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Preface 

'Ms work was performed to determine if CdS would make a 

superior nuclear radiation detection material. Althou-jh I found CdS 

did nave definite limitations, certain parameters, sucn as the energy 

required to create a hole-election p^-ris and the mobility-lifetime 

product of the ca.viers in CdS were determined. 

The facilities I used for carrying out this work were those of 

the aeronautical Resecaren lab. .ilso the Cdo crystals vh t I tested 

were those grown by the Jolid State Jranch of -atL. <ithout their 

support tnis work could not luve been carded out. 

I wish to express uy appreciation to Dr. dliiam Lehmann, Dr. 

./illiarn Price, and Don Reynolds for their cooperation and guidance 

in this work. I would also like to tnank my wife for typing the 

rough crafts and Judy Howell for typing the final draft. 

Darrel L. Hills 
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Abstract 

Solid state radiation detectors were constructed using 

crystal platelets of CdS. Both intrinsic and p-n junction 

detectors were made and evaluated, although alpha particles 

were detected by both types of detectorsy the mobility-life- 

time product of the charge carriers resulted in the pulse 

response not being proportional to the energy of the inci¬ 

dent particle. The beet experimental value for the mobility- 

lifetime product in CdS was 2.6 x 10 cm /volt for the elec- 

—6 2 
troné and 2.1 x 10 cm /volt for the holes. Also an experi¬ 

mental value of 5*2 electron volts dissipated per hole-electron 

pair formed was determined. A resolution of 6.8/« was obtained 

with one detector. Other phenomena such as the trapping of 

the charge carriers and the ionization of neutral impurity 

atoms also were evident in the crystal. 

V 
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I. Introduction 

This work was carried out in an effort to find a superior 

material for use in solid state radiation detectors. The silicon 

crystal has thus far exhibited the best characteristics for use 

in solid state detectors, but it has one important limitation. 

• This limitation is that it does not, at present, effectively 

detect li.fttly ionizing radiation, such as, summa rays. The reason 

for this is that the silicon crystal can not bo fabricated l~rge 

enough to stop ¿amia rays and still retain the crystals desirable 

characteristics. 

A lo.^icul approach to solve the problem of detecting light¬ 

ly ionizing radiation is to choose a material with a greater 

stopping power (hijber '0 notorial; tiiun silicon, and still have 

all of the desirable ch. racteristics of silicon. The s-udy of 

Jdá, which has twice the atomic weight of silicon, was an attempt 

to find such a material. 

CdS has not been seriously considered before because earlier 

studies indicated that the holes in CdS were virtually immobile. 

• However, these studies were incomplete. Since higher purity CdS 

crystals have recently been fabricated by the Aeronautical 

Research i*b. and therefore were readily available, it was decided 

to proceed with this investigation. 

as a preliminary study, silicon solid state detectors were 

constructed and tested. Aese crystals did detect alpha 

1 
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particles but szcess leakage current was present which affected 

the performing of the detector* 

Solid state detectors were then constructed using platelets 

of CdS* Both intrinsic and p-n junction were made. Although 

alpha particles were detected by both types of detectors, the 

nobility-lifetime product of the charge carriers resulted 

in the pulse response not being proportional to the energy of 

the incident particle* The best experimental value for the 

-6 2 
nobility-lifetime product in CdS was 2.6 x 10 cm /volt for the 

-6 2 
electrons and 2.1 z 10 cm /volt for the holes. Also an experi¬ 

mental value of 5*2 electron volts dissipated per hole-electron 

pair formed was determined. Other phenomena such as the trapping 

of the charge carriers and the ionization of neutral impurity 

atoms also were evident in the crystal. 

The balance of the thesis will contain a chapter each on 

the following« (l) the theory of solid state detectors, (2) a 

description of the experimental techniques, (3) a summary of the 

results, (4) an interpretation of these results, and (5) conclusions. 

2 
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II. Theory 

The solid state detector is similar to the ionization 

chamber in its principle of operation. In an ionization chamber 

a voltage potential is applied across a layer of gas so that any 

charge created in the gas by an ionizing particle is collected at 

the terminals. In a solid state detector» a potential is applied 

across a semiconductor. When an ionizing article enters t.ie 

semiconductor, a<ia creates nole-rlection pairs a pulse of charge 

proportional to the energy of the incident particle is collected 

at the terminals. 

There are, however, necessary conditions for this proportion¬ 

ality to exist. These conditions are (l) the incident particle dissi¬ 

pates essentially all of its energy in the sensitive region of the 

semiconductor, (2) the mobility-lifetime product of the charge 

carriers is sufficiently large so that all of the created carriers 

are collected, (}) the semiconductor crystal is sufficiently pure 

so thut large numbers of trapped ionized charges do not exist in 

the crystal which would disrupt the unifomity of the electric 

field, and (4) the crystal will not break down or the leakage cur¬ 

rent will not be excessive when the collecting bias is applied. 

2ach of these conditions will be discussed in detail later. 

The energy necessary to form a hole-electron pair in a 

semiconductor is much les. than the energy necessary to form 

an ion-pair in a gas. For comparison it requires 30-55 ov./i.p. 

for most gases and approximately 3 ev/hole-electron pair for a semiconductor. 

3 
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The band gap of a seoiconductor is normally much less than the 

energy required to form a hole-electron pair. According to Shockley 

(Bef 2s14), the difference between the bund gap energy and the mean 

energy for forming a pair, takes the form of kinetic energy which is 

shared by each carrier, niese curriers then lose this energy by 

phonon emission. 'The mean energies per pair appear to be proportional 

to the band ener y. Por silicon and germanium the mean energy 

per pair is about three tices the band gap. Czaza (Hef 2:13) has 

shown that this proportionality is plausible according to Shockley's 

theory, and that it should extend to other class IV semiconductors. 

With the exception of heavy fission fragments, the mean energy per 

pair is constant. For heavy fission fragments it only deviates 

about 10/<> 

/tfter the charge has been collected at the terminals of the 

semiconductor, it is fed into a charge sensitive pre-amp. The voltage 

pulse "V" that results is given by 

V r —& 
Cfc + (1) 

where J • charge collected 
C 

Ca ■ input capacitance of the pre-amp 

cd ■ the depletion layer capacitance of the detector. 

The depletion layer capacitance of the detector is given by 

(2) 

where A - cross sectional area of the crystal 

€ • dielectric constant 

■ thickness of the depletion region. 

4 
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Intrinsic Detector 

lhe simplest solid state detector design is the intrinsic 

detector. This detector is similar to a parallel plate capacitor in 

that the semiconductor replaces the usual insulator and the plates 

serve as ohmic contacts to the crystal. The conducting "plates" are 

necessaiy so that a uniform electric field exists in the crystal. 

Ihe intrinsic detector design has definite limitations because 

almost all semiconductors contain excessive free charge carriers 

which are due to the donor and acceptor impurity atoms in the crystal. 

These impurities result in a low resistivity material. The.rfort, 

when a bias is applied, the free carriers are collected along with 

the charges produced from the ionizing particle. Obviously, only 

a very small number of these carriers, compared to the carriers 

liberated by the ionizing particle, can be tolerated in an intrinsic 

detector or the resolution of the pulse will be damaged considerably. 

Some semiconductors have recently been made with resistivities 

Q 
of 10 ohm-cm and higher which can serve as intrinsic detectors 

(Hef 2*5)* This high resistivity has been achieved primarily by 

introducing impurities that compensate for the acceptor and donor 

impurities. Diese added impurities act as trapning centers however, 

and greatly reduce the lifetime of the charge carriers. Unless the 

life-time of both carriers is significantly greater than the time 

for collection, the proportionality between the energy of the 

particle and the charge collected is lost. Also the mobility is 

5 
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normally lowered by a factor of two by the impurities. 

An added complication of impurities results when preferential 

trapping of one of the carriers occurs. Vith one carrier collected 

and the other trapped, polarization results which greatly disturbs 

the field distribution. This build up of a net charge can cause 

the charge of the opposite sign to be injected to neutralize the 

system. This current, called second.-ry current, adds to the ioniza¬ 

tion current and again proportionality between energy dissipated 

and charge collected is lost. Jhe secondary current normally nkes 

the form of a pulse of a much slower rise time and duration than 

the ionization pulses (Ref 8:1). 

Bie productynTwhere is the mobility, is the recombin¬ 

ation lifetime, and ti is the electric field is a very important 

parameter for determining the usefulness of a particular semiconduc¬ 

tor. Phis product has the dimensions of length and is a measure of 

the distance traveled by a carrier. Miller and Gibson have developed 

a method to determine the^Tof the carrieru by measuring the charge 

collected with respect to the charge liberated by the ionizing 

radiation (Ref 9*l-7). This method is derived as follows: 

The charge collected is relatea to the total charge liberated 

by 
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where *1 ■ charge collected c 

^ ■ charge liberated 

V(o) ■ potential difference across the crystal 

V » potential difference across which the 

carrier actually traveled. 

The charge liberated ^ depends upon the range of the radiation R 

and the ionization density N (y). 

Ql s fj lï « 
Ö 

where q - electronic charge 

N(y)dy - number of charges created between y and 

y* dy 

R ■ range of nuclear particle. 

N(y) and R may be determined from standard nuclear radiation 

detection textbooks, such as Price (Ref 112-12). However, for this 

development the range of the nuclear particle will be assumed small 

• compared to thickness of the crystal. 

An expression for the difference in potential AV is 

A V - fid* r /e 
y . 

where y ■ point where the carrier was created 

X ■ point where the carrier terminated 

d • position of collecting terminal. 

Since^rThas the dimensions of length, the 

probability factor. 

is a 

7 
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When equations (4) and (5) are combined with equation (3), 

the following equation for the charge collected results« 

If it is assumed that the range of the ionizing particle is 

very short compared to the thickness of the crystal, i.e., all of 

the charge is create^ at the surface, then y ■ 0* 

Intergration yields 

(7) 

where thickness of the crystal. 

ThuSf if is experimentally determined at different 

electric fields, then the producttcan be calculated. Also if 

hole-electron recombination is the only phenomena affecting the 

charge collection, then the producty*Twill remain independent of E. 

Junction Detectors 

lhe junction detector makes use of a p-n junction to solve 

the problem of free carriers in the conduction band. One type of * 

junction, called the diffused junction, is made by diffusing donor 

atoms into one surface of high resistivity p-type material (Ref 4). 

The diffusion is very shallow (approximately one micron) and the result 

is a thin layer of material with a high concentration of acceptor atoms. 

8 
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When a reverse bias is applied to a p-n junction a charge* 

free or "depletion" region is established on both sides of the 

junction* An illustration of this charge free region and example 

of the circuit necessary to produce this region is shown in Pig. 1. 

The thickness "D" for a constant charge density on either side 

of the junction is approximately (Hef 7»388) 

where f . dielectric constant 

V ■ potential difference across the region 

q - electronic charge 

N ■ concentration of ionized impurity atoms per 

unit volume. 

The ratio of the thicknesses is given approximately by 

Vo. = (% f (»; 
where • conductivity, and subscripts*p or'n applies 

to the p or n region. 

Therefore, the thickness of the charge-free area in the base 

material will be very much thicker (typically 1000 times) than the 

thickness in the diffused layer. This makes possible a very thin 

"dead layer" that the nuclear particle must penetrate before it 

reaches the sensitive region. If all of the hole-electron pairs 

created in the depletion region are collected, then the pulse is 

proportional to the energy dissipated. However, if hole-electron 

9 
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pairs are formed outside the depletion region they will diffuse around 

until they recombine or enter the depletion region. For this reason, 

it is essential that the depletion region be thicker than the range 

of the nuclear particle. 

From Eq (8) it can be seen that 

D (10) 

Consequently, the higher the voltage bias and resistivity of the 

material, the thicker the depletion region. The resistivity is 

limited by fabrication techniques while the voltage bias is limited 

by the breakdown potential or leakage current through the material. 

Fbr a uniform distribution of ionized impurities, the electric 

field is linear with a maximum value at the junction. From Eq (8) 

it fo’lows that the maximum electric field is given by 

(11) 

Another useful method to construct a p-n junction detector is 

to form a surface barrier junction instead of the diffused junction. 

The two types of junctions are similar except that the junction is 

formed by surface treatment of the crystal. Surface barrier junctions 

have the advantage of being very thin, about l/lO us thick as the 

diffused junction. They have the disadvantage of being moderately 

sensitive to certain ambients such as hydrocarbon vapors. The 

equations developed above for the diffused junction detector are 

also applicable to the surface detector except for Eq (9), 

11 
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One problem that is of concern for both junction and intrinsic 

detectors is surface leakage current. In many cases surface leakage 

can be the major contribution to the total leakage current. This 

leakage caa result from the collection of ionic contaminents on the 

surface, or from ambient conditions that produce inversion layers. 
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III. Experimental Techniques 

The experimental work was divided into two parts. The first 

step vas to become familiar with the present state of the art of 

solid state detectors. To do this, some silicon detectors were 

mde using standard techniques. The second part was to study cadmium 

sulfide as a possible detector material. Operating detectors were 

obtained in each case. 

The following section describes the equipment used to test the 

detectors. The next two sections describe the construction techni¬ 

ques for making the silicon and cadmium sulfide detectors. 

Testing Equipment 

A block diagram of the equipment used in testing the detectors 

is shown in Pig. 2. The method of operation for this equipment is 

as followst An alpha source irradiates the solid state detector 

thereby producing hole-electron pairs in the crystal. Since the 

range of an alpha particle is very short in air, the detector and 

239 
alpha source are placed in a vacuum chamber. A Pu alpha source 

(3.147 lievj was used when the silicon detectors were tested. Later 

an am alpha source (5«476 Ilev) was obtained when the CdS detectors 

were tested. A voltage bias is applied across the detector so 

that the chargee are collected. (See Pig. 3 for circuit diagram 

for applying the bias.) The current pulse is fed into a charge 

sensitive pre-amplifier and then into a linear amplifier. Prom 

15 
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the linear amplifier the pulse can be fed into a cathode ray 

oscilloscope to view the pulse, or into a multichannel analyzer to 

determine the pulse height resolution. 

All of the pulse height measurements were made by matching the 

pulse height from the calibrated mercury puiser with the pulse 

height from the detector. The voltage pulse from the puiser was 

fed into a 3 pf. capacitor to simulate the charge from the detector. 

Thus a 10 mv pulse from the puiser was equivalent to 50 x 10~^ 

coulomb of charge from the detector by q • CV. In this manner all 

of the pulse height readings from the detectors were measured in 

terms of millivolts. 

The method of measuring the pulse height was checked as followsi 

Pulses were obtained from an OHTEG detector using the Pu2^ 

24l 
and Am sources. The pulse heights were the same height as a 

48.2 and 53»0 mv pulse from the puiser. Assuming € for silicon 

is 3*3 ev/pair (Hef 2:13), then the charge created from tue 5*147 hev 

alpha should be equivalent to a 49.5 mv pulse height from the 

puiser. Similarly, the charge frum the 5*4?6 hiev alpha should be 

equivalent to a 53*1 uv ,ul3e height from the puiser. Thus it can 

be seen that the above values compare favorably, and the method of 

measuring the pulse heights is within reasonable error. 

A description of each component is as follows: 

The chamber was a small brass pot with a diameter of about 5 in. 

and a height of about 4 in. Inside the pot were small holders for 

the alpha source and detector. Also a small 6 watt light was inserted 

I 
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which could be turned on and off from outside the chamber. There 

was a cold trap installed between the chamber and the vacuum pump 

so that hydrocarbons from the pump would not pass into the chamber. 

The pump was a Welsh Duo Seal Vacuum Pump. 

The pre-amplifier was one designed by Chase, Higenbotham, and 

Miller of Brookhaven National Laboratory (Hef l) and was devised 

especially for use with solid state radiation detectors. The pre¬ 

amp was charge sensitive and employed negative charge feedback so 

that the output amplitude was independent of the value of the detec¬ 

tor capacitance. It also had a high open loop gain, a fast response, 

and little tendency to oscillate. 

The linear amplifier was a Baird-Atomic Model No. 215. It was 

modified so that it would take either a positive or negative pulse 

input. It had an RC clip of 1.6 micro-seconds. 

flie cathode ray oscilloscope used as a Tektronix 'type 531» 

The iiulti-channel pulse height analyzer was a 256 channel, 

Hadiation Instrument Development Laboratory, Model 5501, analyzer. 

The mercury puiser was manufactured by Radiation Instrument 

development Lab., Mod H-60. 

The internal circuitry for applying the bias to the detector 

is shown in ?ig. 5* A Keithley, model 210, electrometer was 

used to measure the current th..t passed through the detector. The 

voltage drop across the 510 K resistor and the electrometer was 

subtracted from the voltmeter reading to determine the potential 

on the detector. 

17 
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on the detector. 

The input capaoitanoe of the pre-amp and the detector capaci¬ 

tance can he determined experimentally by the following method« 

A known voltage pulee Vp which is fed into a capacitor Cp will result 

in charge q by q - CpVp. If this charge is fed into a charge-sensitive 

pre-amp, the output of the pre-amp 

\/ r iLL - ^ O (12) 
Ca ♦ Gr Ca + Cj( 

where - input capacitance of the pre-amp 

Cz - external capacitance added in parallel 

G - gain of the pre-amp. 

The constants GV C can be combined into l/k so that 
P P 

yVc = ^ (c * o) (h) 

A plot of l/VQ vs. + G^) can be made by varying the known 

capacitance C^. The slope of the curve, k, at - 0 is then used 

to determine the input capacitance C^. With ^ and k known, the 

capacitance of an intrinsic detector can then be determined by 

inserting it in parallel with C^. 

The testing equipment was checked by testing some commercial 

detectors. Two RCA diffused junction detectors and three ORTEC 

surface barrier detectors were tested. Parameters such as pulse 

height vs. voltage bias, resolution, and leakage current were 

studied. 

18 
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Ganatruetion of Silicon Detector 

Diffused Junction Detectors» Three small p-type silicon 

crystals in which a p-n junction had been formed by diffusing 

phosphorus into one face, were investigated. The crystals were 

about l/8 X l/4 X l/l6 in. 

The crystals were cleaned, etched, and rinsed according to the 

procedure reconmended in the Harwell Report (Ref 3>2). However, 

they were etched for only 1 l/2 minutes rather than the 3*10 minutes 

Harwell recommended to insure that the junction was not etched off. 

Immediately after rinsing and before any oxidation could take place, 
2 

a small gold dot about SO^g/cm thick was evaporated on the junction 

side of the crystal. An electrical contact was made by gluing a small 

copper wire to the gold dot using silver print (General Cement No. 212). 

The print was not allowed to run off the dot since this might harm 

the junction. On the back side silver print was spread over all the 

surface so that a uniform electric field could be formed across the 

crystal. 

To avoid contamination, the crystals were mounted using a 

method suggested in the Harwell Report. The detectors were tested 

to determine the leakage current, diode action, and pulse height 

vs. bias relationships. 

Surface Barrier Detectors. A surface barrier detector was 

made using a piece of silicon dendrite web obtained from the Electron 

technology Lab. of the Aeronautical System Div., APSC, The web was 94 ohm-cm 

19 
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n-type Silicon, and was about 3 in. long and # in. vide. Tbs web 

was cut into 3/16 in. strips by either a hypersonic abrasive tool or 

a diamond saw. The method by which the crystals were cut appeared 

to have no effect on the performance of the crystal. 

The Harwell Heport recipe (Hef 3«2-4) was followed in the 

preparation of the surface barrier detector. The crystal was then 

mounted and tested in the same manner as the diffused junction 

detector. 

In an attempt to reduce leakage current the crystals were 

potted in epoxy resin (Bonding Agent R-313» nade by Carl H. Briggs Co.), 

so that just the face of the crystal was exposed. The mounting of 

this detector was patterned after the construction of the ORTBC 

surface barrier detector. 

Construction of Cadmium Sulfide Detector 

The Solid State Physics Branch of the Aeronautical Research Lab. 

has recently developed a method for growing higi purity CdS crystals 

(Ref 13). This process, called the vapor phase process, is one in 
e 

which crystals are grown from the vapors of CdS powder as it is dis¿ 

tilled. Ihe crystals take the form of thin platelets or whiskers. 

A few of the platelets grow relatively large, i.e., about l/2 cm2 

area by 200 microns thick, and therefore are in a convenient shape 

to make detectors. A higher purity crystal can be obtained by a 

second distillation of the crystals. 

20 
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Intrlnaio CdS Detectors. The first detectors oade with CdS were 

intrinsic detectors. These were made in the following mannert The 

platelet was etched by holding it in Hcl acid vapor for about ten 

seconds and then rinsing it in tap water. After it had dried on a 

clean tissue, indium (which makes an ohmic contact with CdS) was 

soldered on to one face of the crystal with an ultra-sonic soldering 

iron. The most convenient method to do this, since the crystals are 

very fragile and easily broken, was to lay the crystal of the blunt 

surface of the soldering tip (which had solder already on it), and 

then pull the crystal off with a pair of tweezers. Norully the 

solder adhered to the back surface and did not overlap on to the 

front. The back electrical contact was made by taking a small 

pre-tinned copper wire and sticking it into the molten solder as the 

crystal was pulled from the soldering tip. After the solder hardened 

it served to support the fragile crystal. 

2 
Indium, about 50/**./cm thick, was evaporated on to the front 

of the crystal. Hie border of the crystal was masked during the 

evaporation so that the crystal'would not be short circuited. The 

border was normally about five times the thickness of the crystal. 

A copper lead was then either glued on with a small drop of silver 

print, or soldered qn with indium solder. The soldered lead proved 

to be superior because it was much less likely to come off, especially 

through temperature cycling. 

Ihe crystals were held in the testing position by the terminal 

leads. Tests to determine resistivity, pulse height vs. voltage bias, 

and effects of temperature and light were made. 

21 
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Junction CdS Detectors. The junction detector was constructed 

sinilar to the intrinsic detector except that a p-n junction was 

formed on the front face ( rather than the ohmic indium contact. An 

attempt to produce a p-n junction on CdS was made using the following 

electroplating solution to deposit the cuprous ion on to the surface 

(Hef 5) 

80 ml - HNOj 

)20 ml - H20 

2 g - Cu (N05)2 

3 ml - polyethylene glycol 600. 

however, the resistance of the platelets was too high to pass the 

necessary current so the following method was used to implant the 

cuprous ion on to the crystal surface> The cuprous ion was electro¬ 

plated on to a copper w¿re and the plated substance scraped off and 

smeared on the face of the CdS crystal. The crystal was then-warmed 

gently until bubbling of the electroplated substance occurred, 

evidently some chemical reaction was taking place, since it would 

start at one point and spread throughout the substance. After the 

bubi-lín» had stopped, the crystal was placed on a hot plate that was 

pre-heated to 300* C. The crystal was allowed to heat until the sub¬ 

stance turned black (approximately ten seconds). After cooling, the 

excess charred substance was wiped off gently with damp tissue paper. 

If the original solution was fresh, the resulting residue on the 

surface was sufficiently thick so that good conduction across the 

crystal face occurred. The front electrical connection was made with 

a small copper wire glued with silver print. 
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This crystal was then tested in the sane manner as the previous 

crystals. 
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IV. Sumnw-nr of Be suits 

▲ summary of the results obtained is presented in this chapter. 

The interpretation of these results will be presented in the next 

chapter. 

Silicon Detectors 

Three diffused and four surface barrier silicon detectors were 

259 
constructed and tested. Upon irradiating the detectors with a Pu 

alpha source, all of them produced a signal except one diffused detector. 

Table I shows the results of the tests made on these detectors. 

The largest pulse height possible with a silicon crystal using 

a 5‘V+7 Mev, Pu 7 alpha source, can be calculated to be 49.5 mv. 

The pulse heights obtained with the experimental detectors were much 

less, because the bias could not be increased beyond 6 volts without 

excessive noise. Therefore the depletion layer thickness was less 

than the range of the alpha. Fig. 4 shows the voltage-current rela¬ 

tionship for surface barrier detector Ho. 2, which is typical of the 

other detectors. A high leakage current is evident at low bias. 

\1ith the surface barrier detector an effort was made to reduce 

the surface leakage by potting the crystal immediately after the 

rinsing was complete. However, during the potting some discolora¬ 

tion of the surface was noted. This was believed to be due to epoxy 

vapors. Since none of the six detectors in which potting was attempted 

would detect, these vapors evidently affected the surface so that the 
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Table I 

Basalts Obtained with Silicon Detectors 

Diffused Detector #1 

Diffused Detector #2 

Diffused Detector #3 

Surface Barrier Detector #1 

Surface Barrier Detector #2 

Surface Barrier Detector #3 

Surface Barrier Detector 

Max. Pulse 
Height (nv) 

19.0 

15.0 

No signal 

31.0 

26.0 

20.0 

28.0 

Bilse Height 
Besolution üt » 

18.0 i 

37.0* 

14.0 * 

50.0 * 

18.8 * 

17.3* 

* Defined as full width at max. 
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Carrier would not form. However, when the surface of two of the 

detectors were reprocessed after the epoxy had hardened, sods inter¬ 

mittent pulses were observed. 

Cadmium Sulfide Detectors 

After the techniques for constructing the CdS detectors were 

developed, the procedure was quite straight forward. The most diffi¬ 

cult problem in the construction was to insure the platelets were not 

broken. 

Evidently CdS does not form the surface states as readily as 

silicon because although the CdS crystals were rinsed with tap water, 

a voltage bias of 60 volts was reached before the leakage current 

excessed l/»a on most of tHe crystals. Assuming that the leakage 

current is negligible, the following table gives some characteristic 

resistivities for some intrinsic detectors, 'fliese values were obtained 

using a 20 volt bias. 

Thickness (Microns) Resistivity (ohm-ca) 

100 2.1 X 1010 

60 6.1 X 109 

^60 1.6 * 100 
Q 

Harshaw reported 6.2 x 10 ohm-ca resistivity for the CdS vapor 

phase crystal (Ref 6:14). Normally, the thicker the crystal grows, 

the higher the impurity concentration. Crystals C-J and M-l were 

produced by one distillation, whereas RS-1 was fronfa second distillation. 

Crystal 

C-3 

RS-1 

M-l 

2? 
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HS-1 ms the only second distillation crystal that was tested since 

these crystals normally don't grow large enough to be used for detectors. 

As noted earlier in the Experimental Techniques, all of the pulse 

height measurements were made in terms of millivolts. Therefore, with 

pulse heights from the CdS detector given in mv, the charge collected 

oan be calculated in each instance by q - CV. 

The input oapaoitance to the pre-amp was determined experiment« 

ally by the method described in the Experimental Tèchniques to be 

I3OO pf. Because the input capacitance was so large it was difficult 

. to measure the small capacitance of the detectors, but they were deter¬ 

mined to be lees than 200 pf. 

The data obtained with each CdS detector is presented in the 

following sections. 

Crystal No^ (NJ. The first intrinsic crystal that successfully 

detected alpha particles was C-3* Its dimensions were 100 microns 

thick and almost a cm square, which is the largest, most uniform 

crystal that was obtained. The crystal detected when either positive 

or motive bias was applied. The front terminal where the radiation 

was incident was always grounded and the bias was applied to the rear 

terminal. ftie pulse height varied with voltage (both + and -) as did 

all tho CdS detectors tested, a plot of the voltage bias versus pulse 

height for C-) is shown in Pig. 5. 

▲t a constant voltage bias, the pulse height decreased with 

time. For this reason the values of pulse height given in Pig. 5 

28 



V
o
l
v
a
ce

 
s
i
a
s
 
(
v
o
l
t
s
)
 



GNE/Phya/62-10 

were those initially observed. The following are representive datas 

(1) Positive bias, l/ith 30 volts oias the pulse height was initially 

19*3 Dv but in two minutes it decreased to about 8 mv. ävsntually 

the pulse fell below the noise level (l mv). (2) Negative bias. À 

like phenomena occurred with negative bias, except the relative pulse 

height decrease was slower. Beginning with a pulse height of 5.6 mv 

at 50 volts bias, the pulse height decreased to 2 mv in ten minutes 

and below the noise level after about 5 more minutes, (j) Zero bias. 

The voltage bias was turned off at this point and the input to the 

amplifier switched so that it would accept a negative pulse (the pulse 

normally seen with a positive bias), a 15 mv pulse was seen, fuis 

pulse slowly decreased with time so that in about 2 minutes it disappeared. 

If the polarity was reversed after the pulse height had decayed below 

the noise level, a pulse height greater than the ordinary value was 

observed initially. It then decayed in time as did all other pulses. 

If a part of the face of the crystal was masked so that only a 

portion of, the crystal was irradiated, the pulse height would decrease 

with time until it was below the noise level. But, when the mask was 

removed, a pulse presumaoly from counting in the previously masked 

region could be seen. 

ihe rate at which the original pulse attenulated could be 

increased Oarkly by rising the temperature of the crystal. ?or 

example, at 60* 2 when a negative bias of 50 volts was applied, a 

pulse hei,„ht then decreased rapidly and was at one-half its original 

value in 10 seconds. 

30 



ON^Phys/62-10 

A red light was placed in the chamber so that it could be turned 

off and on from outside. Ihe wave length of red light is long enough 

so th-t it will not excite an electron from the valence to the conduc¬ 

tion band, but will excite any carriers in the forbidden gap. ’.flien 

the red light was turned on, it caused the pulse to decrease very 

rapidly and completely disappear in 5 seconds. This occurred with 

either + or - bias. A white light would also cause the pulse to 

decrease, but not as rapidly as the red light. 

There was one characteristic that was common regardless hf how 

the pulse was lessened. After the pulse had been caused to disappear 

and to reamin below the noise level for a period time using constant 

bias, the pulse would reappear by increasing the bias slightly. 

Once the pulse height had been reduce., it would slowly recover 

after the bias was turned off. For example, after the pulse height 

had reduced to below 1 mv with a 30 volts negative bias, it took 13 

minutes at zero bias (no light) before a 2.3 mv pulse could be seen 

again at 30 volts bias. The pulse from a positive bias appeared to 

recover about twice as fast as the negative bias pulse. 

'./hen light was suone on the crystal the rate of recovery was 

increased by about 3-10 times the previous rate. Thiu increased 

rate of recovery would result from either red or white light. The 

recovery with white light was more rapid but this could be because 

of a greater light intensity since the red shield was removed. 

The crystal was lowered to about -75*? using a dry ice acetone 
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slush around the cuamber. With a positive bias, the voltage bias vs. 

pulse height relationships were the same as at room temperature except 

it was possible to go to a higher potential. At room temperature the 

maximum positive bias possibly before noise occurred was 123 volts, 

and at -75* ? it was 200 volts, ‘ifoe pulse height did decrease with 

time, but at a much slower rate than at room temperature. Also after 

a period of 1 hr the pulse reached an equilibrium point of 80/« of the 

original value and no longer decreased. 

./ith negative bias at -73* ? the voltage bias vs. pulse height 

relationships were not the same as at room temperature, but about twice 

the bias was required to obtain the same pulse height. However, it 

was possible to go to about twice the bias setting. The pulse height 

also decreased with time similar to that obtained with the positive 

bias. 

ihe c.ystal was cooled to about -230°‘P using liquid N^. At this 

temperature tne pulse height was about h*lf the value of that obtained 

at room temperature for both biases. Ihe signal also became noisy 

at a very low bias (about 50 volts), /hen the temperature was raised 

to room temperature tue original characteristics were restored. 

It was not possible to measure the resolution since the pulse 

height decreased with iLae. The voltage bias and corresponding leakage 

current also decreased with time for Doth the positive and negative 

bias. Jince the electrometer had a response time of 2C sec., the 

leakage current was taken to be the meter reading after 20 pec. This 

value is therefore somewhat low. The V-I relationship for C-3 is 
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shown in Fig. 6. 

Crystal Ho. BS-1. As mentioned bafore, Há-1 was the only 

crystal tested that was a second distillation'oryttal. However, most 

of the characteristics of C-3 wre found in BS-1. The pulse height 

decreased with time but not as rapidly as with C-3* *Tith either bias 

the pulse height would decrease about in 4 minutes. Qw relation¬ 

ship between pulse height and + or - bias is shown in Fig. 7. As was 

true with C-3, the pulse height values Were obtained as soon as the 

bias was turned on, and before the pulse had had a chance to decay. 

Light had the same effect on RS-1 as on C-3 — both with respect 

to reducing the pulse when the bias was on and restoring the pulse 

after the bias had been reduced. Also, wnen the bias was turned off, 

and the polarity of the input to the amplifier switched, a fairly 

large pulse would be seen. To illustrate, at 40 volts negative bias, 

the pulse was originally at a height of 28 mv and decreased to 13 mv 

after 3 minutes. The bias was then turned off, the input to the ampli¬ 

fier switched, and a 23 mv pulse was seen. The more .the original 

pulse was allowed to decrease, the larger the residual pulse. 

With RS-1, in addition to the pulse that had a rise time of a 

fraction of a micro-second, there were some other pulses with a rise 

time of a micro-second or more, (flie faster pulses were actually 

shaped by the pre-amp which means they had a rise time of a fraction 

of a micro-second or faster). These slow pulses were very erratic 

and ranged up to 100 mv pulse height and could be seen with either 
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positive or negative bias. However, the pulses were suiYiciently 

infrequent that the fast rise time pulses could be distinguished. 

The slow pulses appeared more prominent with the negative oias. 

In fact, when the negative bias was first turned on, i.e., when the 

detector had not previously been used for an hour or so, all that 

could be seen were slow erratic pulses. It took 3-3 minutes before 

the fust rise-time pulses could be distinguished. If the positive 

bias was turned on for about ; minutes and then the bias switched, 

the fast rise tiue pulse with tite negative bias could be seen in\ediately. 

ihe crystal was lowered to -75° ? and tite pulse witti a positive 

bias investigated. It was found that when the bias was first turned 

on that the pulse height obtained was about the same us tlv.t obtained 

at room temperature for the same bias. However, during the next 

couple of minutes the pulses increased about 7 or 8}«. Vhen the bias 

was turned off a small pulse remained, by contrast, at room tempera¬ 

ture this build up was only very .slight.and was then followed by a 

definite decrease. 

The V-I relationship for R3-1 is shown in Pig. 6. 

Crystal No. B-3. The next crystal tested was R-3* fhe pulse 

height vs. positive voltage bias for this crystal is shown in Pig. 8. 

The pulse height did not change with time as was noted with the other 

two crystal. Vhen red light was shone on the crystal, the pulse height 

decreased very slowly (about 7*fft in 10 minutes). The slow rise time 

pulse could be seen with this crystal similar to that seen with RS-1. 
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Since the ¿wise height did not vary with tine, it was possible 

to obtain the pulse height resolution for this crystal, ihe resolu¬ 

tion, shown in Fig. 9, was b.d/* The sensitive detecting area was about 

6 mm2. Ho pulses were seen with the negative bias. The voltage-current 

relationships are shown in Fig. 10. Although R-5 was constructed as 

an intrinsic detector, it can be seen fron Fig. 10 that it exhibited 

rectifying properties. 

Crystal No. C-5. One Odd junction crystal was studied. The 

pulse height vs. positive oias relationships for this crystal are 

shown in Fig. 8. Fulees could be seen only with the positive bias, 

i’he voltage-current characteristics are snown in Fig. 10. i’ne pulses 

fron the positive bias did not decrease with time, out tney did decrease 

at about the same rate as K-3 when the red light was turnea on. ihe 

leakage current decreased with time as lus been noted with ail of the 

crystals discussed thus far. 

This crystal was a large crystal aoout ¿W microns tiucic, with 

a sensitive detecting area of aoout 2; mm2. Tne pulse heignt resolu¬ 

tion was very poor - about 2^. In an attempt to improve the resolu¬ 

tion, a portion of the crystal was masked, .ith Ymm2 area exposed, 

the resolution was 1o,j and with ¿ram exposed, tne resolution wr.a )• 

„hen tiie crystal w<.s lowered to -75° Ft tne rulae nei¿ht 

. . • „ w. u t 11n nno-h If that ootained at corresponding to a given „las -as less t.ian 

roou temp .• rature. 

58 



o
f
 
C
o
u
n
t
s
 



40 



tfIíS/Phys/62-10 

Other Crystals. Five other intrinsic crystals were madet M-l, 

U-2f H-}, R-l, and R-2. fhe first four all produced a large number 

of slow rise time pulses with either positive or negative bias# fhe 

hei,;ht and number of these slow pulses varied with the crystal, 

riowevsr, no fast rise time pulses could be seen on any of them. 

Vith R-2, although the slow pulses were prédominent, it was 

just possible to distinguish the fast rise time pulses. Due to tne 

slow pulses, the pulse height of the faster pulses was difficult to 

judge, but the values obtained for both positive and negative uias 

are shown in Pig. 11. 
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V. Interpretation of Beanlta 

Silicon Detectors 

The intent of the work with silicon detectors was purely for the 

purpose of becoming familiar with solid state detectors. This was 

accomplished by fabricating some silicon detectors following standard 

techniques. Various recipes have been published for tne construction 

of silicon detectors? in this case it was convenient to use the Harwell 

Heport (Ref 3«2-4). 'The work lollowod successfully except for 

the excessive leakage current that developed in the detectors which 

will be discussed below. 

Good commercial silicon detectors have leakage currents of less 

thaw 1^4a at 50 volts bias and resolutions of li» or less. The sili¬ 

con detectors constructed in this experiment were very excessive in 

leakage currentt and were limited to a bias of 6 volts. Ihe leakage 

current was probably due to surface effects of some kind, that is, 

either ionic contamination or the forming of inversion layers. Ihis 

is indicated from the shape of the V-I curve (see Pig. *0 in that the 

p-n junction should not break down at this low bias. Also, the fact 

that the diffused junction detectors gave V-I curves similar to the 

surface barrier detectors and, of course, were constructed by a 

completely different process, indicates the surface leakage problem. 

Although the final rinse water had a resistivity of 5 meg-ohm-cm, 

there is a possibility that other impurities were present which were 

not ionic. Therefore, in view of the precautions taken to insure 
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that the crystal was not contaminated with ionic inpurities| it is 

felt that leakage was due to the formation of inversion layers on 

the silicon. 

The pulse heiijhts were much less than the 49.5 “v pulse hei^t 

expected from a Pu2^ source. However, a 6 volt bias produces a 

depletion layer only thick enouÿi to stop a 3.4 hev alpha. Therefore, 

if it is assumed that the energy lost per distance traveled is constant, 

the pulse hei :ht fron this alpha would be 33 mv. However, since dfi/dx 

is not constant, but increases aa the particle slows down, the pulse 

height expected would be slightly less than 33 a>v* Airthermore, for 

a higher energy particle, tne charge created outside the depletion 

region will contribute little to the pulse height and actually narm 

the resolution, flie reason is that some of the charge would diffuse 

into the depletion region after the other ch;.rge has been collected, 

as a result, in view of tne high leakage current and low bias voltage, 

the pulse heights and resolutions obtained are reasonable. 

Potting of the detectors in an epoxy resin was attempted to 

reduce leakage. It was later determined that some epoxy resins 

contain amines whicn impair the formation of surface barriers on n-type 

silicon. 'Ais was evidently the problem with these detectors, parti¬ 

cularly since the crystals did detect somewhat after the surface was 

recleaned. It is felt however, that successful potting is not the answer 

to the leakage problem. Hather, it is probably related to the process¬ 

ing of the crystal before the surface barrier is formed. 

at this point it was decided to drop further work on Si 

44 



Gltá/Phys/62-10 

detectors, since the original aim was only to develop suitable tech¬ 

niques for CdS detectors. Operating di detectors were constructed, 

and further refinement was not attempted. 

(inrinrium dulfide Jetectors 

'¿he results obtained from the CdS detectors clsarly demonstrate 

the phenoneru of detection of individual alpha particles. However, 

tne results indicate Üu.t the crystals tested in this work are 

limited in value for direct application as nuclear radiation detectors. 

This is pria.rily oecause the pulse height produced by the detectors 

was not proporcional to the energy of the incident particle. Two 

factors caused this non-proportionalityi 

(l) The carriers, on the average, recombined before they were 

collected at tne terminal. (This facilitated the measuraent of the 

oobility-lifetiiae product for these carriers.) (2) The pulse height, 

obtained with tne intrinsic detectors from a monoenergetic source, 

were not constant, out reduced with time. The pulse heights of both 

the intrinsic and junction detectors reduced when light was shown 

on the crystal. 

another detrimental phenomena which was present in most of the 

detectors was secondary current. This current served chiefly to 

harm tne resolution of the primary pulse. Furthermore, it resultei 

in extraneous counts, which restricted the crystal from use as a counter. 

Althea^! tne results indicate that CdS crystals, as presently 

fabricated, nave limited value as radiation detectors, certain 
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parameters of CdS were measured which are felt to be significant. 

These werei (l) the measurement of the energy required to create 

a hole-electron pair (¢) in CdS, and (2) the mobility-lifetime 

product W of holes and electrons in CdS by method not previously 

used. 

The reminder of this chapter will discuss more fully the para¬ 

meters measured and the other phenomena noted above in the following 

order, (l) determination of « and Ar, (2) secondary current, 

()) decrease of pulse height with time, temperature and light, and 

(4) other results. 

Determination of i^r. The mobility-lifetime product and 

tue energy necessary to create a hole-electron pair were determined 

from the voltage bias vs. pulse height relationships of the CdS 

detectors (set figs. 5, 7, Ö, and 11.) These parameters were 

obtained by fitting eq (5) to these experimental relationships. In 

order to do this, different values of/ut and ^ (the two unknowns 

in the equation) were inserted into eq (5)t until the curve that 

resulted hud tne same shape as the experiment plot. It was possible 

to determine both parameters since one unknown was an exponeniai 

function and the other was a linear function. 

for the six, voltage bias vs. pulse height curves obtained for 

intrinsic detectors, ^ was the same, i.e., “v* ^0°1 V 6 

could be measured as follows, ¡l'or a 5 pf capacitor, 35.^ mv is 

equivalent to l.o? x 10 ^ coulumb. Thus, since a Mev alpha 

was used as a source, the resultant value for é in Cdá is 5*2 ev/pair. 
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I&ble II shows the values for necessary to fit each of the 

experimental curves. All experimental values obtained for collecting 

electrons follow the curve quite welly accept for C-5 ^nd R-3 (Fig. 8). 

7ne latter two were junction crystals and would not be expected to 

follow eq (5) since junction detectors have varying (linear) rather 

tiian constant electric fields. Vith C-5 the junction was formed on 

tne front surface and it can be seen that the best collection and 

therefore the igarimum electric field existed at this point. Upon 

examining the plot obtained with R-3» it appears that the maximum 

field was at the rear of the crystal, indicating t. .s the rectifying 

contact was at that point. Although the field did vary within the 

*6 2 
crystal, it can be seen that/^Twas approximately 2.0 x 10 cm /rolt. 

According to *leynolds (rief 12) the mobility of electrons in CdU 

is approximately jOO dm2/V-sec. The lifetime of electrons is oelieved 

6 .7 
to be around 10 to 10 seconds, although accurate measurements have 

not been made. Phe values in this experiment are slightly lower than 

tuet indicated above. RS-1 has the largestproduct measured as 

would be expected in view of its hl.^ier purity. 

The oest experiment plot obtained with negative bias (collecting 

holes; w*s with riJ-1. (It was difficult to see the primary pulse 

below 20 volts. Note the error in tne experimental value at 15 volts.) 

Although only two points were obtained wnen collecting holes in R-2, 

the obtained agreed favorably with Rá-1 and C-}. Phe values for 

collecting nolop in J-5 did not natch the tneoretical cur/e completely. 

If the curves were matched at low bias as they were in this case, 
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Table II 

The Mobility-lifetime product for the CdS Detectors 

Cryetal No. 
Mobility-lifetime product 
_(om/volt)_ 

C-i 

electrons 
holes 

1.6 X 10-6 
3.3-; X lu 1 

HJ-1 

electrons 
holes 

2.6 X 10“6 
2.13 X lu_t> 

H-2 

electrons 
holes 

2.1 X 
1.2 X 

0-5 

electrons 2.U x 

•i-3 

electrons 2.0 x 10”^ 
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then the experimental values fell below the theoretical ou.urvs at 

higher bias. Ihe reason for this is oelieved to be that t the pulae 

had decreased with time before the hi ;her values of bias • coul».d "be 

reached. The pulse had a chance to decay in this instan«»*® ba oauae 

it was necessary to turn up the bias rather slowly or the ? ¿euec tor 

would become noisy. 

It should be noted, that the crystals that exhibited i low* values 

for ym/f when collecting holes also gave low values when co »llecsting 

electrons. This follows logically, since the number of r.-econabination 

centers for holes or electrons are related to the number • of Lnpuri* 

ties in the crystal. 

Recently, hort and Shear (Ref. Iu»3l4-)15) determine eci two 

lifetime and mobility of holes in CdS by pulsing the cryse taise vrith 
-7 

50 Rev electrons. The values for lifetime were between 11 andl > x 10 
2 

sec, whereas the values for mobility were from 1Ü to 18 cem/^-sec with 

a mean value of 15 om2/v-sec. fnerefore, an average valiui« far 

would be 3.0 x 10’° cm /volt. This compares favorably vil th <2.L x 10 

om2/volts obtained for HS-1. also the va lue of 1.2 x 10 c* /volt 

for B-2 is within the range of values obtained by hört «md Sfcte»r. 

One error in the detarminution of the mobility-lifstTUine product 

is that the charge was not all created at the surface, buu.t 0*1 the 

average of about 7 microns below the surfece. Since the crystals range 

in thickness from 60 to 100 microns, the calculated valuoas rJ are 

estimated to be too large by about 10/«. 
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3eCr.wHaT»v Current» Of jthe sevpn intrinsic crystals constructed, 

six of them displayed large, slow-rise tine pulses with either bus. 

In four of the crystals, these pulses were so prominent that the fast 

rise tine pulses could not be seen. The explanation proposed for 

this is tuat tneae pulses are fron churges tnat have been injected 

fron tue t.*minal to neutralize holes tnat were trapped. Tnis was 

the situation mentioned in the Iheory where preferential trapping 

of one of the carriers occurred before the ionized ciiarge carrier 

recombined or was collected at the terainal. The one crystal, C-), 

in wnich secondary current was not seen, probably had non-injecting 

terniniils. This type terminal results when the recombination centers 

are so nuijerous at the torminal, that carriers c-.n not pass tiirou<,h. 

second.ry current has oeen identified before in Cdá crystals 

(Hef 8»l). i'he laréçe sise and slow rise time of tne pulse results 

wnen tne electrons which are injected, pass throu ,n the crystal without 

finding tne hole. The trup,>ed hole, being immobile, can not move to 

meut tne electron. The superposition of the primary pulse on the 

secondary pulses is illustrated in r’ig. 9 f°r crystal R-J. 

Por Rò-1 all that could be seen with negative bias for tne first 

five minutes were secondary pulses, after whiefi time primary pulses 

were observed, but with positiv- bias tne pria.ry pulse could be seen 

immediately. An explanation for tais is tn.t for the firs- five 

minutes, the holes were jumping fro:.t one tr.p to another across tne 

crystal until virtu ily all the hole traps were iilied. /ith the 

traps filled additional holes would not be trapped and move un¿il 
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they either recoinuined or reached the terminal* 

PecreasinK- of rttlae rieiaht. Üf the four crystals that were 

closely examined, the two intrinsic crystals, C-5 and RS-1, showed 

a decrease in pulse height with tine, wnereas the two junction crystals, 

C-5 and R-5 did not. fhe opposite pol-rity pulse could be seen with 

tue intrinsic crystals when the bias was turned of*.. Wien light wus 

shone on tne crystals, tne pulse frou both the intrinsic and junción 

crystal decreased, but the intrinsic crystal pulse height decreased 

¡auch none rapidly. 'Ae pulse from C-5 decreased extrenely í^.8t at 

oO* C and, uotn dJ-1 and C-3 hud a very slow pulse height decrease at 

-73* ?• 

iTne appearance of tue op, osite polarity pui.ie at zero uias sug.ests 

tnat tne c<trriers Ivad be n trappeu while novint; toward their terminals, 

thereby creating a space charge} and this is the cause of the pulse 

decreucing with tine. However, the effect of light and temperature 

indicate that neutral impurities are ionized by light or high tempera¬ 

ture, and tliat tney cause the polarization in the crystal, ."hich of 

the above is actually taking place is not known, possibly both are 

occurring. In either case one would expejt light to aid in the recovery 

of tne pulse hei.'jht ao was noted in tms experiment. 

The reason tii-t the pulse height with a p-n junction dees not 

decrease with tine and decreases very slowly with li ht, is not under¬ 

stood at this time. 

Utner .tesuits. Tne pulue neight resolution lor R-5 (i?ig. 9/ 

was b.8 ) at 60 volts bi . inis is especially good consideria; the 
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seoondary ouïrent present and the fact that only 82-/ of the charge 

was collected at that Mm. Proa the appearance on the CBO of the 

pulses from the intrinsic detectors, they probably would give similar 

values for resolution. However, these resolutions could not be obtained 

since the pulse decreased with time. The resolution of C-5 improved 

drastically when the area for detection was reduced. Evidently an 

uneven distribution of impurities, thus reoomoination center«, were 

present in the crystal. 

Bie other results will be summarized with only suggested explana¬ 

tions since they are not completely understood at this timet 

(1) The leakage current decreased with time with all the CdS 

detectors. (This indicates a build up of space charge from trapped 

carriers.) 

(¿) Often the pulse height was reduced at low temperature. 

(Contact problems could explain part of this.) 

(5) with Rá-1 at -75* Ft the pulse height increased with time 

by about 8 per cent. (Here again the electric field distribution 

has evidently suifted. The cause is not known.) 

(4) The decrease in pulse height with time appeared to be 

confined to region of tne crystal th.it was being radiated. (This is 

understandable assuming the decrease in pulse height is caused by 

a build up of trapped carriers or the ionization of neutral impurity 

atoms in tne region where the radiation is incident.) 
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VI. Jonclu8iona 

rhe energy required to fora a hole-electron pair in CdS was 

3*2 ev/pair. fhis quantity has not previously been measured but 

according to Shockley, it should be proportional to the bund gap 

width. For Si and Ge, the energy required per pair is approximately 

three times the band £pp width. In CdS the band gap is 2.42 ev. Thus, 

in this ci.se the energy per pair is slightly over twice the band gap. 

The best experimental value for the mobility-lifetime product 

in CdS was 2.6 x 10* cm /volt for electrons and 2.1 x 10*° jm /volt 

for holes, although these values were ootainea by metnous not 

previously used, they agree favorably with values obtained by other 

methods. 

In view of the low mobility-lifetime product for both holes and 

electrons, the CdS crystal as presently fabricated has limited use as 

a detector. Other undesirable characteristics such as secondary current 

and tne decrease of pulse neight with time, high temperature, and light, 

further limit its usefulness. 

possible areas for further work in this field are as follows: 

(1) The values of and £ for CdS could be verified by 

studying more CdS crystals. Since only one second distillation crystal 

.iix3 studied, it wo.Id be especially interesting to investigate more 

of tnem. 

^,2) The .lechanism by wnich tho jUlse height decreased with time 

could be studied further. The effect of high temperature on the 
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junction crystals would aid in explaining this phenomena. 

( j) íhe techniques developed here could be used to determine the 

mobility-lifetime products and the energy required to form a hole-electron 

pairs for other crystals, fhe values for^^plus other characteristics 

of the crystal reali ed during the study would determine the potential¬ 

ity of that crystal as a nuclear radiation detector. 

(4) ifoe studies at low temperature (liquid N2 or lower) were 

incomplete in this work and much more information about the crystals 

parameters could be determined by further work in this area. 
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