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Low-temperature electrical conduction in germanium and

silicon has been extensively investigated by several other scientists.

Their work led to the development of a device called the CRYOSAR

which showed promise as a computer memory element because of

its nanosecond switching time, and the possibility of high packing

density, low power consumption, and high reliability.

The objective of this study was to investigate the impact

ionization of impurities in silicon at room temperature and, if pos

sible, fabricate a device similar to the CRYOSAR that would operate

at room temperature.

Gold was chosen as the impurity because of the high energy

level of the donor and acceptor impurities. From the valence band

these were 0. 35 and 0. 62 electron-volts, respectively.

High-resistivity silicon was obtained by compensating with

gold. Two types of pre-breakdown current vs. voltage
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characteristics were observed for material which was originally

n-type and was compensated with gold. For silicon, which was a

higher resistivity n-type after compensation, an effect resembling

velocity saturation was observed. For material which was p-type

after compensation, an effect resembling space-charge-limited cur

rent flow was observed.

Two types of breakdown were encountered. One with and

the other without a negative-resistance region. The breakdown ap

peared to be a bulk effect due to the impact ionization of the gold

impurities. A simple theory analogous to the breakdown in gases

was formulated, and it gave qualitative agreement with the experi

mental results. The cause of the negative resistance was not deter

mined.

Bilateral, tristable, negative-resistance switching devices

were fabricated using the phenomena of impact ionization. These

devices had turn-on times in the five to 20 nanosecond range. They

show possibilities as useful devices because of their simplicity of

construction, operation at room temperature, and fast turn-on

time.
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IMPACT IONIZATION IN GOLD-DOPED SILICON

I. INTRODUCTION

Low-temperature electrical conduction has been studied in

germanium and silicon by several scientists. Of prime interest are

the studies on impact ionization of impurities in these materials

(2, p. 138-141). At low temperature, a few degrees Kelvin, the

impurity atoms are essentially not ionized and the material has a

high resistivity because there are very few carriers in the conduc

tion or valence bands. If an electric field is then applied across

the device there will be an ohmic increase of current with voltage

until a critical breakdown voltage is attained. At this voltage an

impurity avalanche will occur which is due to impact ionization of

the impurity atoms by the few free carriers. These breakdown

characteristics (Figure la) are the same in both directions and are

non-destructive (15, p. 6).

In germanium a negative-resistance region was obtained

after breakdown by using compensated germanium. This led to the

development of the CRYOSAR, which was a bilateral device having

ohmic contacts and two negative-resistance regions which occurred

after breakdown (Figure lb), one in the positive and the other in the

negative-voltage regions. This device had a switching time of a few

nanoseconds (13, p. 1207-1213). Because of its simplicity, it
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n-Type Silicon at Room Temperature.



showed promise as a computer memory device with high reliability,

high packing density, and low power consumption (14, p. 100-105).

The objective of this study was to investigate theoretically

and experimentally the impact ionization of impurities in silicon at

room temperature and, if possible to fabricate a device similar to

the CRYOSAR (11).



II. INTUITIVE MODEL

In order to facilitate a better understanding of impact ioniza

tion of impurities, a simplified model of this process will be dis

cussed. Consider the case of n-type silicon in which the majority of

the impurities are not ionized at room temperature. The impurity

is shown in Figure 2, with four electrons making bonds with the sili

con lattice, and the fifth electron is assumed to be revolving about

the positive nucleus in a manner analagous to the Bohr hydrogen

atom. A few electrons will be free because of thermal ionization.

If a voltage is applied across the material, these few free electrons

will gain energy from the field until they have gained enough energy

to ionize the bound electrons by impact. After ionization the elec

tron would be in the conduction band and thus free to travel through

the crystal lattice. This model describes what is then meant by the

expression, impact ionization of impurities. If the ionized electrons

could also ionize by impact, an avalanche multiplication would occur.



III. SIMPLIFIED MODEL AND THEORY

In the literature, two methods have been used to calculate the

critical breakdown field in silicon and germanium. One approach

used an ionization and recombination argument and resulted in a

breakdown criterion which required the experimental determination

of an ionization coefficient and a recombination coefficient (9,

p. 986-988).

The second method applied the Townsend theory of electrical

breakdown in gases to electrical breakdown in p-n junctions (12,

p. 877). Because of the high field and short distance across a p-n

junction, the recombination was neglected as it was in the Townsend

theory. For p-n junctions, the electrons in the conduction band cor

responded to free electrons in the gas, and holes in the valence band

corresponded to positive ions. Thus, the feedback mechanism re

quired to establish a breakdown criterion was provided by the holes

in the valence band, which were capable of ionizing by impact as

well as the electrons (1 2, p. 884).

Therefore, it was possible to apply the theory of electrical

breakdown in gases to the electrical breakdown in p-n junctions and

obtain agreement with the experimental data (1 2, p. 879).



With field intensified ionization by both electrons and positive

ions in a gas, the current is described by the following equation for a

simple one-dimensional case (3, p. 154).

„. (a-B)x
Equation 1 j = j

o (a-p)x
a-pe

j = current density at any point x, amp/cm

2
j = saturation photoelectric current, amp/cm

a = 1st ionization coefficient =

number of ionizing collisions by electrons
cm of path in direction of field

2nd ionization coefficient =

number of ionizing collisions by positive ions
cm of path in direction of field

The breakdown criteria is given for the case of j = oo, which

occurs as the denominator approaches zero.

Equation 2 a-pe = 0

If only one carrier could ionize by impact, the equation would

ax
be of the form i = i e , and no simple breakdown criteria would

Jo

exist as in the case of Equation 1. The Townsend theory has been

applied directly to solids in the case of p-n junctions with

a = ionization coefficient for electrons

P = ionization coefficient for holes
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In the case where the bulk silicon is ionized hole-electron

pairs are created, and in the simplest case a =" p . In order to

obtain useful data, the substitution of a = p is made at the beginning

of the derivation and the following relation is obtained (12, p. 878):

,w

dx
M

i rw
Equation 3 1 = \ a

M

M = multiplication factor

W = thickness of the junction

a = ionization coefficient

A simple theory for breakdown in gold-doped silicon was for

mulated using the method employed in the electrical breakdown in

gases. In order to apply the gas theory to the impact ionization of

impurities, it was necessary to make the following assumptions:

1. The gold impurities acted as either donor or acceptor

levels and both were present in the silicon at the same

time.

2. The majority of the gold donor and acceptor impurities

were not ionized at room temperature, and the breakdown

was due to the impact ionization of these impurities.

3. Any donor or acceptor impurities of normal ionization

energy (0.01 ev. etc.) would be ionized at room temperature

and would effect the breakdown only by their influence on

the Fermi level.



4. The electric field between the contacts was uniform.

5. The Fermi statistics were applicable in the pre-breakdown

region.

6. P = electrons/hole/cm. Actually in this problem,

P =holes/hole/cm and since the number of electrons does

not equal the number of holes, this is only a crude approx

imation.

When comparing the impact ionization of impurities with that

of the silicon atoms, it should be noted that the impurities, when

ionized, contribute only an electron or a hole, depending on their

type, and not electron-hole pairs as would be the case for the bulk

material (Figure 3). For the example shown in Figure 3 the ionized

donor contributes an electron to the conduction band, but the posi

tive charge it leaves behind is bound and does not contribute to the

conduction as a hole. Likewise, an ionized acceptor contributes a

hole to the valence band, but the excess negative charge, due to the

extra electron at the acceptor atom, is bound and does not contribute

to the conduction. Thus the impact ionization of the impurity creates

a conduction electron or hole, depending on its type, but not both as

would be the case for the ionization of a silicon atom.

Inspection of Figure 4 will show that the acceptor levels can

accept electrons from the conduction band and the valence band.
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Likewise, the donor levels can donate electrons to the conduction

band and the valence band. The theory was formulated for two cases.

In case one, the donors were assumed to donate electrons to the

conduction band and the acceptors accepted electrons from the va

lence band. For case two, the donors donated electrons to the va

lence band and the acceptors accepted electrons from the conduction

band.

In thermal equilibrium, holes and electrons are continually

generated so that both types of carriers will be available for field

acceleration and the resulting impact ionization. From the theory

of electrical breakdown in gases, the condition for breakdown was

given by Equation 2. This equation was applied to solids by insert

ing an approximate expression for a and p. The breakdown condi

tions for the two cases described are given below. (3, p. 148)-

Case one
-v /el

1 a d
Equation 4. a = e

Ld

-V /EL
1 a a

Equation 5. p = e
L

a

V, = .81 volts
d

V = . 62 volts
a

L , = distance between gold donors

L = distance between gold acceptors =IN j
*M~\
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N.\ . /N,l 4Equation 6. -L U-j 3 in _1 +_L [V^j 3Vj
\ a' v a a

Case two

1 V V
NJ\3 -VJ(NJf/E V (N )3/E

d d a a
e - e©
-V /EL

^ 1 a a
Equation 7. a = -— e

L
a

-vd/ELd
Equation 8. p = e

Ld

V = . 54 volts
a

VJ = .35 volts
d

Eq-tion 9. -± 0)3 Jn (!ji) +̂ [Vd-(^)! Vj
d d d

1 ]/3 y3N \4 - V (N ) /E -V,(N r/E
a \ 3 a a d d

^1 e
where:

X = distance between contacts

r\j - 3
N = concentration of gold acceptors = (L )

a a

rv - 3N, = concentration of gold donors *= (L )
d °-

V = ionization potential of gold acceptors
a

V. = ionization potential of gold donors
d

E = electric field

e = base of natural logarithm
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Examination of equations 6 and 9 showed that E varied with

N /N and X. The variation with X was unexpected, because nor-
d a

mally this type of breakdown is thought to occur for a constant elec

tric field.

The theoretical variation of E with N,/N for the two cases
d a

7 16( X = 10 cm, Na + Nd = 8 x 10 ) was plotted in Figure 5 along

with the experimentally determined E as a function of resistivity.

The values of N /N were assumed to correspond to the experimen-
d a

tal values of resistivity to indicate qualitative agreement with the

experimental results. It must be emphasized that the ratio N /N

was not determined experimentally, and therefore the theory can

only be considered to give qualitative agreement with the experi

mental results. A quantitative agreement can only be justified when

N,/N has been determined experimentally,
d a

The theoretical breakdown voltage for both cases was plotted

_3
against X in Figure 6 for a value of N,/N =10 which corre

sponded to a resistivity of 103 ohm-cm. It can be seen that there

was qualitative agreement, and this would seem to give some justi

fication to the assumed correspondence between Nd/N& and the re

sistivity.

An attempt was made to find the relation between Nd/N&

and the resistivity by using the charge neutrality law and the expres

sion for the number of gold donors and acceptors. For material
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which was originally n-type, the expression for charge neutrality is

written below:

Equation 10. n + Nafa - p + Nd (1 -fd) + Nd (l-fd)

Equation 11 also Na + Nd = N

where n = number of electrons in conduction band

p = number of holes in valence band

N, = number of donors with low ionization energy (0.01 ev

1 etc. )

N = concentration of gold donors
d B

N = concentration of gold acceptors
a

f = probability of gold acceptor level being occupied

f , = probability of gold donor level being occupied

f = probability of low ionization energy donor level
1 being occupied

N = total concentration of gold impurities

When equations 10 and 11 were solved for N and N for the

values of observed resistivity, the value of N was negative. This

meant that N was greater than N. These results did not appear to

correlate with the physical model and no error could be found in the

calculations. Further work is required in order to determine the

relation between Nd/Na and the resistivity.
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In the above discussion it was possible to apply the Townsend

theory of electrical breakdown in gases to the impact ionization of im

purities in silicon and obtain qualitative agreement with the experi

mental results for the two cases described. Since the two different

models described by the two cases gave nearly the same results, it

was not considered appropriate to consider one to be more accurate

than the other.
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IV. EXPERIMENTAL RESULTS

A. Material Selection and Preparation

In order to have an impurity avalanche it was necessary to

select an impurity which had a high energy level so that the majority

of the impurity atoms would not be ionized at room temperature.

Gold was selected as the impurity to be studied in silicon because of

its high acceptor and donor energy levels.

For gold impurity atoms in silicon, the energy level for ac

ceptors is 0. 54 electron-volts from the conduction band, and for

donors it is 0. 35 electron-volts from the valence band (Figure 4).

The acceptor levels lie practically in the center of the forbidden

gap. In contrast, an impurity such as antimony in germanium has

a donor level of 0.01 electron-volts from the conduction band, thus

lying very close to the conduction band. Because of these high ac

ceptor and donor energy levels, it should be possible to compensate

doped silicon with gold impurities until the Fermi level is in a posi

tion where the majority of the gold acceptor or donor atoms are not

ionized at room temperature. Thus the concentration of holes or

electrons would be reduced, and it would be possible to obtain high

resistivities by compensating with gold.



17

Because the majority of impurity atoms are not ionized, it

should be possible to obtain impact ionization of impurities in sili

con at room temperature. This should occur at a critical break

down field and be non-destructive. The impurity avalanche should

be analogous to that observed in germanium and silicon at low tem

perature.

Another reason for choosing gold as an impurity was its high

diffusion constant. By vacuum evaporating gold onto both sides of a

wafer, 0.015 inch thick, and diffusing for 15 minutes at 1200 C, the

gold would be uniformly distributed throughout the sample. This

made it very convenient to compensate silicon with gold and thus

make samples of varying resistivity. The concentration of electri

cally active gold in silicon was varied greatly by the manner in

which the sample was cooled. The concentration ranged from a

maximum concentration of electrically active gold, by quenching, to

a minimum concentration, by slow cooling (1 , p. 11).

The silicon samples were compensated in the following man

ner: n-type silicon of normal impurity content was lapped and

cleaned. Gold was vacuum evaporated on both sides of the sample

and then it was diffused-in for one hour at 1200 C and air cooled.

In order to obtain a variation in resistivity, samples of n-

type material of resistivity ranging from one to 200 ohm-cm were
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compensated with a relatively constant amount of gold to obtain

5
samples which, after diffusion, ranged in resistivity from 10

ohm-cm n-type to 6 x 10 ohm-cm p-type.

Checks were made to determine if the resistivity varied with

thickness. As shown in Figure 7, for n-type silicon compensated to

p-type with gold, the resistivity did vary in some cases. This was

determined by lapping the sample and taking measurements with a

four point probe. Additional data was obtained by calculating the

resistivity when the contact area, thickness, and voltage vs current

characteristics were available.

Since no extraordinary cooling precautions were taken, it

can be explained qualitatively by considering the outside to cool

faster than the inside. As a result, the outside would have a greater

concentration of electrically active gold than the inside. Thus, the

outside would tend to be of lower resistivity than the interior.

B. Pre-Breakdown Effects

Some difficulty was encountered in making ohmic contact to

the gold doped silicon. The best results were obtained for the sili

con which was compensated from low to high resistivity n-type.

These contacts were made by alloying to the silicon small contacts

of gold doped with antimony.
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For low fields this gave a good ohmic contact. If the voltage across

the device was increased far enough, a deviation from ohmic charac

teristics was noted (Figure 8) which appeared to be a velocity satura

tion effect, similar to that found in the "avalanche injection diode"

(7, p. 167).

Non-ohmic behavior was noted in making contact to the n-

type silicon which was p-type after compensation. Non-linear ef

fects resembling those of space-charge-limited current flow were

noted for alloy contacts (gold doped with gallium) or metal to semi

conductor contacts (nickel plate)(l 8, p. 768).

The characteristics of a device with nickel plated contacts

2
are shown in Figure 9, along with a line J ccV . The same material

with aluminum alloy contacts is ohmic until either a heating effect

or a breakdown is encountered. Thus, the space charge effect ap

pears to depend on the contacts rather than the bulk material.

C. Breakdown Effects

When investigating the breakdown region, it was sometimes

necessary to use pulsed measurements to obtain the current vs.

voltage characteristics, because some devices were observed to

overheat. However, there were other devices that did not overheat

and these were checked on a Tektronix 575 curve tracer.
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Two main types of breakdown characteristics were observed,

those without a negative-resistance region and those -with a negative-

resistance region (Figure 10). The negative-resistance region was

observed most consistently in those samples which had gold alloy

contacts.

Contacts were made to three different types of surfaces.

While minor variations were introduced, they did not seem to have

a major effect. The three types of surfaces were 1) lapped, 2)

etched in potassium hydroxide, and 3) etched with CP-5. The lap

ping gave a dull, rough surface; the potassium hydroxide is a pre

ferential etch and gave a shiny "waffle-like" surface; and the CP-5

gave a flat, shiny surface.

The breakdown field as a function of resistivity and the break

down voltage as a function of the spacing between contacts are shown

in Figures 5 and 6, respectively. These figures were for silicon

compensated from n-type to p-type. The contacts were made by

alloying aluminum to the silicon. These contacts were ohmic until

either breakdown or heating effects were encountered.

Within the limits of the experimental error, the breakdown

field did not appear to vary significantly with the contact material

provided the contacts were not rectifying. Some minor variations in

the breakdown field were observed but these could not be directly
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attributed to the contact material.

D. Switching Characteristics

In the devices which demonstrated a negative-resistance re

gion, the turn-on and turn-on-delay times were measured as a func

tion of over-voltage. The turn-on time is defined as the time inter

val when the device is unstable or changing states (Figure 11). This

corresponds to the time it takes for the device to breakdown and go

into its avalanche or low impedance state.

After the applied pulse reached its maximum value, there

was a delay before the device started to turn on, and this was called

the turn-on-delay time. Since the device would break down at a cer

tain voltage, any excess of voltage over the normal breakdown volt

age was designated as over-voltage.

The circuit for measuring the above parameters is shown in

Figure 11, with a schematic representation of the definitions of these

three parameters. A square wave generator was used to apply a

pulse across both the device and a series limiting resistor. The

generator was terminated in its characteristic impedance by use of

a resistor in parallel with the generator. The voltage across the

device was then measured as a function of time with a Tektronix 585

oscilloscope.
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As the applied voltage just reached the critical breakdown

voltage, the turn-on time and turn-on delay time could be quite un

stable and could vary considerably. As the voltage was increased

beyond the critical voltage, the device would stabilize and the turn-

on time and the turn-on delay time would decrease. The turn-on

delay time approached zero and turn-on times were obtained in the

five to twenty nanosecond range.

A bilateral, negative-resistance, three state device was

fabricated using this material. Ohmic contacts were made to both

sides of gold compensated n-type material by alloying with gold

doped with antimony. The voltage versus current plot obtained from

pulsed measurements is shown in Figure 12. The pre-breakdown

current reached a maximum of ten microamps. The turn-on time

was of the order of twenty nanoseconds.

E. Summary of Experimental Results

5
1. Silicon ranging in resistivity from 10 ohm-cm n-type to

2
6x10 ohm-cm p-type was obtained by compensating

with gold.

2. Ohmic contact was made with the silicon by alloying

aluminum to the p-type silicon and gold doped with anti

mony to the n-type.
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a. Effects resembling those of velocity saturation were

observed in the n-type material

b. Effects resembling those of space-charge-limited

current flow were observed for gold doped with

gallium alloyed to p-type silicon or nickel plated

contacts on the p-type material.

3. Two types of breakdown were observed, one with a nega

tive-resistance region, the other without. The negative-

resistance region appeared most consistently when gold

alloy contacts were used.

4. The breakdown field was dependent on resistivity and

appeared to be independent of the surface of the silicon

(CP-5, KOH, lapped) and the contact material (aluminum,

gold-gallium, nickel plate).

5. Turn-on times of five to twenty nanoseconds were ob

tained. The turn-on time decreased with increasing

over-voltage.
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V. DISCUSSION OF RESULTS

From the experimental data, it was possible to infer that the

breakdown was a bulk effect, due to the impact ionization of the gold

impurity atoms. The following reasoning was used to reach this

conclusion.

The breakdown field did not appear to vary significantly with

the contact material (Al, Au-Ga, Nickel plate) or the surface (CP-5,

KOH, lapped). No change in breakdown field was noted for a sample

with a conducting guard ring around one contact to keep the contact

and the adjoining surface area at the same potential. From these

observations, it would appear that the breakdown was primarily a

bulk effect rather than a surface or contact effect.

The mechanism for the increase in current with voltage was

obtained by eliminating terms from the following equation:

J =o-E = e(u. n+u p)E
^n 'p '

u. = electron mobility
"n

u. = hole mobility
P

n = concentration of electrons

p = concentration of holes

e = electronic charge

E = electric field
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Because the geometry was approximately parallel plate and the re

sistivity was approximately uniform, the electric field was assumed

to be uniform and would increase linearly with the applied voltage.

Thus, the electronic charge (charge does not vary with voltage) and

electric field can be eliminated as causes for nonlinear current vs

voltage characteristics.

Because of the lack of equipment, it was not feasible to

measure the mobility in the breakdown region. Studies on impact

ionization of impurities (impurities other than gold) in silicon and

germanium at low temperatures, show that the mobility did not in

crease after breakdown (2, p. 138-141)(15, p. 8). At room tempera

ture, the lattice scattering predominates over impurity and ionic

scattering (1 6, p. 297). From the work of Aitchison, it was shown

that the mobility in gold doped silicon decreased, after reaching a

maximum near room temperature (1, p. 22). Thus, it was assumed

that the rapid current increase with voltage at breakdown was not

due to an increase in mobility.

By the process of elimination, the increase in current must

be due to an increase in carriers. The increase of carriers could

be due to heating, injection or impact ionization of impurities.

_q

Because of the fast turn-on time of the devices 10 second,

the possibility of heating seems unlikely. Heating in this context
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means the raising of the temperature of the lattice.

The breakdown field did not appear to vary with the area of

the contacts, the contact material, nor the surface. These para

meters should have had some effect on the breakdown, if it were

due to injection. In addition, the voltage at which the injection be

came significant should vary approximately as the square o£ the

distance between contacts (10, p. 1789). The experimentally ob

served variation was linear. Thus, it seems reasonable to eliminate

injection as the breakdown cause.

The breakdown for bulk silicon is in the 100, 000 volt range.

Since the observed breakdown field is much lower and was calcu

lated qualitatively from the proposed theory for impact ionization of

impurities, it seems reasonable to infer that the breakdown is a

bulk effect, due to the impact ionization of the gold impurities.

The pre-breakdown characteristics were influenced by the

contact material for the silicon which was p-type after compensation.

Aluminum contacts were ohmic while gold-gallium and nickel plated

contacts appeared to be influenced by a space-charge effect. The

space-charge effect appears to be a contact effect rather than a bulk

effect.

The simplified theory gave qualitative agreement with the

observed experimental results for the variation of the breakdown
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field with the resistivity and the breakdown voltage with the contact

spacing.

The negative-resistance region appears to depend to some

extent on the contacts, because it was not observed in samples with

nickel plated contacts. It was most prominent and consistently ob

served in samples with gold alloy contacts. However, in some

cases, the magnitude of the negative resistance did appear to de

pend on the bulk material. As a result, the parameter influencing

the negative resistance remains to be found, and no definite conclu

sion can be reached about the negative resistance being a CRYOSAR -

like effect (13, p. 1207).

The turn-off time was not measured for the switching devices

which were fabricated. There was some speculation as to whether

it was shorter or longer than the turn-on time. Because of the high

gold concentration the lifetime was thought to be short, which would

then give a fast turn-off time. However, the effect of traps might

tend to make the turn-off time quite long. Since the turn-off time

was not measured easily with the equipment used for measuring the

turn-on time, the question remains unanswered.
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VI. CONCLUSIONS

High-resistivity silicon could be obtained by compensating

n-type silicon with gold. It was possible to compensate n-type silicon

(200 ohm-cm) to p-type silicon, with a resistivity as low as 6 x 102

ohm-cm.

Two types of pre-breakdown effects were observed; one re

sembled velocity saturation (low resistivity n-type compensated to

high resistivity n-type) and the other resembled space-charge-limited

current flow (n-type compensated to p-type).

Two types of breakdown were observed, one with and the

other without a negative-resistance region. The breakdown appeared

to be a bulk effect, due to the impact ionization of the gold impuri

ties. A relatively simple theory was proposed which predicted the

Ndqualitative variation of Eg with and VR with X. The negative
a

resistance was sometimes difficult to attain and varied from a small

effect to one which was quite pronounced. The critical parameters

and the mechanism controlling the negative resistance remain to be

found. As a result, no definite conclusion can be reached as to

whether or not a CRYOSAR effect was observed.

Negative-resistance, bilateral and tristable devices were

fabricated using the phenomena of the impurity avalanche caused by
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impact ionization. Turn-on times in the five to twenty nanosecond

range were measured. The turn-off time was not measured and

could be either fast or slow.
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VII. RECOMMENDATIONS

The possibility of fabricating a switching device with a fast

turn-on time has been demonstrated in this thesis. A substantial

amount of work is still required in order to make the device useful.

Some of the following areas need further study.

1. The correlation between N ,/N and the resistivity should

be measured experimentally so the quantitative agreement between

the proposed theory and the experiment can be determined.

2. The parameters affecting the negative resistance should

be determined, so that the devices can be produced with a satisfac

tory yield.

3. The turn-off time of the device should be measured, so

that the device can be evaluated for its usefulness as a fast switching

device.

4. The effects of temperature on the various device para

meters should also be determined.



34

VIII. BIBLIOGRAPHY

1. Aitchison, R. E. An experimental investigation of the energy
levels of copper and gold in silicon and a search for accom
panying impurity band conduction. Stanford, California,
Stanford Electronics Laboratories, August 31, I960. 28 p.
(TechnicalReport.no. 211-2)

2. Bok, J., J. C. Sohm and A. Zylber sztejn. Ionisation par choc
des impuretes dans le silicium. In: Proceedings of the
International Conference of Semiconductor Physics, Prague.
New York, Academic Press, I960, p. 138-141.

3. Cobine, James D. Gaseous conductors. New York, Dover
Publications, 1958. 606 p.

4. Collins, C. B. , R. O. Carlson and C. J. Gallagher. Properties
of gold doped-silicon. Physical Review 1 05:1 1 68-1 1 73. Feb.
15, 1957.

5. Dekker, Adrianus J. Solid state physics. Englewood Cliffs,
N. J., Prentice-Hall, I960. 540 p.

6. Holonyak, Nick Jr. Double injection diodes and related DI
phenomena in semiconductors. Proceedings of the Institute
of Radio Engineers 50:2421-2428. Dec. 1962.

7. Jonscher, A. K. Physics of semiconductor switching devices.
Progress in Semiconductors 6:166-172. 1962.

8. Kittel, Charles. Introduction to solid state physics. 2d ed.
New York, Wiley, 1956. 61 7 p.

9. Koenig, S. H. Rate processes and low-temperature electrical
conduction in n-type germanium. Physical Review 110:986-
988. May 15, 1958.

10. Lampert, Murray A. Injection currents in insulator s .

Proceedings of the Institute of Radio Engineers 50:1781-
1795. Aug. 1962.



3 5

11. Looney, J. C. , Assistant Professor of Electrical Engineering,
Oregon State University. Private Communication. 1962-63.

1 2. McKay, K. G. Avalanche breakdown in silicon. Physical
Review 94:877-884. May 15, 1954.

13. McWhorter, A. L. and R. H. Rediker. The CRYOSAR - A new

low-temperature computer component. Proceedings of the
Institute of Radio Engineers 47:1207-1213. July 1959.

14. Rediker, Robert H. and Alan L. McWhorter. Compound
cryosars for low-temperature computer memories. Solid
State Electronics 2:100-105. Mar. 1 961 .

15. Sclar N. and E. Burnstein. Impact ionization of impurities in
germanium. Physics and Chemistry of Solids 2:1-23.
Mar. 1957.

16. Shive, John N. Semiconductor devices. New York, D. Van

Nostrand, 1959. 487 p.

17. Shockley, William. Electrons and holes in semiconductors.
New York, D. Van Nostrand, 1950. 558 p.

18. Sullivan, M. V. Electroless nickel plating for making ohmic
contact to silicon. Journal of the Electrochemical Society
104:226-230. Mar, 1957.




