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CHAPTER I 

INTRODUCTION 

Second breakdown is a form of electrothermal instability in p-n 

junction devices which is characterized by a sudden, often discontinuous, 

drop in the voltage across the device with a simultaneous increase in 

current through the device. This is illustrated in the diode character

istics of Figure 1. This phenomenon in semiconductor junctions has been 

intensively studied in the past decade, with the various theories having 

as their common basis the formation of current nonuniform!ties which can 

carry a localized portion of the device into operating regions where 

second breakdown occurs. Schafft published an excellent review of the 

work done on second breakdown up to 1967, and the body of the work seems 

to indicate that second breakdown is thermal in origin. This conclusion 

was, in part, based on thermal studies at the surface of p-n junction 

devices using heat sensitive emulsions, whose transmittance varies in 

response to local temperature changes. This method, however, was too 

slow to provide any clues to the order of events that take place when 

second breakdown occurs. 

Excursions of devices into second breakdown, in practice, usually 

result in degradation of device characteristics. Second breakdown need 

not be destructive, however, and has been studied using short, controlled 

current pulses at low repetition rates. Figure 2 shows the current, 

voltage, time (I-V-T) characterization of second breakdown under the 

influence of voltage pulses. In most devices, second breakdown docs not 

take place instantaneously, but only after the device has been at the 

operating point for a certain period of time; which is termed the "delay 

time." The delay has been found to be inversely proportional to voltaf,e 

for a given current indicating an energy dependence in the Ireakdown 

mechanism. This led to the idea of a minimum "critical energy" rather 

than a "critical temperature" needed to produce transition into second 

breakdown, and lent further credibility to a thermal mechanism for 

second breakdown. 

More recent studies have coupled thermal resistance measurements 
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Fig. 2 V-I-T Characterization of second breakdown upon application of 
short voltage pulses. Illustration of delay time D. 



3 

with optical observations to show the importance of current filacentation 

in the second breakdown process. Current filamentation is a nonlinear 

phenomenon whereby a region of nearly uniform conductance switches to a 

state where the conductance of a particular filament greatly exceeds that 

of the surrounding material. The initiation of these nonuniformities 

has been ascribed to debiasing effects, lateral thermal instabilities, 

and space-charge effects from high densities of free-charge carriers."^*^ 

The latter, nonthermal effect, normally involves a concentration gradient 

that arises from the junction configuration assunjed. However, second 

breakdown has been shown to be a very general phenomenon, not one that is 

unique to specific geometries.^'^® 

The general problem in studying second breakdown is in obtaining a 

clear picture of the order in which these various events take place. 

Current filaments are usually buried deep within the sample, so that a 

time correlation between optical, thermal, and electrical measurement is 

impossible. In the past few years a group of researchers have used a 
23 36 U9 

stroboscopic technique ' ' on thin film SOS diodes. This technique 

uses the changes with temperature of the optical transmittance of visible 

light through thin silicon films (less than one micron) as a real time 

temperature sensor. A series of pictures can then be made that are tine 

correlated to the voltage and current waveforms. This technique has 

provided for the first time an evaluation of the order of everts in 

second breakdown. Due to the highly specific nature of the junction 

devices used, it would be difficult to extend the results in such a 

general manner to bulk devices as these resecirchers have done. This work, 

however, has associated heretofore unnoticed aspects of the voltage 

waveform in constant current pulsing with the occurrence of definite 

physical events within the junction structure. For example, a subtle 

fluctuation in the voltage waveform was found to be coincidental with the 

nucleation of small current channels. This is an important physical 

event in many theories of second breakdown, but had never been linked to 

any observations of the voltage waveform. These results will be discussed 

in greater detail in Chapter IV. 

The physical events of second breakdown (current channeling, etc.) 



can take place at different locations within the junction area during any 

single transition into second breakdown conduction. The breakdown sites 

usually occur in reproducible configurations for a given input power, and 

no satisfactory explanation has yet been given for this behavior. These 

sites may be undetectable crystal defects, or possibly be a characteristic 

of heat flow for a particular junction geometry. Junctions that have 

all of their second breakdown activity confined to a single, small region 

have never been studied. A diode was therefore constructed that had this 

characteristic, and measurements were made to see how the breakdown 

behavior of this junction compared with previously published results on 

other devices. This was accompjished by fabricating a junction device 

that confined the current nonuniformities of avalanche breakdown to a 

single point within the junction. These current nonuniformities that 

occur during avalanche breakdown are known as microplasmas, or hot spots, 

and may become the site of second breakdown if the current localization 

is sufficiently great. Structural defects within the crystal lattice 

are promising sites for microplasma generation, but it has been demon-

strated that such sti'uctural defects have no effect on second breakdown. 

However, microplasma formation can occur at sites which are not detoctible 

by x-ray analysis, and since a microplasma initiation mechanism can be 

important, second breakdown can occur at sites which will provide no 

observable correlation with structural defects. In order to study the 

second breakdown characteristics of a single breakdown site a p-n 

junction was fabricated that had a substantial crystal defect, which 

would become the site of a single microplasma. A square of alurrinum was 

alloyed into (1,0,0) silicon, and the resulting pyramidal junction had a 

diode structure whose breakdown behavior was dominated by the microplasm.a 
22 2U 

formed at the apex. The pulse techniques of Nigrin and Chiang were 

used to determine the internal temperature of the junction prior to 

second breakdown, since the area of second breakdown formation is still 

hidden within the bulk semiconductor. The voltage waveform produced by 

constant current pulsing was viewed with the aid of a differential 

voltage comparator. This was an improvement over previous work because 

by floating the voltage waveform over a hundred volts in a precise 



manner, the important features riding on top of the waveform could be 

observed on a more sensitive scale. An additional improvement over 

previous work was the recording of fast waveform events with a storage 

scope. These electrical observations were compared with the results of 

Sunshine and Budenstein, et al. This report contains in the first two 

chapters, the theory of the pulse temperature measurements and documen

tation on the construction of the pyramidal-shaped junction. This is 

followed by a summary and discussion of the results. Finally, the 

results of this work are related to the results of others, as well as to 

second breakdown as a whole, in the final chapter. A supplement to 

Shafft's 1967 bibliography on second breakdown is also included. 



CHAPTER II 

THEORY OF MEASURE^3:NTS 

In order to identify the mechanism that triggers second breakdown, 

an accurate junction temperature measurement should be obtained at the 

threshold of thermal breakdown. Temperature sensitive parameters of a 

p-n junction are the best indicators of average junction temperature. 

Some of these are the voltage drop across a forwai'd-biased junction under 

constant current condition, the junction avalanche breakdown voltage, and 

the saturation current of a reverse-biased junction ur.dcr constant 

voltage condition. Figure 3 illustrates the change in shape of the 

characteristic curve for a junction diode with temperature. The changes 

with an increase in temperature indicated are the increase of reverse-

saturation current, the increase of forward-conduction current, the 

decrease in reverse incremental resistance, and the increase in the 

avalanche breakdown voltage. The latter of these will be used to deter

mine average junction temperature prior to the onset of second breakdown. 

Two methods, previously cited in the literature, will utilize pulse 

techniques to sample the junction temperature, at a point within the bulk 

semiconductor. 

Double Pulse Technique 

22 

This method was first used by Nigrin in the study of avalanche 

voltage transients. These measurements utilize the followiiig character

istics of the avalanching p-n junction: a) the avalanche current drops 

virtually to zero level and subsequently becomes very unstable and noisy 

as soon as the diode voltage equals the junction breakdown voltage and 

b) the junction voltage increases with temperature. The instantaneous 

junction breakdown voltage is measured by means of a sampling pulse of 

such polarity and amplitude that the diode current at the pulse leading 

edge is on the verge of nonconduction. If this pulse resetim.e is less 

than 25 nS, the diode current and diode voltage follow an isothermal I-V 

characteristic so that the instantaneous junction breakdown voltage can 

be measured. 

The actual junction temperature, T-, is higher than the measured 

6 
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Fig. 3 Effect of temperature on diode characteristics 
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temperature, T^, because of the nonzero power dissipation at the junction 

during the measurement. To obtain the correct temperature dependence of 

the breakdown voltage, the thermal resistance, 6, between the diode 

junction and heat sink must be known. It is defined by 

^J2 - h i " CVjIj - V^I^] (1) 

where T^^ is the average junction temperature corresponding to the average 

junction power dissipation, V„I,,. 
N N 

To measure the junction temperature, a pair of pulse generators are 

used as shown in Figure 4. A value of reverse current and the corre

sponding diode voltage is chosen to define the breakdown voltage. The 

voltage waveform applied to the diode consists of a short sampling pulse 

superimposed on a slightly longer bias pulse. Their repetition rate and 

width are small enough so that they do not affect the average thermal 

conditions of the junction. The sampling pulse polarity is such that 

the diode bias voltage is reduced towards the instantaneous breakdown 

voltage, Vg[Tj(t)]. To avoid the instabilities associated with the onset 

of avalanche breakdown when the diode voltage increases above the 

instantaneous breakdown voltage level, the bias pulse amplitude is 

greater than the breakdown voltage level, and is reduced to the defined 

breakdown voltage level with the shorter sampling pulse. If the amplitude 

of the sampling pulse is so adjusted that the current at the pulse leading 

edge just touches the defined reverse current level, then the differential 

voltage across the diode will be Vjj[T,(t-)]. The breakdown voltages for 

several temperatures are then measured and plotted as a first approxi

mation to the junction temperature, T,(t). Correction factors for the 
1 1 

two junction temperatures, T. and T. , which are not far apart, are 
almost identical and the junction thermal resistance, with sufficient 

accuracy is given by 

T^ - T ^ 
_ 'J2 Ĵl , . 

e - V I - V I • ^̂ ^ 

2 2 1 1 

The actual junction temperature will then be 

Tj = TJ + e Vy(Tj)I^ . (3) 
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Because the instantaneous breakdown voltage is sampled from the 

conducting state, the complex current fluctuations associated with 

microplasma formation are avoided at the pulse leading edge. The junc

tion temperature accuracy is determined by the accuracy of the breakdown 

voltage dependence and by the diode voltage reading accuracy. 

Single Pulse Technique 

When a p-n junction diode is biased into avalanche breakdown, the 

avalanche current, I , is determined by the diode spreading resistance, 

Rsp, the space charge resistance, Ksc, and the magnitude of the applied 

voltage, V, above the breakdown voltage, V^(t), 

V-Vg(T) = I^(Rs^ + Rsp) = I^Rg W 

where T is the junction temperature and Rs* is the total series resistance. 

Since the avalanche breakdown voltage increases with increasing tempera

ture and T increases due to Joule heating, the breakdown voltage, V , 

will increase with avalanche current, I. , giving rise to another compo

nent of the incremental resistance due to this thermal mechanism. This 

contribution to the small signal ac resistance of avalanche diodes is 

called thermal resistance, R^^, and should be distinguished from the heat 

flow resistance, 6, described in the previous section. 

Haity, Stover, and Tolar measured thermal and heat flow resistance 

using measurements of the incremental ac resistance at various frequen

cies. At low frequencies, the junction temperature varies with the ac 

driving signal and a resistance R_ - R + R + R_„ is measured. At 

high frequencies, the junction temperature remains constant and with the 

thermal resistance absent, a resistance R = Rs^ + Rsc is measured. This 

is illustrated in Figure 6. 

Chiang and Lauritzen used these properties to determine the 

temperature of their diodes prior to second breakdown. If a plot is m.ade 

of avalanche breakdown voltage versus temperature as in Nigrin's method 

and the temperature coefficient is (AV-/AT), then the breakdown voltage 

can be written as 

V g d ) = Vg{T^) t ^ (T - T^) (5) 



11 

I ^ 

s th 
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bias (heavy line) and high frequency bias (dotted line). 
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where T^ is the ambient or external case temperat\ire. Eliminating 

Vg(T^) from (U) and (5), we obtain 

^ - V V ^ ^ A ^ ^ ^ z r ^ T - V • (̂ ) 
The breakdown voltage is measured at low currents to obtain V (T.), and 

D A 

the resistance, Rs", is obtained from a measurement of the high frequency 

reverse ac incremental resistance. Equation (6) can, therefore, be used 

to determine the junction temperature, T, since all the necessary para

meters can be measured. This is known as the steady state method because 

a fast pulse technique is not required and the high frequency, steady 

state value of the incremental resistance is used. 

The transient method for junction temperature, however, does not 

require knowledge of the resistance, Rg", When a fast risetime constant 

current pulse is applied to a diode, the initial breakdown voltage occurs 

at Vg^T ). The voltage rises until the diode approaches a steady state 

thermal condition. If the pulse current is sufficiently high, the diode 

can be switched into second breakdown mode. The pulse length can be 

carefully controlled to allow a pulse just long enough to obtain a temper

ature measurement without damage to the device. Figure 7 shows the 

current and voltage waveforms obtained with this technique. The junction 

temperature, T, at the end of the pulse can be obtained from the voltage 

difference 

AV + V_(T) = V^(T.) (7) 

B B A 

and the plot of breakdown voltage versus temperature. 

Both methods will be used to determine temperature prior to second 

breakdown initiation. Nigrin's technique will apply pulses just before 

second breakdown initiation, and Chiang*s transient method will provide 

temperature versus time. 
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CHAPTER III 

CONSTRUCTION OF DIODE 

Crystallography 

Crystals are characterized by an orderly array of their atoms; that 

is, an arrangement which reoccurs regularly throughout the crystal. This 

can be visualized by considering that the whole crystal is composed of a 

series of small parallelepipeds stacked so that there is no sp>ace between 

them. Each of these boxes may contain many atoms in some peculiar 

configuration; but for a particular crystal, all boxes and their contents 

are identical. The comers of the boxes are defined as space lattice 

points and each have identical surroundings. Hence, an observer has no 

way to distinguish one point from another. It can be shown that there 

are only 14 ways to place the points and construct the parallelepipeds so 

that they are stacked face to face with no gaps. 

These 14 constructions are usually grouped into seven special 

systems according to the relative length of the three axis and the angles 

between them. These systems are described as follows: 

Cubic: Three equal lengths, mutually perpendicular axis. 

Tetragonal: Three mutually perpendicular axis with two of 

equal length. 

Orthorhombic: Three mutually perpendicular, unequal length axis. 

Hexagonal: Three axis, coplaner, of equal length making 120° 

angle with each other; a fourth axis of different 

length perpendicular to the others. 

Monoclinic: Three unequal axis, two perpendicular. 

Rhombohedral: Three equal axis, equal 90® angles. 

Triclinic: Three unequal axis not at right angles. 

Each of these classes are shown in Figure 8. 

Silicon belongs to the cubic crystal system and has a diamond 

structure. This is characterized by having each atom symmetrically 

surrounded by four equally spaced neighbors. 

Having now related the position of the atoms to the crystallographic 

lU 
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axes, a description of the various planes that might pass through the 

crystal will be considered. This is done in terms cf the Miller Indices, 

which are defined in terms of the reciprocals of the intercepts of the 

plane with the three crystallographic axes. These reciprocals are 

usually expressed as the smallest possible integers having the same ratio, 

and are then written as (hkl). This is illustrated in Figure 9 for the 

three more common planes. Modern crystallography allows higher order 

indices such as (200) to distinguish a plane one ato:r, over from the unit 

cell. In the event that a plane crosses an axis on the minus side of the 

origin, that intercept is written with a bar over it. !.otice, also, that 

(100), (010), (001), (loO), (Olo) and (OOl) are a family of equivalent 

faces and the notation {100} is used. For a cubic system, a direction 

will always be perpendicular to a plane with the same indices, but in 

other systems this is generally not true. Finally, a crystal growii.f in 

the [111] direction is growing perpendicular to a (111) face. 

Diode Characteristics 

As stated in the introduction, the objective of this investigation 

is to characterize the breakdown behavior of a single rv.icroplasma region. 

Previous attempts by other researchers in constructing single r.icroplasma 

diodes resulted in small, flat junctions which were hoped to contain a 

single microplasma. In this approach, a diode was constructed that offers 

the highest probability of microplasma formation in a controlled position 

within the junction. For many years it was known that certain etches 

would stop at the (111) face of silicon. Later it was found that metals 

would also alloy to the (111) face. If one alloys a metal square into 

(100) silicon, the resulting pit after etching will be an inverted 

pyramid, whose dimensions are shown in Figure 10. If, in addition, that 

metal is aluminum and the silicon n-type, the resulting structure will be 

a p-n junction diode, pyramidal in shape, offering the highest probability 

of microplasma formation at its apex. 

The technique of vacuum evaporation and heating was used in 

construction of the diodes. The vacuum system consiste-d of a shutter and 

shield, known as a "tin man", and a quartz lamp-heated stainless steel 

box to heat the samples without removing them from vacuum. The tin man 
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Fig. 10 Pyramidal Junction Dimensions 
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greatly reduced the pumping speed of the system, but the aluminum films 

evaporated from tungsten filaments were of good quality. Aluminum 

alloys with tungsten, making it brittle and unfit for reuse. Tungsten 

carbide is usually used, but was not used here because its cost is 

several times that of tungsten. Phase diagrams for silicon and aluminum, 

as well as the nomograph used in evaporation of several metals are shown 

in Figure 11. 

Initially, aluminum was evaporated onto (100) silicon and alloyed 

at a temperature slightly above the eutectic melting point of 577^0 for 

10 minutes. The structures exhibited p-n junction characteristics and 

when etched in HCl, revealed small, pyramidal structures. These were 

slightly less than one mil on a side, and scattered throughout the 10 mil 

junction area. A systematic study was then undertaken to evaluate the 

possibility of constructing a large device. Procedures and materials 

used in these processes are listed in the Appendix. The work was begun 

by growing an 11,000 angstrom layer of silicon dioxide on the sap.ples, 

in steam at 1150**C. Photomasks, with square patterns ranging in size 

from 1 mil to 8 mils, were made using an IBM Fly's Eye Camera that not 

only provided reduction, but multiplied the number of images by over a 

thousand. First, square holes were cut in the silicon dioxide layer. 

Then, 20,000 angstroms of aluminum was evap>orated onto the substrate. 

This was then etched, leaving aluminum squares slightly larger than the 

oxide layer windows. These were then sealed in quartz tubes under 

vacuum and alloyed at temperatures ranging from 577<̂ C to 950°C, with 

different heating and cooling rates. The main result of this study was 

that large pyramidal junctions could not be formed; in fact, one m.il 

devices would alloy deeper around the edge of the oxide window than in 

the center. Characteristic curves showed a soft avalanche knee, in 

contrast to a much sharper breakdown exhibited by the first devices. 

Therefore, a more desirable characteristic was obtained by excluding the 

silicon dioxide layer and alloying one mil aluminum squares directly into 

the silicon slice at a temperature of about 700«>C. Upon etching, these 

devices revealed the required pyramidal shape. This is shown in Figure 

13. 
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(a) 

t. 

(b) 

Fig. 12 Silicon Dioxide Layer Diodes 
a) Large alloyed device 
b) Small alloyed device 
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Electrical Measurements 

The curves, shown in Figure lU, were measured on a 60 Hz curve 

tracer plug-in. After alloying, the samples were etched slightly in 

Bell solution to remove oxides, and exhibited the poor characteristics 

of Figure 14a. A thin passivating layer formed on the silicon, however, 

after a few days in air, produced the characteristics of Figure lUb, 

The devices were then attached to a hybrid flat pack with conductive 

epoxy. 
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• - W » " » H "'•••^'•flli 

1, 

Forwcurd 
:5v|div lOpAJdiv 

Reverse 
5v|div .lmA|div 

(b) 

Fig. m Device Characteristics 
a) Poor characteristics 
b) Good characteristics 



CHAPTER IV 

MEASUREMENT RESULTS AND DISCUSSION 

The measurement circuit is essentially the same circuit as described 

in Chapter 1. Pulses are obtained from a pair of Hewlett Packard 21MA 

Pulse generators connected in parallel. One provides the rain bias 

pulse, and the other, when operating in the pulse delay mode, provides 

a shorter sampling pulse, of opposite polarity, that can be placed any

where on the main pulse. All leads were made as short as possible and 

consisted of flat braid straps. Current and voltage waveforms were 

viewed on a Tektronics 7633 storage scope, with which it was possible to 

observe fast pulses without having to use a camera on each sweep. Current 

waveforms were fed into a wideband amplifier plug-in, while voltage 

waveforms were viewed with a differential comparator plug-in. The use of 

the differential comparator was an improvement over similar, previous 

measurements in two respects. First, the use of a wideband, differential 

amplifier displayed the voltage across the diode directly without need 

of calculating the voltage drops of the series resistances in the diode 

loop. Second, this unit made it possible to float the waveform several 

volts, so that the important voltage fluctuations could be viewed on a 

more sensitive scale. 

Temperature Coefficient of Avalanche Breakdown Voltage 

To measure avalanche breakdown voltage, both pulse generators arc 

switched on, with the main pulse width being 7-10 \xs and the sampling 

pulse width less than 1 ys. A value of 1 mA was chosen as the defining 

current at the avalanche voltage, primarily to make certain that voltage 

fluctuations associated with the knee would not effect the voltage 

measurements. Any value down to about .2 mA could have been used. Figure 

15 illustrates the measurement technique. The diode package was mounted 

on a teflon and aluminum probe assembly and placed in a Stratham SD60 

temperature test chamber. Temperature of the sample was monitored by a 

Chromel-Alumenel thermocouple attached to a digital millivoltmeter. 

The voltage of the bias pulse was adjusted so that a value of current, 

twice that of the defined level, flowed in the circuit. This current 
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was reduced to the defined level with the sampling pulse, resulting in 

the avalanche breakdown voltage at the leading edge of the sampling 

pulse in the voltage waveform. Reducing the voltage in this manner 

towards avalanche avoids the instabilities associated with the knee, as 

well as defining the junction power dissipation. The breakdown voltage 

was sampled in this manner at temperatures up to 260®C. Theory predicts, 

and experimentation verifies, a linear increase of hreakdown voltage 
Oil 

with temperatures up to around 450^0, 

Temperature at Second Breakdown 

Initially, second breakdown in these devices was studied using 

voltage pulses. To do this, one pulse generator is switched off and 

the limiting resistor is made small. These waveform.s, shown in Figure 16, 

exhibited very short delay times, which would make the Nigrin technique 

very difficult to apply since the sampling pulse must come as close as 

possible to the end of the delay. The limiting resistor was then 

increased, not quite to the point of having constant current pulses, but 

enough to increase the delay time to a value that would accommodate the 

sampling pulse. This waveform is indicated in Figure 17. Pulse widths 

were limited to 60 ys, however, to prevent damage to the device. Device 

damage will be discussed in more detail later. Power to the device was 

kept as close to 4.8 watts as possible, but the sampling pulse created 

fluctuations that made it dufficult to determine precisely the power 

applied at the leading edge of the sampling pulse. 

Chiang's method uses only one pulse generator and a large enough 

limiting resistor to provide nearly constant current. The voltage pulse 

was adjusted to provide constant current pulses of exactly 20 mA, Power 

dissipation in this measurement averaged about-2.3 watts for all sanples, 

but is not necessary in calculation of junction temperature. Since the 

power applied to the junction is smaller in this measurement, longer 

pulses were required to input the same energy as in Nigrin's method. 

Figure 18 shows all the events associated with constant current pulsing. 

When the temperature of the device was being measured, the pulse length 

was reduced so the device did not go into "hard" second breakdown, as 

illustrated in Figure 19. The junction apparently heated quite rapidly. 
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so that with the aid of an expanded time scale and knowledge of the 

breakdown voltage at room temperature, the average junction temperature 

could be measured as shown by Figure 20, Results of the measurements 

made on six diodes are given in table form in Figure 21. To determine 

the temperature of the junction prior to second breakdown using Nigrin's 

sampling pulse technique, the measured quantities in the table are 

related by the equation 

T = T-̂  + e Pin = AV^(^) + 8 Pin + 25^C , 
J J D AV, 

D 
and for Chiang's technique, the equation used is 

D 

The values of 6, which are listed in the table, were measured at different 

operating points. The values obtained near the temperature measurement 

point were used in the temperature calculation. Chiang's measurement 

utilizes the device characteristics at the operating point and does not 

require a heat flow resistance correction. An average tem.peraturc of 

243°C was indicated by Chiang's method, and an average tenperaturc of 

231^0 for Nigrin's method. 

Finally, to end this section on results, Figure 22 is included, 

which is a photograph of the leading edge of the current pulse. This 

small drop in voltage was almost hidden by the chopping waveform due to 

its small duration. The voltage drop was present on all samples 

measured. 

Discussion of Results 

This commentary on the meaning of the results obtained will be 

prefaced by a short description of the experiments and conclusions of 

Sunshine and Budenstein, et al. ' These researchers studied second 

breakdown using thin diodes, and were able to simultaneously observe 

temperature and electrical events while, at the same time, observing 

physical changes within the junction. Constant current pulses were used 

in their experiments, as in Chiang's. Higher currents were necessary to 

initiate second breakdown in their devices, however, and a common base 

transistor pulsing circuit was used to provide these pulses. The main 
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difference being that a much faster risetime was available with the 

transistor drive beacuse the pulse generator impedance could be matched 

to the load. The generalized waveform obtained in their experiments is 

depicted in Figure 23, Referring to this diagram, their interpretation 

of second breakdown will he given. 

They separate second breakdown into three stages : nucleation, 

growth and melt transition, Nucleation, which includes current 

channeling, a drop in junction voltage, localized heating, and quenching 

of avalanche conduction current adjacent to the channel, occurs when the 

local temperature in the junction reaches a certain, critical value. 

Constant current pulsing produces a very slight drop in voltage across 

the device during nucleation and, therefore, is not the cause of the 

macroscopic drop in voltage heretofore associated with second breakdown. 

Nucleation also does not degrade device characteristics or damage the 

device. If the pulse is of sufficient amplitude and duration, the 

filament will grow into the high resistance region adjacent to the 

junction. This is accompanied by a larger voltage drop but, again, does 

not result in damage to the device. The drop in voltage is associated 

with the local temperature going over the peak of the temperature resis

tivity curve. Finally, if the input current is high enough in amplitude, 

the current filament will reach through to the high resistivity region, 

and a melt channel will form with a rapid, localized increase in temper

ature. This form of second breakdown degraded the reverse characteristics 

of their devices. 

One nay comment on the measurements performed on the pyram.idal 

junction devices in two areas. First, the current and voltage waveforms 

can be related to those reported by other researchers; second, the 

measured temperature may be related to the various models for second 

breakdown. Figures 16, 18, and 22 summarized the V-I-T characterization 

of the devices. Figure 16 illustrates the classical second breakdown 

characteristic, while Figure 18 "slows" the process down somewhat to 

reveal events hidden in the waveform of Figure 16. Figure 22 could 

possibly be nucleation described by Budenstein, since it occurs in all 

samples. The drop is well defined and appears very soon after applica-
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tion of the pulse, unlike those observed in the Budenstein report, which 

were subtle fluctuations occurring later in the pulse. The basic struc

ture of the waveform in Figure 18 is the same as Figure 23, The junction 

is heated much more rapidly, however, even though the heat sinking is 

much better than the devices of Budenstein. Another outstanding 

difference is the absence of a sharp voltage drop as indicated in Figure 

23. To see if device degradation indeed occurred after the Ir^g.r 

voltage drop, devices were checked on the curve tracer before and aftor 

excursion into this region. As Figure 24 indicates, devices v.')iich were 

allowed to heat long enough to produce this second voltage drop were 

degraded in the same manner as reported by Budenstein and others. 

The second area for comment would be in applying the tenperature 

measurement results to the theories of broad channel formation associated 

with the first macroscopic voltage drop. Figure 25 is a plot of resis

tivity versus temperature, after Wolf, The curves are seen to merge 

together for higher temperatures as the systems become intrinsic. The 

conductivity increases until the melting point of silicon is rcachcJ at 

around IMOO^C, where it abruptly rises by a factor of 29. Fro.:, there 11.e 

conductivity decreases with temperature as in metal, Chiang,'s model for 

second breakdown, requires that the intrinsic concentration, n., equal 

the doping concentration, N , on the lightly doped side of the junction. 

The junction effectively vanishes and a large number of carriers become 

available for conduction, resulting in a large increase in current, and 

finally molten silicon. Sunshines' model, however, does not require the 

junction to "wash out" by going intrinsic, but uses the shape of the 

resistivity curve to explain current instabilities. First, nucleation 

occurs when the current density due to minority and therrr.ally generated 

carrier equals the current density of the applied pulse. Thermal runaway 

does not occur until the temperature becomes greater than the peak tervper-

ature on the resistivity-temperature curve. The current is no longer 

ballasted by the positive temperature coefficient resistance, but goes 

into thermal runaway until a temperature is reached where the silicon 

melts. Figure 25 shows that an accurate doping density and temperature 

measurement are required to distinguish between the two mechanisrs 
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because their initiation temperatures are close. With the resistivity 

of our samples being 3 ohm-cm, the temperature measured lies close to 
15 -1 

the peak of the 10 cm curve, with the intrinsic temperature being 

closer to 300°C. 



CHAPTER V 

CONCLUSIONS 

Two major pieces of information sought in second breakdown experi

ments are the temperature at the breakdown site prior to breakdown 

initiation, and the order of electrical events within the crystal during 

second breakdown. The temperature prior to breakdown is important to 

several theories on second breakdown, and electrical and optical observa

tion help define damage mechanisms in the second breakdown process. 

These observations have, in general, characterized second breakdown as a 

macroscopic junction process. That is, second breakdown takes place at 

different locations within the junction depending upon input power. In 

fact, second breakdown may occur simultaneously at several locations 

within the junction if the input power is great enough. Accurate 

assessment of second breakdown events would, therefore, require an 

exact knowledge of the position of the breakdown sites within the crystal 

for a given measurement. Except in very specialized diode structures, 

this is a formidable task. This problem was alleviated with the 

construction of a diode that contained a single breakdown site. An 

alloying process created a junction shaped like an inverted pyramid. The 

prominent crystal defect at the apex became the site of a single micro

plasma. This insured second breakdown would occur at the same point 

regardless of input power or heat flow considerations. Pulsed measure

ment techniques were then performed on the devices to obtain temperature 

and electrical waveform information. The data obtained demonstrated 

clearly the breakdown behavior of a single second breakdown site. 

What evidence is there that the device contained one microplasma 

region? A small, but sharp voltage drop was photographed on the leading 

edge of the voltage waveform with the aid of a fast storage scope, 

Budenstein identified small fluctuations on his waveforms as current 

nucleations, in which the voltage drop at a point in the junction 

dropped to zero. The acuteness of the drop on our waveforms seemed to 

indicate the presence of a single nucleation center. What about the 

general shape of the electrical waveforms observed? As compared to Sun-

40 
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shine and Budenstein, our voltage rose faster and dropped more smoothly 

into destructive second breakdown. The fast risetime could be due to 

early heating of the junction due to formation of a single hot spot. 

How does the temperature measured in our devices relate to the theories 

discussed? Both methods seem to support the idea of thermal runaway as 

proposed by Sunshine and Budenstein. Only 750C separated the ohmic and 

intrinsic temperatures, however, for this particular doping density. 

The two temperatures were widely separated in Chiang's paper due to the 

higher doping density, which made error in interpretation rore difficult. 

Difference in bulk and thin semiconductor physical natures is usually 

given as an argument for the discrepancy between these experiments. The 

temperature measured in our devices clearly lends credibility to the 

thermal runaway mechanism of second breakdown as described. What recom

mendations can be made on the prevention of destructive second breakdown? 

The pyramidal junction diodes were easily driven into second breakdown as 

compared to those of other researchers. The main reason for this is 

probably the smaller doping density of our diodes. As the conductivity 

of the lightly doped side of the junction incre3ses, the intririsic 

temperature increases from one point of view, and the peak of the resis

tivity curve flattens out in another point of view. In either case, a 

higher temperature is needed to initiate second breakdown as the doping 

density increases, providing some immunity to the breakdown mechanism. 

The pyramidal junction devices were much harder to drive into destructive 

second breakdown, however, possibly because current flow in one small 

region provided an increased resistance to the growth of current fila

ments. 

In summary, diode structures were fabricated that contained a 

single, well defined microplasma regions. The microplasma dominated 

second breakdown site location to the exclusion of the effects of heat 

flow and input power considerations. Accurate characterization of the 

second could then be made. Two major conclusions can be drawn from the 

data obtained. First, the temperature measurement seemed to support 

the thermal runaway theory of second breakdown. Second, it was demon

strated that the voltage drop usually associated with second breakdovm 
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APPENDIX 

The following is a summary of the photolithographic process used in 

construction of diodes. 

Photo Mask Generate'on 

Mask patterns are cut into Rubylith and reduced through a lens sys

tem onto a Kodak High Resolution Plate. Three syst'-̂ is are available in 

the lab: a) a single reduction, between 250x and 800x, using ILM's fly's 

eye lens, b) a two-step reduction of lOOx using a 6U pinhole array onto 

ortho film, followed by a reduction through a 50mm, fl.6 lens onto a EKP, 

and c) an initial reduction of artwork using a graphics art camera oiito 

a six-inch field, followed by a reduction onto HRP through r.icroscope 

objective. Masks are developed in HRP developer (4:1), fixed in double 

strength F-5 Fix, and dried with methonal. 

Photo Resist Application and Removal 

Metals: AZ 1370 positive photoresist is spun onto substrata at 

5000 - 6000 RPM for 10 seconds. After drying in air for 15 minutes, the 

slice is baked at 90®C for 30 minutes. After exposm^e, develop in any 

aqueous solution. Remove with wann xylene or acetone. 

Silicon Dioxide: Kodak KTFR is spun onto substrate at 5000 - 5500 RPX 

for 15 seconds, A solution of 2:1 (33cp) is used for general work and a 

dilution of 4:1 (8cp) is used for fine work. Dry 80°C for 30 minutes and 

develop after exposure in xylene for 2 minutes. Remove with JlOO resist 

strip. 

Etches 

Depending upon the material, some of the more commonly used lab 

etches are as follows: 

Gold Etch (Iodine) 

6 gms Iodine 

11 gms Potassium Iodide 

10 me DI water 

90 me Methyl Alcohol 
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Aluminum Etch (TIL) 

H^PO^ 70% by weight 

H NO 2% 

HAC 12% 

H^O 16% 

Silicon Etch (39A) 

HNO^ 58.9 gm 

HF 24,8 gm 

HAC 16.3 gm 

Silicon Dioxide Etch (Bell 2) 

33 gms AMFl 

75 ml DI water 

30 ml HF 

Polishing Etch (Planar) 

1 part HF 

2-5 parts Nitric acid 

3 paints Acidic acid 




