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CHAPTER I

INTRODUCTION

In recent years, considerable advances in charged 

particle spectroscopy have been made through the use of solid 

state radiation detectors. The principle of operation of 

these counters is somewhat similar to that of a gas 

ionization chamber. In the latter, the incoming charged 

particle ionizes the gas and the electrons and positive 

ions so produced are collected at the electrodes by means 

of an applied field. In the case of the solid state counter, 

the incoming particle dislocates electrons from the 

lattice and the charge is carried by the electron-hole 

pairs rather than electron-ion pairs.

Since a much lower energy is required to produce 

an electron-hole pair, it follows that more pairs will be 

produced, so that a larger current pulse is created in the 

semiconductor for a given energy loss. Thus the statistical 

fluctuations will be smaller, and the resolution improved 

over that of the gas counter. In addition, the use of a 

solid as a detector means that a high stopping power may 

be achieved with only a thin sensitive layer. The small 

size of the solid state counter is a property which 

distinguishes it from most conventional counters.

The development of solid state radiation counters

(1)
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began soon after the invention of the transistor in 1948. 

One of the earliest applications was that of McKay (1,2), 

who in 1949 used a p-n junction in germanium for the 

detection of alpha particles. By 1959, an extensive 

investigation was being made into the formation of junctions 

in silicon. Two types of junction detectors were produced, 

the surface barrier (3) and the diffused junction (4).

Neither of these types, however, had a sufficiently 

thick sensitive layer for the detection of gamma rays of 

more than several hundred keV. It was not until the 

development by Pell (5) of the ion-drift technique that 

detectors with sensitive regions of up to 4 mm. were 

developed (6-8). An improvement of this drift process by 

Miller et al. (9) has enabled sensitive regions of up to 

1 cm., which gives sufficient stopping power to detect 

gamma rays of up to 6 MeV., to be produced. It is with 

the fabrication and properties of this last type of detector 

that this thesis is concerned.



CHAPTER II

THEORY

2.1 Principle of Operation

Before examining the various mathematical details 

of the operation of a lithium-drifted gamma counter, a 

qualitative discussion of the process by which an incoming 

gamma ray is transformed into a current pulse is in order.

Through a photoelectric or a Compton interaction, 

or as the end result of a pair-production process, all or 

part of the gamma ray energy is transferred to one or more 

electrons. These electrons then move through the sensitive 

or depletion layer of the counter and lose their energy in 

the production of low-energy electrons by impact ionization. 

These collisions may lift an electron from the valence or 

other low-lying occupied bands to the conduction or other 

higher unoccupied bands, leaving behind it a vacancy or hole 

which may be considered as a carrier. Through a series of 

interactions, the electrons fall to the lowest available 

conduction band levels and the holes rise to the highest 

available valence band levels, a process requiring about 

10 sec.

If a potential is now applied across the terminals 

of the counter, the resultant field will sweep the electrons 

and holes across to the positive and negative terminals

(3)
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dielectric relaxation time constant.

For efficient charge collection, it is clearly

accessary that the carrier transit time *T , that is the time 
t

required for a carrier to travel the entire width of the

counter, be less than either Tr or 7^, which may be as low

as 10-6 seo. As T 
t

varies immensely as the applied field.

it follows that a high field is required across the counter.

This may not be achieved simply by the application of a

high voltage as even for the purest silicon commercially

available the resulting leakage current is sufficiently 

large that the random fluctuations in it could obscure the 

pulses arising from the collection of hole-electron pairs. 

2.2 The p-n Junction.

Ono method of achieving a high field without the 

application of a high voltage is a reverse-biased p-n

junction. In this work the junction is produced by

diffusing lithium into p-type silicon which has been pro

duced by doping with boron during crystal growth. The 

junction occurs at the point in the crystal where the two 

impurity concentrations are the same. The region on one 

side of this junction will be positively charged due to the 

excess of holes associated with the boron acceptor ions, 

while the region on the other side will be negatively 

charged on account of the excess of electrons associated 

with the lithium donor ions. This type of charge distrib-
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ution may be shown to create a potential barrier across 

the junction interface. The barrier is in fact a 

rectifying junction so that a diode results. This is 

shown in Figure 1 (a). The level Ec indicates the lower 

edge of the conduction band, while Fv represents the upper 

edge of the valence band. The Fermi level, Ef, lies 

close to the valence band in the p-type region because 

of the acceptor levels created by the boron impurity, 

while in the n-type region it is nearest the conduction 

band on account of the donor levels created by the lithium.

There is some movement of holes and electrons 

across this barrier so that a space charge region or 

depletion layer is created in which all donor and acceptor 

levels are completely filled. It is across this region 

that the potential difference and hence the high field 

exists, and this condition defines the sensitive region 

of the counter.

With no reverse bias applied, the potential 

difference is only .6 V. and extends over .01 mm. (11) 

If, however, the silicon crystal is reverse-biased, (that 

is a negative terminal connected to the p-type region and 

a positive terminal to the n-type region), both the barrier 

height and depletion layer depth are increased, as shown 

in Figure 1 (b). It has been shown (12) that for p-type 

silicon the depletion layer depth w is given by

w = 3<>2xl0 ^(^ V)~cm. (2.1)
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where ^ is the resistivity in ohm-cm., and V is the 

applied voltage in volts. With an applied voltage of 

300 Volts, and a resistivity of 104 ohm-cm., a depletion 

layer of about .5 mm. Is obtained, so that the field is 

some 6000 Volts/cm., which ensures efficient charge 

collection.

While a sensitive region of .5 mm. is satisfactory 

for the detection of alpha particles and low energy 

electrons, it is not sufficient to stop electrons of 

several MeV. Hence some method is required which will 

considerably Increase the depth of the depletion layer, 

in order to detect these particles. The ion-drift 

technique is such a method. Lithium is Initially deposited 

on the surface of the silicon and then thermally diffused 

into it to form a p-n Junction near the surface. A reverse 

bias is then applied to this Junction to bring about the 

ion-drift.

2.3 The Diffusion Process

A mathematical treatment of the lithium diffusion 

is based on the familiar diffusion equation

bN = D (2.2)

where N is the concentration of the diffusing material, and 

D is the diffusion coefficient.

The exact solution to this equation depends on the
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initial and boundary conditions which are chosen. Those 

generally used (5,8) are that the diffusion takes place 

from a constant source, that is the diffusant concentration 

at the surface is a constant Mo at all times. This is a 

reasonable assumption if a sufficiently large amount of 

lithium is initially deposited on the surface of the 

silicon crystal, In this case the solution to eq, 2.2 is 

(13)
N(x,t) = No^l-erf (s/Dt^)

= Noerfc f x ) (2,3)

where erfc is the complementary error function defined 

by erfc = 1-erf.

2.4 The Ion-Drift Process

The distribution of the lithium after the initial 

diffusion is shewn in Figure 2 (a). We have seen that if 

a reverse bias is applied to a p-n junction, an electro

static field will be present in the depletion region around 

the original junction location. If the silicon diode is 

heated to a sufficient temperature to give the positive 

lithium ions an appreciable mobility, the force exerted by 

this field will cause a considerable movement of these ions 

from the lithium-rich side of the junction to the lithium- 

deficient side, There will also be a further thermal 

diffusion of the lithium, but because the diffusion constant 

is so much less than the drift velocity, it may be neglected
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If x indicates the distance from the surface of 

the silicon crystal and x=c the original junction depth, 

then there will be a decrease in the lithium concentration 

in the region for which x<c, and a corresponding increase 

for x>c, It is not possible, however, for the lithium 

concentration to fall below the boron concentration in the 

region x<c, as this would result in a reversal of the 

charge concentration in this region and hence a reversal 

of the field, so that lithium ions would move into this 

region rather than out of it. Similarly it is not possible 

for the lithium concentration to rise above that of the boron im 

the region x>c, 

The net result is that the lithium concentration 

decreases to the boron level at x<c and increases to it a-7” 

x>c, so that a considerable intrinsic region is created 

in which the lithium and boron ions are entirely paired 

off and there are no donor or acceptor impurity levels. 

This region will then have a high resistivity and will be 

the high field area of the counter in which the charge is 

collected. This is shown in Figure 2(b), The two hatched 

regions indicate the amount of charge which has been drifted 

across the junction.

The rate of Increase of the depth w of the 

intrinsic region is given by (9)
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where u is the lithium ion mobility in cm /volt-sec.  

and V the applied voltage. Multiplying both sides by 

the leakage current I gives

Iwdw =/A IVdt (2.5)

If the drift temperature is kept constant, sojjl is invariant 

and if I is proportional to w then both sides of eq. 2.5 

may be integrated to give

Sw w2dw =2^^ IVdt (2.6)

where T is the total drift time and w the final intrinsic 

region width, from which
w = (K>J)^ (2.7)

where K is a constant and J the total energy dissipated 

in the drift process. For deep drifts it has been found that 

the leakage current increases more slowly than w, and 

ultimately the cube root of eq. 2.7 becomes a square root 

(9).

2.5 Noisse and Energy Resolution

There are two main factors which contribute to 

the resolution of any semiconductor junction detector, 

referred to as statistical fluctuations and noise.

(a) Statistical Fluctuations

If the energy of the Incoming particle is 

E, then the number of hole-electron pairs produced if it 

is completely stopped in the depletion layer is

n = £ 
£

(2.8)
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where £ has been shown to be 3.6 eV. for silicon. If the 

Fano Factor is considered, to be unity, (that is, the 

creation of each hole-electron pair is an independent 

event), then the standard deviation in a is given by /n. 

The standard deviation in the detector response due to 

statistics is then

cr = £/H = /aE sV. (2.9)

(b) te^^fi

Shockley (1M has shown that the reverse 

saturation current across a p-n diode junction is given by

where c is the electronic charge, pn and np are the den

sities of holes in the n-type region and of electrons in 

the p-type region, respectively. Dp, Dr»7p and Tn are 

the diffusion constants and lifetimes, respectively of 

holes and electrons in the regions where they are minority 

charges. This reverse current interrupts the movement of 

carriers and destroys the continuity of the current pulse 

arriving at the electrodes and thus creates noise within 

the counter.

From eq. 2.10 it may be seen that the reverse 

current is largest where the carrier lifetimes are the 

shortest. Tills will be in the region near the surface of 

the counter, where there is a greater density of recombin

ation centres owing to structural damage Incurred during the
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fabrication. Thus surface leakage current is the main source of 

internal noise in the junction counter.

The external noise inherent in the amplification system 

must also be considered. The low-noise preamplifier and amplifier 

used in this work were found to have a noise resolution of 5 keV. 

as an isolated system.

It is of interest to note that only the resolution brought 

about by statistical fluctuations is dependent upon the energy of 

the incoming particle. As this is not a large contributor to the 

overall resolution, the latter is not strongly dependent energy, 

thus the percentage resolution will be much lower for high energy 

gamma rays than for those of low energy. This effect is in marked 

contrast to the sodium iodide scintillation counter, whose percentage

resolution above 1 Mev. is virtually constant with energy.



CHAPTER III

DETECTOR FABRICATION

3.1 Preparation of the Silicon

The specifications of the silicon used in the 

fabrication of these detectors were as follows: 

a) P-type, with boron as impurity, b) resistivity 270 

ohm-cm., o) Cylindrical bar 2 cm. in diameter, d) Single 

crystal, a <111> direction parallel to the cylinder axis, 

e) carrier lifetime of 100 microseconds. A diamond saw 

was used to cut a one cm. deep slice from one of these 

bars. The saw was a Felker di-met model 80-BQ cutoff 

machine fitted with a bonded diamond wheel blade. The 

diamonds were 150 micron diameter and the total width of 

cut was .03 in. The rate of descent of the blade was 

governed by hydraulic pressure.

The slice was polished using silicon carbide of 

220, 320, ^00 and 600 grit to remove damage caused by the 

saw cut. After a lapping with 25 micron aluminum oxide, 

the silicon slice was washed thoroughly in a detergent, 

rinsed in demineralized water and allowed to dry. After 

this, care was taken to avoid any contamination of the 

slice.

(15)
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3.2 The Lithium Diffusion

A thin layer of lithium in the form of a suspension 

in mineral oil was painted onto one face of the slice. 

This suspension was composed of 30% lithium, 69% mineral 

oil and 1% ole id acid and was obtained from the Lithium 

Corporation of America. The slice was then placed in the 

alloying oven shown in Figure 3 to carry out ths diffusion 

process. The silicon slice and support plat© were placed 

as level as possible in the oven. Following this step 

the system was evacuated and purged with helium to remove 

all oxygen from the oven. As a further precaution, a low 

helium flow was maintained throughout the process to ensure 

that no oxygen reached the lithium before the alloying was 

completed, as the violence of the resulting oxidation was 

found to cause considerable pitting of the silicon slice.

The temperature of the oven was raised to 225°C. 

by passing a current through a heater formed by several 

layers of nichrome wire wrapped about the central section 

of the oven. A variac was used to control the current flow 

end hence the rate of heating. The temperature was monitored 

by means of a thermocouple which was placed in contact with 

the oven wall since direct thermal contact to the slice 

itself was not feasible. The temperature was held at 

225°C. for 20 mln. to burn off the mineral oil and free the

lithium for alloying into the silicon.
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The diffusion was brought about by rapidly raising 

the temperature to 400°C., where it was held for five to 

ten minutes. Following this the slioe was cooled slowly 

to room temperature and washed in methanol to remove the 

lithium residue.

It was then nickel plated by an electroless method 

developed by Sullivan and Eigler (15)• This enabled electrical 

contact to be made to the diode. The faces of the slice 

were protected with a layer of opiazon wax and the nickel re

moved from the edge using an etch consisting of two parts 

nitric acid, two parts acetic acid and one part 

hydrofluoric acid.

Measurement of the back-resistance of the slice 

at this stage yielded a rather low value, indicating that a 

poor rectifying junction had been formed. Observations of 

the slioe made during the initial heating indicated that 

there had been a slight withdrawal by the lithium oil 

suspension from the edge of the slice. (This was confirmed 

by the four-point probe measurements described in Chapter 

IV). This would result in little or no lithium near the 

edge, and hence a poor rectifying junction.

The situation was remedied by grinding about .5 

mm. off the outer edge of the slice to remove the lithium- 

deficient region. After grinding, the slice was etched 

again to remove surface damage and cleaned thoroughly in 

methanol and trichloroethylene. The back resistance was



(19)

again measured and found to be much improved. (After this 

discovery was made, the initial etch was eliminated from 

the procedure and the nickel taken off the edge during the 

grinding.) The diode characteristic was measured and the 

result, shown in Figure 4, indicates that a good rectifying 

junction has been formed and that the drift process may now 

be commenced.

4.2 The Ion-Drift

The apparatus used during the ion-drift process 

is shown in Figure 5. The phosphor-bronze spring performs 

*the dual function of providing electrical contact to the 

diode and holding it in place. The fluorocarbon liquid, in 

this case FC43, also performs several functions. First, it 

is used as a contact medium for the preliminary heating of 

the diode to a temperature at which an appreciable drift 

power may be applied to it. Second, it serves as a vapour 

phase coolant to maintain the diode at a constant temperature 

at which the drift voltage does not result in diode break

down. (Although the lithium ion mobility increases 

exponentially with temperature, the drift rate is essentially 

independent of temperature because there is a similar increase 

in the leakage current). Finally it keeps the junction 

edges clean, thus minimizing this leakage current.

The drift power was obtained from a constant 

wattage power supply patterned on one developed by Hiller 

et al, (9). A constant power output is necessary to present
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a temperature-current feedback system from developing and 

causing a breakdown of the diode. An increase in temper

ature causes more current to be drawn through the diode which 

in turn causes more heating, and so on. The power supply 

provided a sawtooth form voltage of 300 V. magnitude, 

which was produced essentially by the discharge of a 

capacitor across the diode. The amount of power provided 

was varied by adjusting the current output.

At the start of the drift, an external heater was 

used to bring the fluorocarbon to equilibrium at about 

160oc, at which time the power supply was connected so as to 

back-bias the diode. In general a drift power of between 

20 and 60 watts was used. Once this power was applied to 

the diode, little heat was required from the external 

heater, as electrical heating within the diode itself was 

almost sufficient to maintain the fluorocarbon at 

equilibrium.

A typical example of the drifting power and times 

used is a power of 50 w. applied for a period of about 

7 days. Measurements described in Chapter IV showed that 

this was sufficient to produce a depletion layer some 8 

or 9 mm. thick.



CHAPTER IV

FOUR-PO. VT PROBE MEASUREMENTS

4.1 Theory

(a) Measurement of Resistivity

The usual methods used to measure resistivity- 

are not applicable to semiconductors since these methods 

require that the potential be measured across the same 

electrodes that are used to pass the current* This is 

feasible only if the contact resistance between the samples 

and the electrode is negligible ; whereas contacts between 

a metal electrode and a semiconductor sample are generally 

rectifying. There is in addition the problem of minority 

carrier injection at the electrodes, which affects the 

measured resistivity of the sample*

The four-point probe method, developed by Valdes 

(16), uses ohmic contacts to minimize this minority carrier 

injection. As shown in Figure 6, four sharply pointed 

collinear probes are lowered onto the surface of the sample, 

which is usually lapped, both to minimize any slipping of 

the probes, and to provide a high combination rate for 

minority carrier elimination. The current is passed through

(23)
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THE FOUR-POINT PROBE METHOD OF RESISTIVITY MEASUREMENT
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probes 1 and. 4, and. the floating potential between probes 

2 and. 3 is measured..

It may be shown from a solution of LaPlace's

equation (1?) that the floating potential induced, at a 

point by an electrode carrying a current I is given by

Vf = AL (4.1)
277 r 

where r is the distance of the point from the electrode, 

and p is the resistivity of the material. In the case 

of the four-point probe, probes 1 and 4 are electrodes 

carrying currents of opposite sign, so that the potentials 

they induce at probes 2 and 3 will also be opposite. Thus 

from eq. 4.1

(4.2)f1 - —M 
\SJ Sg+s^/

(4.4)

where s1( s2, and s3 are the 

figure.

probe spacings as shown in the

Since the potential measured is just V = V.

. ;_• , the resistivity may be computed as

(4.4)

If we have equal probe spacing, so that s^=s2=s,,=s, this

simplifies to
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p ~ £ 277 3 (4,5)

Generally, V is in volts, I in amps., s in oms., and p 

in ohm-cm.

Eg. 4.5 applies, however, only if the probes are 

placed sufficiently far from all other surfaces of the 

sample so that they may be considered to rest on a semi- 

infinite volume. If they are near one of the other surfaces, 

then images of the two current sources are produced on the 

other side of this boundary. These images are opposite 

in sign to their respective sources if the boundary is 

conducting and similar in sign if it is non-conducting. 

These images will also produce floating potentials at the 

inner probes, and these must be considered when calculating 

the resistivity. This effect is taken into account by 

modifying eq. 4.5 to read

^^ X 2770 F^ (4.6)

where —£ is a measure of the distance between the probes 

and the boundary. The fora of F depends upon the type of 

boundary and the position of the probes relative to it. 

Graphs for two cases used as approximations to those 

encountered in this work, probes parallel and perpendicular 

to a non-conducting boundary, are shown in Figure 7. Since 

wo have images of a similar sign to those they mirror, the 

flouting voltages induced at the inner probes will be 

increased, thus F is always less than one. The opposite io



FIGURE 7

(27)

CORRECTION FACTOR FOR PROBES PERPENDICULAR TO 
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CORRECTION FACTOR FOR PROBES PARALLEL TO 
A NONCONDUCTING BOUNDARY
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true for a conducting boundary.

(b) Measurement of Sheet Resistivity

The four-point probe was applied by Smits

(18) to the problem of measuring the sheet resistivities of 

diffused surface layers, which may be considered to be two

dimensional. He shows that a dipole current source on an 

infinite sheet gives rise to the logarithmic potential

^=IAAex (4.7)
2

where I is the current, ps the sheet resistivity and r1

and r2 the distances from the point of measurement to 

the two sources comprising the dipole.

In this case, the dipole is made up of probes 1 

and 4, so that, if we have equal probe separation, the 

potentials at probes 2 and 3 are given by JL&J&rt 2s 
2 77- s

= I fa -^ 2 > but are of opposite sign, so that the 
2 TT

potential measured is

V = A^ = I fis Jfa 2 (4.8)

from which it follows that the sheet surface resistivity 

may be computed as

Ps = 4.53Z (4.9)
I

If V is in volts and I in amp., then ps is given in ohms, 

although sometimes ohms/square is used to indicate that it 

is a two-dimensional property.

If the probes are near the edge of the sample,.



(29)

then image current sources are again present, and correction 

factors similar to those discussed above must be applied. 

4.2 Experimental

(a) Apparatus

The apparatus used to carry out the four- 

point probe measurements is shown in Figure 8. The sample 

is placed on a micrometer table, so that the probes may be 

lowered on any section of the surface desired. The two 

scales enable the displacement of the sample to be 

measured to 1/64” in either direction.

The probes themselves are .015 in. diameter tungsten 

wires ground to a sharp point. A probe spacing of .05 in. 

is achieved by passing the wires through holes of a slightly 

larger diameter in the horizontal support. They are then 

bent in an "S" shape to provide a "spring-loaded" action 

which ensures a good, uniform contact with the sample 

surface. Thin insulating sheets are placed between the 

"S-bends" to guard against shorting between probes. The 

wires then pass through horizontal holes in the upright 

support, also of a slightly larger diameter, so that when 

pressure is applied the only movement is in the "S-bend". 

Finally they are attached to four terminal screws, where 

contact is made with the current and voltage leads.

The entire probe-mount is raised and lowered by 

means of a vertically-mounted gear which is threaded so as 

to give greater sensitivity when the mount is at the lower 

and. The probes were pressed sufficiently firmly onto the
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FIGURE 8

THE FOUR-POINT PROBE APPARATUS
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surface of the sample to give stable and self-consistent 

readings without damaging either the probes or the sample 

surface. The same setting was used for all measurements 

during any given experiment, but the probes were raised 

after each measurement, to avoid the damage to the points 

and alteration in probe spacing which would be incurred 

by dragging them across the surface of the sample.

(b) Reliability Determination

As an initial experiment to determine the 

reliability of the four-point probe method and apparatus, a 

survey was made of the surface of a slice of p-type silicon 

prepared for the lithium alloy. The resistivity of this 

material was known to be 270 + 10 ohm-cm. Figure 9 shows 

the results obtained in different areas of the surface by 

the application of eq. 4.5. The effect of the image 

sources on those readings taken near the edge may easily 

be seen. Figure 10 shows the results after the correction 

factor of eq. 4.6 had been applied. These results are 

considered to be consistent with the known value.

As a check on the validity of the surface resistivity 

theory, a measurement was made on the surface of a small 

piece of germanium. In the case of a thin sample, the 

resistivity is given by

• p =p3 d G(d} . (4.10)

where p s is given by eq. 4.9 (with image corrections) and 

d is the depth of the sample. G is another correction
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FIGURE 10

SILICON RESISTIVITY FROM EQUATION 4-6
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factor which is determined by the method of images (19), 

its value approaches unity as d approaches zero.

Using eq. 4.10, the resistivity of the germanium 

was determined to be 38 + 6 ohm-cm. The large error is 

due to uncertainties in the several boundary conditions 

which had to be applied on account of the small size of 

the sample. The result is felt to be in reasonable 

agreement with the known value of 40 ohm-cm.

(o) Measurement_of_.Alloy._ Depth and Uniformity

From the above preliminary measurements, the 

four-point probe apparatus was concluded to be functioning 

satisfactorily and a determination of the uniformity and 

depth of the lithium diffusion was undertaken. A detailed 

survey of an alloyed surface was carried out and the surface 

resistivity was calculated from eq. 4.9 with boundary 

corrections applied where necessary. Figure 11 shows the 

results of this survey.

The surface resistivity at any point ("point" 

here must be considered as the length covered by the probes, 

about 4 mm.) may be used to determine the depth of the 

lithium diffusion at that point in the following manner. 

We have from Chapter II that

N(x,t) - No erfo j^j^ (2.7)

where in our case N is the density of the lithium atoms. 

At the Junction depth, x=c, the concentration of lithium
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atoms must equal the concentration of boron atoms, so that 

if the latter is represented by 1^, eq. 2.7 becomes

K& = ^erfo^ ^.^ (^.11)

Ng may be determined from the resistivity of the p-type 

silicon using

WB = 1 (4.12)

where NB is in atoms/cm., p is in ohm-cm., e is the 

electronic charge in ooloumbs and ya- is the hole mobility 

in cm. /volt-sec., which is itself a function of the 

resistivity (20). Pell (21) has found that the diffusion 

constant D is given by

D = (2.5 ± .2) x 10"^exo(-6155e) cm.2/sec (^.13) 
> kT /

Thus in eq. 4.11 there are two unknowns, No, the surface 

concentration of lithium, and d. These two quantities, 

however, may be related by means of graphs published by 

several authors (22, 23) using the measured value of the 

surface resistivity. The junction depth c may therefore 

be determined by a series of converging approximations.

Figure 12 shows the result of carrying out this 

procedure on all the resistivity measurements shown in 

Figure 11, while Figure 13 gives a topographical 

representation. Two features of this last figure should 

be mentioned. First, it is clear that much of the lithium 

oil has withdrawn from the edge of the silicon slice during
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the early stages of the heating so that a considerably 

reduced junction depth results in this perimeter region. 

This area is generally from .5 to 1 mm., but may make 

isolated indentations of greater depth. It is felt, 

however, that only the darkened region showing a 'depth 

of less than 50 microns would need to be ground off to 

produce a satisfactory diode.

Second, it is evident that the junction depth is 

relatively uniform over the remainder of the slice although 

slightly greater in the left-hand region. It is possible 

that this portion of the slice was at a slightly higher 

temperature or that it had sustained greater surface 

damage. Either of these conditiona would cause the lithium 

to diffuse more rapidly in this region.

After the survey of the surface resistivity was 

completed, a destructive process was carried out to deter

mine the actual depth of the alloy. Layers approximately 

25 microns thick were removed from the alloyed surface and 

after each lapping the surface resistivity was measured at 

the center of the newly-exposed face. The results are 

shown in Figure 1^. The junction is located at the point 

where the resistivity reaches a maximum and therefore the 

conductivity a minimum. This occurs at a depth between 

290 and 310 microns*

A more accurate estimate of the junction depth may 

be obtained by plotting the lithium concentration
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as a function of depth. It may be easily seen that at any 

depth x above the junction

/a e Gt.lA)

where Nr and^ x are respectively the carrier concentration 

and mobility at this depth. (Mobility is a function of 

concentration and hence of depth). Graphs relating concen

tration to resistivity (21) and resistivity to mobility (20) 

were used to determine the correct values of yu, and N 

by converging approximations. In determining the derivat

ives, the curve of Figure 14 was considered to be linear 

over 25 micron regions.

Eq. 4.14 applies only in the region above the 

junction, so that the lithium concentration may be determined 

only in this region. However, below the junction eqs. 4.5 

and 4.12 may be used to determine the concentration of the 

electrically active boron remaining and subtracting this 

value from the original boron concentration gives the 

lithium concentration.

The calculated lithium concentration is shown as 

the solid line in Figure 15. From this it is apparent that 

the junction occurs at a depth of some 300 microns, consid

erably greater than the 220 microns predicted by the 

theoretical calculations described above. It may also be

seen that the concentration distribution of the lithium is 

not a complementary error function as is predicted by the 

simple theory. The difference is made clear by the inclusion
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in Figure 15 of a "comparison erfo" which is a complementary 

error function constructed so as to intersect the exper

imental curve at x = o and x = c.

There are a number of factors that may account for 

these differences.between theory and experiment* One is the 

surface damage caused by the preparation of the silicon 

described in Sec. 3.1. In this damaged region, which may 

extend to a depth of as much as 40 microns, the lithium 

will diffuse more readily than in the undamaged region. 

This means that the total extent of the diffusion (which is 

characterized by the junction depth) and the lithium 

concentration near the surface will both be greater than 

predicted.

It is also likely that the field which is created 

in the immediate vicinity of the junction (see section 2.2) 

will cause some of the lithium atoms to drift across into 

the p-type region. The number of ions drifted will be small, 

as they have appreciable mobility only when the slice is at 

a temperature above about 50°C., but will result in some 

decrease in the lithium concentration just above the 

junction.

There is also a considerable assumption made in 

the use of eq. ^.13 to determine the value of the diffusion 

constant D. Pell’s studies (21) involved the diffusing of 

relatively small concentrations of lithium for long periods 

of time. To use his results for the case under study



(^2)

requires the assumption that the diffusion constant is 

independent of diffucaut concentration and diffusion 

time. ITelther of these may be the case. Indeed, it 

is quite likely that the diffusion constant may be 

greater at high concentrations. This would also result in 

a junction depth greater than that predicted.

Finally, a "precipitation” or ion-pair recombin

ation process should be mentioned. This refers to the 

’’pairing off" of a lithium and boron atom so that the 

former is not "electrically active" and does not contribute 

to the conductivity.

For the above reasons it was concluded that four- 

point probe measurements do not give an accurate indication 

of the depth of a p-n junction. They arc useful, however, 

for determining the uniformity of a diffusion and for 

comparing two diffusions carried out under similar operating 

conditions• 

(d) iigagymsnLaLjiliejal^^

The diamond saw was used to cut several 

cross-sectional slices from a finished detector. Tho 

surface resistivity of these slices were measured at various 

depths. The results were similar,for each slice and a 

typical set is shown in Figure 16. It may be seen that 

the intrinsic or compensated region extends to a depth of 

at least 3 mm. The reason for the gradual curve of the

profile near tho original surface of the detector is not
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fully understood. If it is a true indication of the lithium 

concentration in this region, then the bias voltage applied 

to the detector will produce different fields in different . 

regions and detract from the efficiency of charge collection. 

On the other hand, it is possible that the original p-n 

junction forms, in.effect, a conducting boundary to the 

compensated region. If so, the calculated resistivity 

values near the surface would have to be increased 

considerably, as the correction factor is now greater than 

one. This would, of course, make a much more symmetrical 

graph.

The extent of the compensated region indicated by 

the probe was confirmed by staining the slice with Hf. 

The results are shown in Figure 17* The p-type region 

appeared a dark brown, and the compensated region a heavy 

blue-grey. The n-type region presumably extended only 

about .1 mm. and was thus too small to be shown up by the 

stain.

As the appearance of the entire compensated region 

was relatively uniform it was concluded that it was almost 

8.5 mm. deep in the center of the slice, although somewhat 

less on the edge. This^bowing" of the compensated region 

occurs because the fluorocarbon removes heat from the edge 

of the diode so that the drifting in this region takes 

place more slowly. This is of importance as staining the 

outside edge 6f the detector is one of the few non-destructive



FIGURE 17
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methods of determining the extent of the compensated region

Clearly it will not indicate the true depth of this region.



CHAPTER V

DETECTOR RESPONSE

5«1 Counting the Detector

The chamber developed for mounting the completed 

detector is shown in cross-section in Figure 13. Electrical 

contact to the counter is made by means of a brass screw. 

Both the bias voltage and detector signal pass through a 

Kovar seal set in the chamber wall, A copper rod connected 

to the bottom of the chamber is immersed in liquid air to 

provide a heat sink which cools the detector in order to 

reduce the internal noiso.

The chamber was evacuated to a pressure of 10 6 

mm., and the vacuum lead was then sealed off. Sources 

were placed at the side of the chamber to simplify the 

arrangement of the apparatus required for the coincidence 

experiments.

5.2 EmrWcal Results. ,

In all the experiments carried out, the pulses 

from the detector were passed through an CETEC #201 charge

sensitive, low-noise preamplifier and a #101 low-noise 

amplifier with post-amplifier. They were then sorted in a 

(^7)
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512-channel multichannel analyzer (MCA),

(a) Carles 3ogte

The spectrum of a C^? source is shown in 

Figure 19# It is immediately clear that the Compton 

interaction process of energy transfer to an electron 

dominates considerably over the photoelectric effect. This 

is in marked contrast to the sodium iodide counter where 

the total energy peak dominates the spectrum. The 

setting-up of a Compton spectrometer to simplify the 

appearance of the spectrum is described in the section 

following.

Also of interest is the appearance of two distinct 

"Compton edges" in tho spectrum. The first or "single” 

edge corresponds to the energy given to an electron by a 

gamma ray which is back-scattered out of the counter. It 

occurs at an energy of 478 keV., so that the gamma ray 

retains 18^ keV. If it were back-scattered again before 

leaving the counter it would transfer 71 keV. to this 

"second" Compton electron. "Collection" of both these 

electrons in the same pulse would lead to another Compton 

edge at 5^9 keV. This is the location of the "double" 

Compton edge of Figure 19*

This phenomena is of special importance in the

"differential analysis" which is sometimes undertaken of 

complex spectra. In this analysis, the derivative of the
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singles spectrum is calculated at closely spaced points. 

In the resultant differential spectrum, both the Compton 

edge and the photopeak will appear as distinct peaks. The 

presence of an additional Compton edge means that each gamma 

ray will new produce three peaks in the "differential 

spectrum", a fact which must be taken into account if a 

correct analysis of the spectrum is to be carried out.

(b) .Compton Spectrometer

Figure 20 shows the counter arrangement used 

in setting up the Compton spectrometer mentioned above. 

The lead cone is designed to prevent gamma rays emitted by 

the source from being directly detected by the sodium iodide 

counter and perhaps giving rise to a chance coincidence with 

a gamma ray entering the solid state counter. Its presence 

reduced the chance-to-true ratio to some 10/ of its former 

value of .1. There was also, of course, some reduction 

in the count rate as a greater portion of the sodium iodide 

counter is effectively masked from Compton scattered gamma 

rays as well.

The plug also acts as an effective window on the 

scattered gamma rays, since only those scattered out of the 

solid state counter at an angle of between about 150 and l?0 

can enter the crystal. This means, of course, that their 

energy range will also be limited. A pulse height selector 

is included to ensure that all pulses in this part of the 

coincidence circuit do indeed correspond to back-scattcred



FIGURE 20

COMPTON SPECTROMETER SYSTEM



(53)

gamma rays.

The response of the spectrometer to various standard 

sources is shown in Figure 21. The response function is 

characterized by a single peak which is somewhat skewed in 

appearance and a uniform tail which extends back to zero 

energy. This tail is probably caused by Compton electrons 

being scattered so as to pass out of the sensitive region 

of the counter before being stopped, so that only a portion 

of their energy is used to create hole-electron pairs. The 

tail-to-peak height ratio is almost a constant, so that the 

tall-to-peak area ratio increases with energy. This is to 

be expected, since a higher energy electron will have a 

greater penetration depth: in the counter and thus will have 

a greater probability of escaping from the sensitive region.

It would seem reasonable that the standard deviation 

of the Compton peak,a~, may be given by

where & Is the contribution to the deviation due to the 

noise fluctuations in the counter and electronics, ^ is 

the contribution to the deviation by the statistical 

fluctuations In the number of hole-electron pairs (see sec. 

2.5) and △ is the deviation introduced by the finite 

aperture of the Nai counter.

The experimental values for the deviations in the

various peaks of Figure 21 were calculated from
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O' = £ (a - n)H(n) (5*2)

where n is an index for the channels occupied by the peak, 

and n 1g the "average” channel of the peak, i.e., 

n = ^N(n)*n (5.3)

^N(n)

Due to the skewness of the peaks, n was generally sone 

two channels below that containing the most counts.

A set of '’calculated" values for these ^ cs was 

calculated from eq. 5*1* Th® value of #x was computed 

by applying eq. 5*2 to the photopeak of Figure 19 and 

subtracting from the resultant o~n the value of^1 for 

that energy. The value of 6** obtained was 23.96 keV.2 

Zi7 may be determined from a consideration of tho Compton 

interaction equation

. cose (5*^)
Mocx ' 

e^=---------------  

1 + Eju—d-cose )

where Eoo and E^ are the Compton electron and incoming gamma 

ray energies respectively, M^c1 is the electron rest energy 

and ® is angle through which the gamma ray is scattered. 

For a small energy change we may write 4&c& - ££ce.» 
n & de

whence
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Uoc
sin &

The value of © 9 the mean angle through which the 

gamma rays are scattered, was considered to be 160° (a weak 

dependence of ^f upon © meant that a geometrical estimate 

was sufficient). However, an accurate estimate of A© 

could not be obtained from the geometry because the angular 

response of the crystal was not known* Instead, an average 

of the values of 4© required to give agreement between the 

calculated and experimental values of cr for three highest 

energies was used. .

Figure 22 shows the results of these calculations. 

The error in f. CTX is given by

(5.6)

as there is no covariance between the points. This error 

was generally about 2# so that the error in the experimental 

points is some 1#.

The value of ^0 calculated from the fitting 

described above was 10.4°, which is somewhat below the 13° 

estimated from the geometry of the system. This is consistent 

as it is known that a complete response is not obtained at 

the outer edge of the sodium iodide crystal. It is moreover 

probable that this response, and hence the value of Ae ,
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changes with energy, which may account for the low energy 

experimental points being consistently below the calculated 

curve.

The dependence of the counter resolution upon two 

I operating parameters, window width and sodium iodide counter 

position, was also investigated. The results are shown in 

Tables I and II, The FWHM (peak width at half the peak 

maximum) has been used rather than the standard deviation 

because it is more easily calculated and in this case only 

relative values are required. The two widths are related by

FWHM - 2.35 CT (5.7)

It may be seen that there is only a slight variation 

of resolution with window width. This is because most of 

the window is provided by the lead plug whose effect, of 

course, remains the same, A considerably stronger variation 

is observed when the distance x between the sodium iodide 

counter and the lead plug is varied. Increasing the distance 

x decreases the angular spread de of the gamma rays entering 

the crystal which in turn results in a direct decrease in 

the component of the overall resolution. The resolution 

improvement is, of course, accompanied by a decrease in the 

count rate, so that the position of the crystal for any 

given experiment must be determined by a consideration of 

both the statistics and resolution required for useful 

results.
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TABLE I

Compton Spectrometer Response and Window Width

Window Width 
(Full Width = 10)

FWHTL 
(keV.) * .5

Count Bate 
(Counts/IIin)

2.3 13,0 163

3.0 13.2 165

4.0 13.5 169

i 4,5 13.4 172

I 5.2
13.7 177

i lo.o 14.2 180

TABLE II

Compton Spectrometer Response and Mal Crystal Position 

x = distance from plug to Ifel crystal

x(cm.) FWHIL 
(keV.) ± .5

Count Bate 
(Counts/IIin)

0 16.4 305

2.0 14.7 218

3.5 13.1 156

5.5 12.5 107
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(c) Softctrum of Cg.3^

The BpectruE of Cs'3* taken with the Compton 

spectrometer is presented in Figure 23 to illustrate the 

considerable improvement in gamma ray spectroscopy which 

may be expected from the development of lithiuu-drifted 

detectors. The 563-56? keV. doublet is clearly resolved 

from the 605 peak, a separation which could not be achieved 

with a sodium iodide counter as the resolution of those 

counters is at best some ?£, while a 3p resolution is 

necessary in this case. The result could be obtained with 

a Siegbahn magnetic spectrometer, but the process would be 

a much slower one as only a small section of the spectrum 

may be taken at any one time.

The 565 and 800 keV. peaks, whose components arc 

not at all resolved as they are only some 5 keV. apart, may 

at least be immediately identified as doublet peaks, as 

their widths arc 16 and 20 keV. respectively, in comparison 

to the 14 and 1? keV. widths predicted by Figure 22. The 

two component energies could be easily determined by the use 

of a coincidence spsotro^eter.

A spectruai of true gamma ray energies may bo ob

tained by using the solid state counter in a pair spectro

meter system. The 2.4?0 and 2.536 MeV. peaks of Ga^havo 

been clearly resolved using a system of this typo. This 

corresponds to a resolution of less than 1^.
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The development of lithium-drifted detectors must 

therefore be considered as a major contribution to high 

resolution gamma ray spectroscopy, particularly in the 

field of short-lived isotopes.
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