Gn TN 258

YOTST=QUM—(X2TL*40000 ) =nT

IF(JaLTaW)Y GN TO 258

SUM=YDIST

XDIST=ALOGIO(NT)

IF(LLeFN13) GO TO 828R

XX=1 , Ox(XNIST=-12,01=1,0

Gn TOo 890

XX =1, 08 {XNTISET-12,0v171,D
VV_VNTET /9 _arn.D


http:IF(J.LT.Wl
http:JF(L7.GT.ll

260
265
?HA
270

WRITE(ARS265IR{J) eNTsY2eNT7s

FORMAT(F13eCsF1245s1P2F1345+15)
WRTTF (A2 7)Y L Taellel
FORMAT(T4H 1L 7e0NslleW

ARE s Tae1D51 40,

278 WRITF(AR,220)PS7
280 FARMAT (291 CALCULATED SHFFET RESTAT
285 GO TO 14
72en STOP
END
C FXAMPLE OF INPUT DATA
21 0.,0&
0,0005 745 0497 N,NN1
n, 00N> 2,2 2,90 NgNNEK
N1 2,5 18,0 Na0?
NeNH 21540 12140 Nel
Ne? THE GO 670 ,0 A
TR0 4900,0 2AC0 .0 2.0
5o 17000,0 10700, 0 10,0
20,0 26000 .0 51000, 0 &0 ,N
100,90 2500010 210N0N 0 20N 0
50NN A -FaValata o BN NoTaVa¥oTotalEa T Wa¥e Fa B!
20NN N 1anNnNNNN N adnnnne o
NgOONLD Cal .
2eDF 20 2.0FE20 843F12 1,0E20 2.7E17
5a0F18 1.15F19 145F18 5,nE18 2.7H5F17
B3.6F16 1465E17 1e23E16 401E16 5He4EIR
D 8F14 2,7HF15 4,97 14 1.,28F15% 2.,5F14
5¢?2F13 144FE14 246713 T,0FE12 1,08F173
?ehAF1? T«0OF12
18529
n &
FG 104D

OH023 20,000s8

1 0.0C0065% 1 61
BeBE11.0AF21423F214.A0F22,ABF26465F7
2 0,00 2 102

Bs21 2}

ANCF TS

[

LRI
43040
2000,.,0
7400,0
32000 N
185000, 0
a&EANAA "

s F243)

1 EAR-TaTakaloliia

he?E19
15518
el T4
2«8F13

7

19
f.7
4765
265.,0
11B0.N0
LADNNDLO

23000,0
140000,
AARRNNN,

90

s}
~

ansAnnn N

«32F19
R.8F16
?45F15
1.0F14
5,351

?o’tFlo
50E17
7TeNETR
2 TREV4
TetF 13

AHABE3 2,5F73 3,0F3 4,0F23,7R5533,75F2 3,8F3 32,4523 ,85F 13 [ B5F 2

0 0,0 o 0on

' EnND OF FILF

CD TOT

0157
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"APPENDIX B

HALL EFFECT MEASUREMENTS

The Hall effect measurements used to determine the mobility and
average resistivity of a grown layer were determined by the method of

Van der Pauw(27). The clover leaf patterns were formed on the layer surface

by evaporating a thick (> 10,000 X) 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 mils. 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—HNO3 (1:20) sotlution 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 determine whether
or not the mesa sfruc+ur§ 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 subsfrafe. The sheet resistivity is
determined 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

9l
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is given by(27)

o = (x/1n%) (V/D)

The sheet Hall 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 measuring the voltage
resulding across the remaining two. Tﬁé magnéficlfield 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 Hall coefficient

RH may be defermined(27)

R, = 108 (av/2 /7 BD

The Hall mobility is given by:

and the average doping density in the layer is given by N = 6.25 x IO'8

at x RH (27)

/

where t is the layer 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 in the
evaporator (an NRC 3116 Vacuum Coater) before evaporation was less than
4 x 10"6 torr. The contact to the P-type base region was 3000 z of Al,
which covered the entire back surface. On the Nt surface first 500 X
of Ti and then 1400 2 of Ag was deposited through a circular mask leaving
a dot slightly less than | cm2 in area. The sample was then sintered at
450°C in a vacuum less than 4 x l0-6 torr, for 10 minutes. This procedure
gives low resistivity (< 0.5 Q) confacfs(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 silicon. Some diodes were also constructed with contacts
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 placing a mask made of 0.003" brass with a circular ﬁole I cm2 in
area over +g§”heafed substrate and pressing the wax onto the substrate
through the mask. The temperature of the substrate must not be too hot
or the wax will run under the mask and yield a non-uniform pattern. The
base area is completely covered with wax. The sample is then etched well into
the substrate in a solution of HNO2

silicon at a rate of 0.8 microns/minute.

-HF (20:1) which etches the exposed

Q3
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After etching the device is rinsed in deionized water and biown 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 formed were not passivated.



APPENDIX D

I-v CHARACTERISTICS

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 we?e then
measured point by point using a variable voltage supply (Harrison 62068 D.C.
power supply purchased from Hewlett Packard) in parallel with the device
and an ammeter (keithley 419 Picoammeter) in series.

Once the dark current I-V characteristics were obtained the
device was placed inside a glove box containing the Pm'47 beta source.
The source was four curies of promethium oxide 0.75" in diameter evaporated
onto a I" diameter stainiess 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 sample were mounted as shown in Figure D-I. The
top of the mesa was separated from the radioiso*opé 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 @ to 10 MQ. Using the known value of resistance and the voltage
across the device terminals measured by the )VM one may determine Isc’ Voc

and any other point on the I-V curve for the irradiated diode. Thus one

obtains a point by point I~V curve of the irradiated diode from which one
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Figure D-I

Schematic for the diode evaluation when irradiated by the
beta particles emitted from the promethia source (2 mg/cmz).



may determine the power output available from the device.
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APPENDIX E
Calcylation of the Optimum Geometey for a Multijunction 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
multi junction device by employing Gaussian reduction. the foliowing

values were used in the numerical calculations.

Intrinsic carrier concentration= 1,5x IO'6 cm~2
Incident flux of 4 Ci source = 6.25 x 10'8cn %-sec™!
St absorption coefficient = 4 x !04 m_'
Doping density p-type =1 x 1022 7>
Doping density N+ and P+ = | x l025 m“3
T, =3 x IO'-6 sec
+ -7
tpand rn(P layer) = | x 10 'sec

.0025 cmz/sec

Di ffusion coefficient P-layer

.002 cm2/sec

il

Diffusion coeficient P+4Iayer

.001 cm2/sec

Diffusion coefficient N+-Iayer

| x IO4 mho

H

ConducTancé of tunnel diode
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COMMNON/RT /A(D411 )X (10) 99
REAL N2 GJNNL G MT g M2 G N2 3 NL G NG 3 MY 9 NN3 gNNG
€ READ INTRIMSTIC NOPTME LFEVEL,B8ETA FLUXSRFETA ABSORRTION
C COFFFICIENT FOR ST +COANDUCTANCE OF P+M+ TUNNEL DIODE
111 RFAD 10 +TNsTHIsALP 4 TUN
IF(TNLFLD4CY STOD
C DEPTHS OF LLAYERS FROM SURFACE

REAN T1NsXT1eX2sX3eXb4sX5
C DOPING DFMSITIFES OF FACH LAYER

READ 1N eNTsN79eN24NLDR .
C MINNRITY CARRIFR LIFFTIMFS OF FACH LAYER

READ 10sT1eT2sT2sT4sTS

¢ MINORITY CARRIFR DIFFUSICM LFEMGTHS

READ 104DC1sNC2sNC34DC4LLNCH

10 FORMAT (10F8473)

C CALCULATF CARRTFR CONCENTRATIONS TN LAYFRS
POI=TN*TN/D1

NO2=TN®TN/D?

NO3=TN%TN/D2

PO4=TN*TN/D4

NOS=TN*TN/D5
C CALCULATE MINNRITY CARRIER DIFFUSION LENGTHS
DL1=SORT{T1#DCY)

DL2=SQRT(T2%DC2)

DL3=SOART(T3*NC3)

NL&=SORT(T4xNChL)

PLE=SORT(T&%NCSH)
C CALCULATF SFVFRAL TERMS WHICH ARF CONSTANT
C ONCF THF GFOMETRY TS CHOSFN

FP1=FXP(X1/DL1)

FP3=EXP(X3/DL4)

EP4=FXP{X4/DL4)

FN1=FEXP(X1/DL2)

FNP=FXD(X2/DL7?)

FNX=EXD (X2 /NL12)

FN3=FXD(Y2/N 2)

FN4=FXP(X4/DLE)

ENG=EXP (X8 /DLE)

A1=FXP(=-ALP*X1)

AP=EXP(—~ALP#X2)

A3=FXP(-ALP%X3)

Au=FXP(~ALPXX4)

AB=FXP (-ALP*®X5)

RI=1e—1e/{ALP*ALP*NLTI*NLY)

RO=14=1e/ (ALP*ALPXDL2%¥NL D)

R3=]4=1e/ (ALPXALPXNLIXENL3)

R4=T4—1e/ (ALPHALP®¥NLSG*NLY)

R5=1e~1e/ (ALPXALPXDL3%DLS)
C TOTAL ELECTRON =HOLE PAIRS GENEPRATED IN INFINITFLY
C THICK SEMICONDUCTNR

CT=146F=19%THI
C CORRECTINAN DUF TN EINITF LENGTH NF SEMICONMNUCTNAR
CP=CT*(1,-A%)

PRINT 2sTNsTHT s ALP s TUN ST 4¢P

2 FORMAT(1H] +#ANALYSTIS OF & LAYFR DIODF (NPPND)X/

TIH #INTRINGCONC =%*F1242% THTIsALP =#2F124,2/
51H *TUNMFL CONDUCTAMCFE =%FE12,2/

21H #POSSIBLE GFN CHRRFNMT AND CURRENT ARS, IMN SFMI =%2F12,2/
AIHN L 24X s #PFCTON 1 REGINN 2 REGTINAN 2 REGINAN 4 REGION


http:A~=FXP(-ALP*X'.ll

50

100

I

[sl=-R AN RaXT XD X229 X e X B a1 N2 9NN AsNEsTTaT 24T 20T s TN 1eNE D
TNC2INCLINCHSsNELT s NLZ e DL eNL4DLS

FOARMAT (1HT 9 ¥ MAX (DISTAMCE®X 38X 98E1242/1H s %¥DOPINGHTAX$EF 12,2/
TIH s*LIFFTIMFS®TIXs8F 1242/ 1H s¥DIFF 4 CONSTANT 27X s5F 1242/

PTH o #DIEFLENGTHSHRX 9 RF12,2/1HN s 22X s % JUUINCTION 0 JUNCTION 1 JUNG
2T0OM 2 JUNCTION 2 JUNCTIOM 4 JUNCTION 53%)
Do 20 T=7140

NN 20 J=1s11
C PUT COFFFTCTIFNTS 0OF LINKNMOWNS TN ARRAY
A(TQJ)IQ.O

Al6s1)=FP4

Alb6s?2)=1,/FEP4

AlAsB)==NEXENL /D4

AlARsA)==DS/(DHRFML) :

AlAs17)= THIXAL/ (AL P*DCL®RL) ~DEXRTHI*¥AL/ (DL4¥ALDRDCE %Y
1)

A{2e1)=DCLXEPL/DLYL

A(242)=-0DCL/{FRLXEN4)

Al2+2)==-DC1%FP1/DL1]

Al?2+4)=DCT1/(FP1%DLTY

A(24R)=—DCHFENL/DLE

AlZ46)=DCR/(FNAXD &)

A{247)Y=DCO2XENT /DY 2

A(24R)==NC2/{FNT®NL 2)

A(2e1 1) ==THIHAT/RI4+THI®AT/RI+THTX¥AL/RS5_THT#04 /324
A{293)=1,0

A{244)=1,"

Al2s11)Y=THI/(ALDPXDCI*RT)

Al{443)=FP1

A{lLos)=1,/5D1

AL 7 )=—NDXENT /D]

AlLoeR)==N2/(DI*FENT)

Algest1)= THI¥AT/(ALP*¥DCT*31] ) “No¥THI®AT/ (D1*ALP#DC %A
1

AlBeH)=FNS

A(Bsh)=14/ENS

AlS 11 Y=THIX*¥AR/ (A PXNraxnk)
A(1+1)=FD7

A{1e2)=1,/FD
A{1.0)==DNAXENR/DL
Al(1910)==D2/{NG*FNT)
Alla11)= THI*AR/ (ALPENCL*RY) “DAXRTHIXAZI/ (4 XALPHDCRRR
1)

Aloe1)Y=FP2xDC4/DL 4

Al9e2)V=-DC4L/(FPAXNL4)

A{Q e )==FD13xNC] /DL

AlOs4Yy=NCT/{FDI¥N T

AlQe7)=DNCO2%FNMT /DL 2

A{QsR)==NC2/{FNTXN D)

Al9sya)==NC3XFNZ/D 3

AlQe1Y=DCRA/ (DL AN

A(Qe T T 1 =THIRATH{T o /R2=1 ,/RYVJATUHT#2A% (1 4/022T4/74)
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AlRsOY==NCI/(ENZRN?)
AlR 4O )==FMXENC2R /N 1
Ale]1™My=NcC2/ (ENX 2Nt 2)
A(ReTT I ==THTXA2 /24 THTEAD /R
CALL HASS
C RFEADTIUINNE]L NIODF QTASIOATNT FRAM WHTCKH THE CALCLILATINN
C NF VOO AND TS5C REGINS) oSEARCH STEPITINTITIALYHA GATIMG DARAMETEPR,
C NF VOO AMD TS8C BEAINS) 4SFAPCH STEP(TIMITIALY+A RATINA
C PARAMETFR ACCHRACY PARAMETFR4AGATING PARAMETER
108 READN 17,V3s0Va05C
TFEIVR,G6TL100)y a0 T 111
1C="
101 NMA=MARXEXD(V2/n, 028040
TP=FN2/L(Qs9)
CTUNSGTUN®YR
ATUNM=A{D411 )1 4TUN/T 4F =19
X(1O)Y={N2=NO2+THT*A2/ (ALPH*DNC2*¥R2)~TRXATUN Y/ (14 /FN2A-TPRXA(O4103)
NO 4l T=1469
TM=10-1
IP=TM+1
SUm=0,0
TELIM N, 9} SiM=—rTIIN/Y AF-10
NOo 50 J=1Ps1"
&0 SIM=SUMEX(JI*A(IMy )
XCIMY=(A(TMs 11 )=-SUMY/A(TIMeIM)
40  CONTINUF -
CON=] JAF=103 (=X (2)%#07T /DL 1+X 4V #NCT /DT -THT /R
CP127 ¢AF=10%{=X[2}#NCT#FED1I /N1 +X (&) H¥DNCT /(D1 2FDY}=THT*AT /RT)
P21 AF=10% (=X (I VYENCLREO2/ D AFX(21¥NCA/ D L ¥FPA)LTHT*AR/RA)
COL=Y o AF=10X =X {1V #NCLARERA/DLA+X {2V *NCA /(N 4aXFDA)-THT*AL/BA)
CNT1=1 e 6F=10% (X (ZYHANC2XENT/DL2-DC2*¥X(RY/(DL2%FNT1TI+THT AT /RD)
CNDP =1 AF 102 (X{7)y#DCo22EM2 /DL 2-DCo2#X (8} /(DL2%END? Y +THI*A?/R2)
CN4=T e AF=10%# (X (B)YXNCHRXTNL/DLE-DOeRX (A /IDLEFENS)+THT AL /P )
CNB=1 o AF=10% (X {8 ENCERFNE/DLE~-DCa* XA}/ {DLSXFNS ) +THI*AS/RR)
CNX=1 g AF =108 {X {0 )%¥Nr2xCMX /D 2=Dr2axX (10 / {NL2#ENX)+THT*#A2 /R )
CMN2=1 AR 1QX (X () %N 22T /N 2-Nr22X (1N /(DL 2¥FN2 )2 THT XA /P2
PN X {2+ X {4y -THT/{ALP*NCT %R
P1=PO1+X (2} #ED 14X (4 /FPT-THI*¥A1/{ALP¥NCT1x07 )
PR=PNA+X {1 I REPRAEX{2) /P 2~THIX*A2/ [ ALPRDC 43R4 )
PL=DNL4+X(T)REPLLN(2) /FDL-THI®AL/ (AL DENC4RL )
NT=NO2+X{T7I¥FNT+X(8)/FNT-THTI*AT/(ALPXDC2%*¥R2)
N2=NOD+X(7)H#FM2EX (3 /FND-THIXA? /{ALP*DCO#37)
Ma=NOSEX(R)%EMA+X(6) /FNG-THI*AL/ (ALP*NCS%RS )
ME=NNELX (R ¥FNTAX{A)/FNELTHIXAS/ (AL P2NCEXRS)
NX=NN24X(0)#FNXEX(10) /FNX=THI %A/ (AL PAXNCAXR2)
TFINTLFLODY)Y GO TO 117
IF(M2 4L Fa0Wu) GO TN 112
TF(N33,LF,0.0} B TN 112
IF(NA.LF.”.O) GO TO 112
IF(NS I FaDNeD) GO TO 112
TFIMX L FaOa) 1y TO 1712
VIi=N O028R&4%A L NG{INMT /NN Y
V2=0,02886%A1 NR{IND/NNDY
VazN g 02824%A1 OG{NR/NNR)
Va=0,0250a%8 | OG{NL/NOR S
VA=V1-V3+V4
PRINT B aVASVTIsV2sV2A4VaGCPNZCPT oCPR4CPLZCNTsON2 s CNAZCNALZCNE ZTNX
TPOGPT sPR4PA MY aN? s Ny NL 4MNE GNX S CTUHN
& FORMAT(THO 4% SOLUTION AT #F1242% VYOLTS¥/THNRFERME NIFFFRENCF*
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4/TH 944XaE1262/1H % CTUN=¥*E12,42)
IFIDV,NF,O,0) ~O TN 114
GN TN 100
112 PRINT 11% ,
112 FORMAT(IH %#MN 30LUTION AT THIS Vax)
PRINT TR0 43NT N2 g MR 3 MAGNG ,AIY
120 FORMAT({1H 12X +5F12,2/1H 224X F1242)
TF(TC.GFeR0) GO TO 118
NV=nV/>, , -
YF(DV.‘\'F.O.O) \/1:\/1-’-0\/
TF(DVNFLOLD) 1C=TC+]
TE(NVNFN.™Y 60 T 17
GO Tn 100
114 DV=DV/O,
TE(CSCAT0WNY 0 Tn 117
IF(ARS(IVA).LTLC.N01Y GO TO 115
Va=Vv3- NVH*VA/ARS(VA)
RO TO 118
117 CND=CP1+CNT
IF(ARSIONYWLFLCSCY ~ TN 115
V2=V3+NVRCD/ARS (DY
11R IC=1C+1
TF(TC.1L.TaB1) 0 TO 101
PRINT 116,V34DYV

116 FARMAT(TIHOXDTIVERAGEN  ~ V24DV =XF]2e8F12,2)
1176 Dvy=0,N

GNOTN 100
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SURRNUTIMF ~RASS
COMMNAM/OT /A{O417)4X(1N)
NN 10 =142
IP=1T+1
NN 20 K=1P,49
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IF(TR.FO,.0,.0) An T 2n
A(Y;I):ﬂ.n
NN 20 J=1D 411
20 A{K e J)=A(V s J)=TD®A(T )
20 CONTINUIF
10 CAnNTINUF
RETURN
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