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ABSTRACT

A detailed description of the techniques and equipment employed in
the ion-implantation process is presented. Results of high-energy
electron irradiation of a Mylar capacitor with ion-implanted clectrodes
are compared to the response of a control sariple. The ion-implanicd
electrodes exhibit better carrier injection than conventional foil elcc-
trodes, Transient radiation effects data from irradiation of a monolithic
ceramic capacitor and two glass capacitors are included, One of the glass
capacitors contained a semicrystalline dielectric with very high dielectric
constant. The transient radiation effects in Mylar versus temperaturc
appear to fit a band model for the conduction process in which a continuous
distribution of carrier traps is located in the forbidden zone and onc sign
of carrier is immobilized, An examination of the energy loss processces
of moderately fast electrons in insulators indicates that from 15 ¢V to
3 eV the energy loss is primarily to excitons whereas encrgy loss to
optical and acoustical phonons occurs down to thermal cncrgies,



FOREWORD

The objectives of this program were to determine the effects of
gamma and neutron irradiation on dielectric materials and electronic
parts and to apply this knowledge to the accurate prediction of radiation
response in such parts. Further, models of electronic parts were to he
developed which exhibit high radiation resistance,

This research was sponsored by the Defense Atomic Support Agency
under NWer Subtask No, 16, 0091 and was authorized by the Electronic
Components Laboratory, U, S. Army Electronics Command, Fort
Monmouth, N, J., under Contract DA 28-043AMC-01412(E), AMC Codc
5900. 21. 830, 44, 00,
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1. INTRODUCTION

During the final quarter of the contract, the ion-implantation process
of applying electrodes to Mylar film was perfected. In this process,
metallic ions are accelerated into the substrate material to form a diffuse
interface between the two materials while the surface is continually being
cleaned by sputtering with an inert gas, Contacts on mstals, semicon-
ductors, and insulators have demonstrated strong physical bonding, good
electrical contact, and low impurity concentration. A detailed description
of the process and the equipment developed for ion implantation is included
in this report, Results of linear accelerator (Linac) irradiation of a Mylar
capacitor with ion-implanted electrodes are compared with a control
sample which had foil electrodes. Although no dramatic differences were
observed in the transient responsc, the signals did show dissimilaritices,
which are explainable on the basis of better carrier injection by the ion-
implanted electrodes.

Irradiations were also performed with the Linac on a monolithic type
of ceramic capacitor and on two types of glass capacitors. Onc of the
glass capacitors had conventional glass dieclectric, wherecas the other was
constructed with a new dielectric material, Glass-K, that has a high dic-
lectric constant comparable to the barium titanate ceramic formulations,
The difference in properties cvident in Glass-K are due to the heat treat-
ment given the dielectric material to change it from an amorphous glass
to one which contains microcrystals,

Theoretical examination of the energy loss of relatively low encrgy
electrons in insulators is presented to strengthen the arguments txsed in
the theory of transient electrical effects in irradiated insulators, 1)

Further consideration of the results of the transient effecis meas-
urements in Mylar versus temperature that were discussed in the last
quarterly report ¢) arc also included in this report,

Accelerator Pulsed Fast Assembly (APRA) irradiations were not
performed duvring this quarterly period as the joint construction-
operating permit had not yet been issued by the Atomic Encrgy Commission
and the facility could not te completed,




2. TRANSIENT RADIATION EFFECTS IN A MYLAR CAPACITOR
WITH ION-IMPLANTED ELECTRODES

A parallel-plate capacitor with ion-implanted aluminum electrodes
on Mylar was constructed and irradiated with the Linac, The ion implantu-
tion process used to apply the aluminum electrodes on the l-mil Type C
Mylar is described in detail in Section 3. During each implantation, six
1l in. by 1l in, capacitor sections were processed on one side by masking
such that an 0, 8 in, by 0. 8 in. clectrode was implanted on each scction,
Twenty=~four such sections were assembled with l-mil ":ad foil inter-
leaved in alternate directions between sections to provide the electrical
contact to the implanted electrodes, Stiff fiberglass sheets held the
capacitor sections together by tmeans of metal clips at each end of the
capacitor, The metal clips also provided electrical contacts to the lead
foils brought out to each end. The construction was similar to that used
in commercial silvered-mica capacitors. As the experiment was per-
formed in vacuum to eliminate effects due to air ionization, no potting
material was used to seal the capacitor except the epoxy used to keep the
metal clips in place, A similar capacitor was constructed in the samec
manner using Mylar from the same original spool of film, but without the
ion-~implanted electrodes, for the control sarple. Previous reusults of
transient effects measurements of Mylar capacitors with foil clectrode
construction and metallized or vapor-plated Mylar had shown essentially
no difference betweoen the response of the two types.(?’

The two capacitors were irradiated with 30-MeV electrons from the
Linac at 2 x 107 rads (Cu)/scc with 4-uscc pulses. The test circuit,
utilizing a 10-k§ series-measuring reeistor, was described in an carlicr
report.%‘l) The results of the test were as follows:

l.  The total signal (prompt plus delayed) was the same within a
few percent in both types for the first pulse,

2. The total signal from the foil type for the tenth pulse was 5 to 10
percent less than the signal from the ion-implanted Mylar
capacitor. The foil type achieved its final value after three to
four pulses, or about 30,000 rads (Cu), wherecas the signals
from the ion-implanted capacitor decreased more slowly for
eight to nine pulses, or about 90, 000 rads (Cu), Figure 2.1
illustrates the magnitude of the responsc of the first and tenth
pulses for each capacitor,
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3. The pronpt signal was a few percent larger in the foil-type
capacitor after correction for the difforent secondary emission
signale at 0V, as indicated in Fig. 2, 2,

4, The delayed component of conductivity was about 530 percent
larger in the capacitor with the ion-implanted contacts. Tho
tracings of the transient signals from both capacitors in
Fig. 2.3 show the difference in the delayed components aftor
the initial prompt rise in the signal.

The observation that the transient-responso signals decrecased more
slowly with succeeding pulses in the capacitor with the ion~implanted
electrodes indicated that polarization was still taking place and that the
electrodes were not porfectly injecting but that they were better than the
foil type, During the pulse of ionizing radiation, the insulator-clectrode
interface ie cssentially bathed in & plasma such that thore should havo
boen little or no difference in the prompt responsoe of the two capacitors,
Slight material differences due to variations in the treatmont of the two
Mylar samples, such as the hoating during thoe cloaning and implantation
process, could account for the difference observeds The largoer delayoed
conductivity signal in the lon~implanted type is an indication of a bottor
cloctrode than the foil type, sinco tho former allowed delayoed charge to
reach tho contacts after the ionizing pulse and bo observed in tho oxtornal
circuit rather than be trapped at the insulator-cloctrodo intorfaco,

Further investigations of the elfects of varying the duse and doso
rate are plannced,
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3. ION-IMPLANTATION TECHNIQUE

3. 1. INTRODUCTION

A description of the techniques of ion implantation and the equipment
utilized is given in this section. The techniques and the necessary support
equipment have been developed in the past six months. The advantages
and limitations of ion implantation are also pointed out,

Ion ‘mplantation, or ion plating, is used to form a diffused metallic
interface between two dissimilar materials, The diffused suriace layer
provides a strong physical bond, good electrical contact, and low impurity
concentrations., Insulators, semiconductors, and matals have been plated
by this mcthod, and cach of these three different types of substrates re-
quires a different approach to successfully implant a metal layer., Four
articles by D, M, Mattox!®-8) were most helpful in developing the tech-
niques which are described here,

3.2, ION MPLANTATION

In general, ion implantation consists in injeceing metal ions into a
subsirate material, The metal ions are normally formed from a matal
vapor in an argon plasma and the ions are accclerated toward the substrate
by a large negative potential gradient. Upon arrival at the surface, the
high~cnergy lons cause several interactions: thoy knock off physically
adsorbed impurities; their high cnergy allows them to break the chemical
bonds of oxides; and,finally, their momentum carrics them deep into the
lattice of the substrate, Some substrate atoms are displaced and sputtered
into the vacuum, others form interstitials in the lattice. After a period of
timoe, the surfaco of the substrate is free of chemically and physically
adsorbed impurities and a diffuscd interface of the substrate and metal
begins to form, As morc and more metal ions are implanted, the surface
becomes more matallic,

Mctal ions have been formeaed by two different methods, The first
method is to cstablish a plasma with a noble gas, The motal to be im-
planted is evaporated into the plasma,where it is ionized, These rnetal
ions drift through the plasma and eventually fall through the potential
gradicent between the plasma and the cathode on which the substrate is
mounted, The ions from this typc of source arc not monoenergetic, Most
of these ions are, in fact, at low energies, This type of source is casicr




to run and the equipment requirements are not as extensive as the sccond
type of source. The second method of producing metal ions does not re-
quire a noble-gas partial pressure and the ions are essentially monoener-
getic. The ions are formed inside a small chamber and extracted, These
ions then fall through the full cathode potential,

The plasma implantation technique is illustrated schematically in
Fig., 3.1, Both methods will be discussed in more detail,

3.3, THE VACUUM SYSTEM

A high-vacuum evaporator system is used to housc the implanting
equipmont, This systern has a clean base pressure of 7 X 107 torr, The
system is composed of a fore pump, a molecular-sieve cryogenic trap on
the fore line, a 4~-in, oil diffusion pump, a cryogenically cooled chevron
baffle, and an 18-in, Pyrex ja.

The stainless~steel base plate is equipped with various ports and
feedthroughs, A lincar rotary-motion feedthrough is available, Paddles
attached to this feedthrough arc used to baffle the pumping port when a
slower pumping speed is desired and to optically shiecld a substrate from
a metal=-vapor source, An clectrically insulated tube is located in the
center of the vacuum system to leak in gas at a controlled rate. There
arc throe different valves for controlling the leak rate into the system --
a variable leak valve is used for a fine control of the leak rate; a manual
on-off valve is provided for manual control; and a solenoid valve, which is
normally used in conjunction with the plassma-ion source, is located in
sories with the other two valves, The solenoid valve is operated by a
meter relays The meter relay monitors the current being drawn at the
cathode, If the current exceeds a predetermined valuce, the solenoid is
closed and the pressure in the vacuwn system falls, With a decrecase in
pressure, the current also decrcases, At a predetermined lower limit,
the solenoid is opened and the pressurc and current begin to rise slowly,
Normally, the maximum current is set at 45 mA and the minimum current
at 40 mA, The regulator can casily maintain the current within these
limits, The prescribed operation of this leak-rate control system is as
follows., The maximum and minimum values of the current is set on the
meter relay; the manual and variable leak valves are closed, The cathode
voltage is sct at the prescribed voltage; the relay control switch is turned
on., With the variable leak valve closed, the manual valve is opencd;
while the current meter on the power supply is monitored, the variable
leak valve is slowly opened, The leak valve is adjusted until, with the
solenoid in an open position, the current rises at a very slow rate, After
the controls have been set in this way, the current will slowly oscillate
between the two values set on the master relay.,
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Therse are two bell jars for this system, The first--a standard
18~in, -diam jar with a dome top-~was used with the first series of tests,
The substrate holder used with this jar had no facilities for heating or
cooling the sample. The second jarisan 18-in, -diam, 24-in. -high
cylinder, on top of which is a 19-ir, ~diam stainless steel flange. Six
high-voltage feedthroughs are mounted on the flange. The sample holder
used with this jar can be heated or cooled and the temperature of the
sample mount can be monitored during the implantation,

3.4, SUPPORT EQUIPMENT

The high-voltage cathode power supply is normally run with a nega-
tive voltage output. Its output is with respect to ground. An interlock is
provided such that when the bell jar is in an open position, the high voltage
is interrupted. This supply is not well regulated, and the voltage changes
with a changing current. It has a maximum voltage of 20, 000 V and
maximum current of 50 mA., The output lead of this supply is in secrics
with a 50, 000-ohm resistor, which acts as a partial current-limiting de-
vice and also stabilizes the discharge. A schernatic of this support sys-
tem is shown in Fig. 3. 2.

3.5, CATHODE AND SHIELD DESIGN

In order to establish a localized plasma discharge, the cathode
assembly and sample holder must be carcfully designed as it is desirable
to have the plasma strike only the face of the substrate holder., I the
plasma strikes extrancous parts of the cathode, coataminants will be
sputtered into the plasma, where they will be ionized and possibly im-
planted in the substrate. To localize the plasma to the arca around the
substrate holder, clectrostatic shiclds arc used. These shiclds also
prevent the cvaporated mctal and ionized metal from coating the insulator
that supports the cathode. As pointed out by Mattox, (5-8) these shields
arc cffective only if they arc placed within an clectron mean frece path of
the cathode scction to be shielded. A separation of 0. 25 in. is quite
cffective for pressures less than 20u. If it is desired to have the argon
pressure higher than that, the separation distance must be reduced.
Electrically, the shields are allowed to float. Thec cathode, of course, is
at a high ncgative potential with respect to ground. Two different cathode
shicld designs have worked quite well., The first cathode design, as pre-
viously mentioned, has no provisions for temperature control or tempera-
ture monitoring. A riondimensional drawing of this shield design is shown
in Fig. 3.3. The scecond cathode assembly, which is now being used, has
these provisions. Schematics for the isolation transformers, heaters,
and thermocouples arc given in Figs, 3, 2 and 3. 4, A scale drawing for
the sccond cathode design is given in Fig. 3.5. All tempecraturc control
and monitoring can be donc while the cathode assembly is at high voltage.

10
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Both cathode assernblies must be cleaned periodically, When an
abnormal discharge occurs, it usually is an indicatiuu that the assembly
needs to be clcaned. When abnormal breakdown does occur, the high-
voltage cathode power supply will indicate an overcurrent condition, This
type of breakdown happens much too fast for the current rcegulator systernr,
previously montioned, to respond; repeatced abnormal discharges can
perforate the electrostatic shields, All metal parts are cleaned with
water and alcohol. The ceramic parts are cleaned of all metal that has
been deposited,

After each run, the cathode assembly is heated to expel the water
that condenses inside the reservoir, Failure to do this will result in the
cooling system becoming plugged with ice during the next cooling cycle.

Two thermocouple meters mounted inside the high-voltage scction
are used to mecasure the temperature from -200°C to t400°C. An insu-~
lated switch is provided to change scales. There are two thermocouples
mounted on the cathode assembly; one measures the temperature on the
back facc of the sample holder and the other monitors the temperaturc
inside the liquid nitrogen reservoir and provides a crude measurement
of the liquid nitrogen level,

The physical shape of the sample holder determines to a large do-
gree the plasma form and the implantation rate. Several different types
of sample holders have been used, The uniformity of the implantation
can bc determined by visually inspecting the plasma shape. The implanta-
tion will be thickest where the plasma intensity is greatest. 'I'wo types of
sample holder that have been uscd with success and the shape of the
plasma are shown in Fig. 3. 6. Intensifiecrs may be added at points where
the plasma is weak. The intensifiers provide secondary clectrons in
localized arcas and thus intensify the plasma in those arcas,

3. 6. METAL EVAPORATION

After a stable, localized plasma is achieved, the metal to be im-
planted must be injected into the plasmia by evaporation. The evaporation
of most matals is a straightforward process. Some metals, however, arc
not casily evaporated. Aluminum, which is used for implantation of scmi-
conductors and insulators, is particularly troublesome to evaporate.
Several weeks were spent trying to develop a continuous sourcc of alumi-
num which could be used for extended periods of time. The clectron bom-~
bardment technique would be uscful in a straight evaporation proccess, but
it is not suitablc for ion implantation because of the prescnce of the plasma
and the high partial pressure of argon.

15
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Tungsten and tantalum boats were the first type of boats tried,
These boats proved to be unsatisfactory for evaporation of aluminum,
The aluminum etched the boat and large holes were formed during the
first minute of evaporation. Several other materials were tried, includ-
ing boron nitride, alumina, and graphite. These, too, were found to be
unsuitable, It was finally determined that tungsten filaments were the
best available method for aluminum evaporation. Thesc [ilaments have
to be loaded with aluminum at the beginning of each run, The {ilamoents
also have to be changed after every three or four evaporation runs.
Commercial filaments were found to be less versatile than those which
could be made in the laboratory. Tungsten wire with a 0, 06 in. dian-
cter is casily formed into the degired filamont shapo. Tho filamont
shown in Fig., 3.7 has the longest filament life. This configuration was
also designed to approximate a plane sovrcoe as a plane source providos
a more uniform deposition than a point source; in addition, moroe uni-
form heating of each strand of thoe filament is attained with this dosign,
Soft aluminum is cut and formed into small hooks which aro placed on
tho flat section of each strand, Whon tho aluminum molts, thoe surfuco
tension causes it to ball up and hang {rom the {llament. ‘T'ho molten bull
will then spin woout the axis of the strand and run back and {orth along
the flat soection of the strand, 'This approximates four line sources inw
plune, Becausoe the ball runs along tho strand, the tungston is otehod
moru uniformly, thus giving a much longer fllumont Hfo. Aw shown in
Fig, 3.8, the flaments are shiclded to prevent coating the vacuum walls,
A mirror placed as shown ullows ono to obsoerve the filamaont,

Nickoel and nichromoe exhibit the samo charactoristics us aluminum
when they are evaporatod from relractory motlul boats or flamonts,
Thoso moetals, howoever, can be ovaporated from rofractory motul boats
with alumina and boron nitride coatings, Doats of this typo arce commor-
clally avallable,

Motals such as coppor und gold do not work woll with fllamoents
bocauso of tholy low surface tension in a molton state,  'L'auntalum boots
aro suitable for such meotals, Tantalum boats arce casily formeod from
10-mil tantalum sheet.

If o high partial pressure of a noble gas is used for the ovaporation,
some of the equipment in the chambor will be coated with an amorphous
black material; somoetimes this also occurs duving implantation. A
spuectral analysis has shown that this black soot is o pure amorphous
form of tho oevaporatod matal,



TUNGSTEN FILAMENT

TANTALUM BOAT

Fig, 3. 7--Tvaporation heaters
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3. 7. MONOENERGETIC ION SOURCE

To obtain deeper penetration and higher-energy metal ions, a con-
ventional ion source was designed and built. The metal ions arc created
inside the source and extracted. Thesc ions then fall through the full
cathode potential. A noble gas is not required to sustain this source,.

A pure aluminum plasma is established inside the source by using
an energetic electron source, a neutral aluminum vapor, and appropriate
electric and magnetic fields to enhance the ionization process. By
optically shielding the aluminum vapor source, a low neutral efflux is
maintained. Other metals can be used for the vapor source if desirable.
Electrons emitted from a hot tungsten filament are accelerated and in-
jected into a field-free region. A magnetic field of about 400 gauss is
directed normal to the direction of the electron line of flight. Aluminum
evaporated into this region is ionized by the orbiting electrons.
Aluminum ions drift out of the field-free region and are extracted past
the electron emitter into the chamber. These extracted ions then fall
through the full cathode potential and are implanted into the substrate
mounted on the cathode. With the source configuration shown in Fig, 3. 9,
a 30-mA beam can be maintained for approximately 2 min.

By leaking in argon, the source can be run on the residual argon.
A partial pressure of 4 X 10-4 torr is required. At this pressure, the
mean free path of the argon ion is well over 1 meter. This fact assurcs
that the ions arc monoenergetic and have not cxperienced any collisions
during their flight between the source and the cathode., This monoencr-
getic argon ion source can be used to clean the substrate surface prior to
implantation of the metal,

This ion source has been run several times with no apparent prob-
lems, This type of monoenergetic ion source has many expcrimental
advantages over the plasma source. Because¢ the metal ions are mono-
encrgetic, the cnergy and depth of penetration may be controlled to prod-
uce more consistent results. The absence of the plasma eliminates most
contaminant sputtering and subscquent implantation. The possibilivy of
using this source for general production of samples is questionable.

3.8, ION IMPLANTATION ON MYLAR

Metals, insulators, and semiconductors have all been successfully
implanted with ionized metal. Implanted metal surfaces have been solder-
ed and spot-welded with reasonable success, and ohmic contacts have been
made on high-resistivity semiconductors.
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Implanting metal ions in insulators is the most difficuit of the three
types of substrates. Because of the low thermal conductivity associated
with insulator materials, the exposed surface and implanted film may be-
come very hot. The low electrical conductivity results in a large surface-
charge buildup. Arcing across the surface film during the implantation
will burn holes in the film and insulators.

Glass, quartz, mica, and Mylar have been implaated with aluminum
and copper. The general information for establishing the plasma and the
cleaning procedures are all applicable to the process of insulator im-
plantation. Most of the problems arise at the surface of the sample. To
reduce the problem of high surface temperatures, lower power levels are
used in the implantation of the metal, The substrate holder is usually
cooled to a low temperature prior to starting the plasma. To reduce the
surface charge, a screen is mounted over the sample about 0. 25 in. from
the surface. This screen is at the same potential as the cathode. The
purpose of this screen is to establish an equipotential surface in front of
the substrate, The screen will produce many secondary electrons due to
the ion bombardment. These electrons will tend to neutralize the positive
charge on the surface of the insulator. The screen also reduces the num-
ber of secondary electrons which leave the surface of the insulator. Some
neutral fiux and some ions will reach the insulator even if the screen is
absent, It will be observed, however, that as the conductive film begins
to form, arcing across the surface will occur. When one point of the film
touches the mask or any part of the cathode, the surface charge will rush
to the point of contact and subsequently burn the film and insulator. It
has also been found that if both sides of a thin dielectric are to be im-
planted, the front, or first, side of the film must be insulated electrically
from the cathode when implanting the reverse side. Mica was implanted
on both sides, and it was found that the front side of the film would burn
and pit when the reverse side was implanted. The reverse side was obvi-
ously in a cooler environment as it was pressed against the sample holder,
but yet it was destroyed each timme. When Mylar was implanted, large
holes would be torn in the Mylar when implanting the second or reverse
side. The substrate would remain intact until the initial metal began to
implant itself into the Mylar., It was apparent that the problem is electri-
cal in nature. It is not yet clear why the phenomenon occurs. The prob-
lem was elirninated by placing a 1-mil sheet of Mylar between the sub-
strate holder and the dielectric sample when implanting both sides.

Using the above information, most insulators can be implanted with
a tough adherent film. Mylar, because of its low melting point, required
some additional techniques to successfully implant it. The sample holder
for Mylar is made of aluminum in the shape shown in Fig. 3. 10. The
Mylar film is stretched over the curved face and spring-loaded. Loops
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are made at each enda of the Mylar strip, as shown. Ordinary cellophane
tape is quite suitable for this. A thin rod 1s placed through cach loop (as
shown) and hooked by the two spring wires. The exposed surface is
cleaned with ethyl alcohol. The aluminum mask is placed over the sur-
face but does not touch the Mylar. The screen is placed over the mask
and the intensifiers are fitted at each end to provide a uniform deposition.
This unit is then screwed tightly against the cathode. Two shields are
slipped down around the Mylar sample holder to limit the plasma to the
surface only. The sample holder is heated to 150°C during the pump-
down. This anneals any small wrinkles and helps to clean the surface of
the Mylar., After the pressure is below 1 X 10-5 torr, liquid nitrogen is
pumped into the cathode reservoir. After about a 5-min delay to allow
the sample holder to reach equilibrium, the cleaning process is started.
The cathode voltage is initially set at 6, 000 V. When a current density of
0. 3 mA per square centimeter is maintained by adjusting the argon pres-
sure, the cathode voltage is 3, 200 V, owing to the voltage drop across
the stabilizing resistor and the voltage decrease in the power supply. A
cleaning period of about 30 min is required at that power level to clean the
surface of the Mylar. After this cleaning period, the aluminum is intro-
duced into the argon plasma. The implantation can be observed. An
initial tan hue will first appear. This quickly changes to the metallic
color of aluminurn. After the implantation has covered the surface, the
pressure can be reduced rapidly by shutting the manual control valve for
the argon leak. The plasma will reduce in intensity and stop and the sur-
face will continue to be coated but with an evaporated film. The substrate
holder is then heated back up to 150°C. This anneal eliminates the
wrinkles that formed due to the aluminum coating. Thec proccss is re-
peated for the reverse side, but care must be taken to insulate the alumi-
nized surface from the cathode,

3. 9. CONCLUSION

The results of this work have shown that ion implantation can be
uscd as a very effective technique for plating various surfaces. Although
the methods described here have been quite successful, simpler techniques
will probably evolve with continued investigation. The ion-plating system
has proved to be quite functional.
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4, TRANSIENT RADIATION EFFECTS IN MYLAR
VERSUS TEMPERATURE

The data in Table 1 were taken during irradiation of a Mylar
capacitor from liquid nitrogen temperature (LN) up to room temperature
and were reported in the fourth quarterly report. (2)  The delayed con-
ductivity signals were analyzed into the individual exponential components
listed. It was noted that the time constants of the two shortest components
(~6 usec and ~ 40 usec) were essentially independent of temperature,
although the magnitudes of the components indicated fairly strong temper-
aturc dependence., Carrier lifetimes in the conduction band in insulators
arc usually orders of magnitude shorter than the observed decay times.
Therefore, recombination processes occur after the carriers, electrons
for example, are trapped and thermally untrapped many times before
recombining with holes at recombination centers., At room temperature,
the decay of the radiation-induced conductivity was fitted to a hyperbolic
form, indicative of direct recombination, only out to 100 pusec. It seems
most reasonable to attribute the observed response to a continuous distri-
bution of traps in the forbidden zone in addition to the relative immobility
of one sign of carrier., Under these conditions it is possible to have an
observed time constant which is relatively insensitive to temperature and
a photocurrent which increasecs slowly with temperature, (9) as displayed
in Mylar, It is necessary, according to this model, that the rate of
cxchange between conduction electrons and trapped electrons be large
cornpared to the rate of exchange with recombination centers, The
recombination centers or primary centers can be a factor of 108 larger
than the number of clectrons in the conduction band and a desecnsitizing
cffect is observed in which the photocurrent is reduced to 10-8 times the
photocurrent in the absence of trapping., Since replenishment of carriers
in the conduction band from the traps takes place during the recombination
process, the observed time constant is considerably longer than carrier
lifetime. In this model To = 10-1 Tnp /nC » where 1) is the obscerved delay
time, T is the average carrier lifetime, np is the number of trapped holes
(~1015/cm3), and n. is the number of conduction electrons (107 to 1015/
cin3), In the absence of replenishment, the observed time constant is
much shorter, Depending on trap depths, both decay time constants may
occur in the same specimen, leading to observation of long and short
components in the decay curve, Thus, it is reasonable that the entire
decay curve could be analyzed into several components with time constants
which werce insensitive to temperature,
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The reduction in photocurrent at the end of the experiment compared
to the original value at room temperature is evidence of deep carrier
traps which were filled during the irradiation at the low temperatures and
which were not thermally emptied as the temperature was raised back to
room temperature. This effect has been observed in other insulators that
again displayed the original f)hotocurrent at room temperature after the
samples had been heated.(lo

It is somewhat presumptuous to apply band models to Mylar, which
does not resemble the inorganic crystalline solids usually associated with
such models; however, the behavior of the observed response may be
fitted to such models and therefore they are of value until additional ex-
periments lead to more definitive models.
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5. LINAC TESTS OF CERAMIC AND GLASS CAPACITORS

Linac irradiations of two new types of capacitors wore performed to
see if a significant improvement in transient radiation responsce was cvi-
dent., Only one sample of each type was tested as this was only a survey
to determins whether further testing would be dosirable, Irradiation
exposure ratcs of 107 to 107 rads (Cu)/sec were employed,

The ceramic capacitor has a capacity of 0, 1 puF at a working veltagu
of 100 V. Thin films of ceramic and electrode matorial are fusod into a
monolithic solid that is 0, 3 in. by 0, 3 in, by 0.1 i in siwe. The largoe
temperature coefficient of these high-diclectric=constant corannce lormu-
lations, which have a ®15% change in capacity over the tomporature
interval -55°C to 125 °C, limits thelr use to noncritical circult appllca=
tions. No delayed conductivity was obscerved with 4-usoc Linac pulsos,
The prompt cocfficient, Kp, was calculated from the oxprosgion I = Ky VG
yA, where V is voltage applied in volts, C is capacity in larads, v is the
exposurc rate in R/scc, A is a constant bLotwoon 0,5 and 1, 0, and, I lg the
prompt current in amperes. The resulting value, Kp = 1,1 x10°°, 18 com-
parable with previously measured monolithic capacitors from anothor
manufacturer,

Two glass capacitors from Corning Glass Works woro lrradiutod,
one of which~--a conventional typc with a 0, 01- " capacity=--has been
available for scveral years, It has a tomporature coofliciont of 140 ppm
over the temperature range =55 °C to 125°C, rosulting in loss than &2%
capacity change over this temperature interval, It is o stable capacitor,
having a diclectric constant of about 8.4, The second glass capacitor has
a diclectric called Glass-K., Threo formulations of this matorial arve
available with diclectric constants up to two orders ol magnitude largor
than that of ordinary glass, This high dielectric constant is achicvod
through heat trcatment of the glass, which forms microcrystals through-
out the dielectric. As the diclectric constant is increased, tho tempera-
ture stability decrecases, as with ceramic diclectrics,  Table 2 lists the
maximum capacity available with cach temperature stability charactoristic
over the tercrature range -55°C to +125 °C.  All tho listod capacitors
have the same physical size-~0, 25 in, lonyg by 0. 14 in, diamotor,
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Table 2

Maximum Temporaturoe
Capacitanco Stubility Cocfficiont,
(ul) Characteristic (%)

0, 02 ' +2, =10
0. 039 u +2, ~15
0, 100 V +10, ~40

Samplos having U and V characteoristics woere orderod, but the 0. 1-
Ity Vetypo capacitovs arrived too late for testing, Undor the samo tost
conditions as thoso used for tho coramic cupacitor, the prompt coofficiont
for the ordinary gluss capacitor wus Kp = 4.5 % 107 and for the Glass=-K
capacitor with 0. 039 °I* capuacity and stabllity characteristic U it was
Kp B 203 x 1077, No delayoed conductivity was obsorved with 4-usoece Linac
pulvos, It is possible that thoe diclectrice formulation with charactoristic
V would huve an oven smaller Kpi howover, its wide tomperature stubility
toloranco would provent ity use in eritical circuits in the samo way that
coramic capacitors are lmiltod,
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6. ENERGY 10OSS OF MODERATELY FAST
ELECTRONS IN INSULATORS

6.1 INTRODUCTION

Electron energy loss in materials is a process that has been studied

extensively; however, little attention has been given to the later stages of

(12)

In order to obtain better numerical estimates for the

(1)

the process.
theory of transient radiation respunse discussed in a previous report,
the glowing down of electrons whose energy is 100 eV or less is exarnined
in detail. It is assumed that the Bethe theory, based on electronic excita-
tions, is sufficient to give he range down to this energy. Thus, the mech-
anisms whereby an elec’ ‘on transfers energy to those excitations in a
solid which have low energy aic treated here.

The Hamiltonian for the undisturbed sclid contains terms which give
rise to all of the excitations that can exist in the solid. It is not necessary
to write down this Hamiltonjan but merely to list the types of excitations
that are known to exist and their approximate er “rgy: acoustic phonons
(0 to 0.03 eV), optical phonons (0.03 eV), dipolar relaxation (characterized
by a time Ty with 0= h/'rds 0.03 eV), excitons (2 to 10 ¢V), hand-to-band
electronic transitions (2 eV and greater), and plasmons (15 e¢V). Thereo
are also interactions between these excitations.

The term solid in the above context is usually taken to mean a per-
fect crystal. It is fair to say that this is because the mathematics arc
thereby simplified rather than because the phenomena are different. For
example, there is probably not much difference in the range of a fast
electron in a solid metal or a liquid metal or, more appropriate for the
problem at hand, in quartz or glass. Thus, the term solid is extended to

mean any dense material, which, in this context, includes organic
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polymers and liquids. Of course, the initial testing of the theory will best
be done in a well-understood material, i.e., in a perfect crystal.

A crude estimate is made of the contribution of various loss mech-
anisms for an energy low enough that band-to-band and plasmon excita-
tions are not important. It is found that the losses to excitons and to

acoustic phonons dominate.

6.2 MATHEMATICAL DETAILS

The method used here to treat the problem is to relate the energy
loss of the electron to the imaginary pari of the dielectric constant (which
in turn gives the encrgy loss of a photon propagating through the crystal).
This mothod has been {ruitful in studying the energy lost to collective

(

13) It is fitting to note, however, that this method

(14)

plasma oscillations.
wae first used in a problem akin to the one studied here.
If an extra clectron is added to the solid, there will be a coupling
between the excitations listed above and the charge. For those excitations
that involve only electrons, the coupling can be written most easily in
terms of the interaction encergy of two charge denusities., The chargoe dens
gity of the electrons in the solid, in terms of ity Fourdier coefficients in

space, 18 -¢p, . ‘I'he charge due to the extra olectron, written in terms of

eiw t. (Coaventionally,

k
its Fourior cocefficients in space and time, is 00
thig interaction is considered to be turned on slowly from t = «w by somue
factor uét, with §—=0. As this is considered to be a dovice omployoed to
ensure that the correct contours will be taken when doing the Fourdor

integrals, this factor is, for convenience, omitted, The subscripts on o

arce also omitted.) The 1’01‘1‘11(15) of the clectron interaction is
2
. > 4o iwt
IIU—-Z-—T ([)k'f'O'U ) ' (1)
k Kk

Now consider the energy of interaction with the optical phonong,

The optical phonong will, in general, ho accompaniod by a polarization
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of the molecules. The strength of the mode of wave vector k is labeled
Qj(k)’ where j stands for both the vector component of the displacement
and the type of mode. A phenomenological relation between the ith
component of the macroscopic electric polarization Mi and the optical
mode Qj is assumed; this relation has the form

M, = eM,.Q. . (2)
1 1) J

The convention that repeated indices are to be summed will be followed.
It should be noted here that M has been used to denote polarization; the
symbol P, which is commonly used for polarization, will be employed for
a different quantity. The extra energy that exists when a field Ecx(r)
generated by the extra electron is applied and the material has a polari-

zation M isg
_— ~ 3 -
Hy, = [ Bo) - M) & = 5 Bt - M (3)
k
The ficld generated by the extra charge ¢ must satisfy Poisson's equation

ik - E_ (k) = «4700 . (4)

Further, if the rotardation offects are ignored, the field is longitudinal

(along 'iZ). 50 the solution to Kyq. (4) is

- K .
o ™ 173 4100 (5)

'I'he uso of Eq. (5) for Eux allows Lig. (3) to bo writton in much the
samo form as lig. (1), Thus, the total intoraction found so far can be

duescriboed in terms of a more vlaborate charge oporator:

. o
) L - '
1 K Py ikiMijQJ (6)
and thus
L O 2, 2 b lwt
Hyyp = 1, 410 = Z (4m0°/Kk) B} ge " (7)
k
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If moleculcs in the solid have a permanent dipole moment, it can be in-
cluded formally as a zero-frequency phonon mode. If this dipole moment
has two (or more) stable positions, two or more zero-frequency modes
can be used. The transitions between these modes give rise to the dipole
losses.(16'17)
There is one other loss mechanism that occurs -- the coupling to
acoustic phonons. It may be that this mechanism appears such a low
energy that it is not of interest--i.e., by the time an electron's enecrgy
drops to kT, it may be meaningless to inquire into its range from that
point on; even so, it should be mentioned for completeness. The deforma-
tion potential model, which is valid for semiconducters, will be used.(ls’lg)
Here, the interaction is assumed to be proportional to the strain, which in
turn is the derivative of the displacement. The displacement of the
acoustic modes, which carry no polarization, is labeled’q. The interaction

energy will be

O ‘2 2 ot dwt
M=+ Z (47 /K%) £ dlejq oo (8)

J

k
where ¢ i is the deformation potential tension that is set up when an

clectron is presont. §,, has been normalized somewhat differently than

i
usual so that it will fit %hu standard format used.

'he coupling betweoen the clectron and the various excitation modes
of the solid have now been obtained in Eqgs. (7) and (8). 'Thore is now the
problem of calculating the energy transforred (or lost) from the electron
to the solid. 'Tho casiest way to caleculate this energy loss is to caleulate
the probability that the solid has beon excited from its initial state, 0, to
a state n, Conscervation of cenoergy then ensuros that tho clectron has lost
1'hat the uxirrusuion for anerygy loss is identical

cnargy IQn - 1= ‘hwn

0 0’
to a certain expression involving the dielectric constant remains to be

shown,
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The energy loss, W(kw), will be found here without formal proof.
This will be done because the answer can be essentially copied out of

(15)

Pines. The difference is that where Pines treats a problem with the
single operator p+, the sum

+

Pk + ikiﬁ?jq; , (9)
is used here. Thus, Pine's ''golden rule' result and the generalized
interaction derived here is written as

2w 47re2 +L X 2 ‘
Wiko) = = <_i? ) > 1@+ kg off ol - ) (10)
n

Actually, Eq. (10) probably requires considerably more justification
than given here. In the first place, it is based on the assumption that the
electron is sufficiently localized in space that it has a unifcrm momoentum
densgity. In other words, we have set IO‘,Z =1, Itis conceivable that at
the lower energies, the wave packet describing the electron will be sproad
out so much that |0'|2 must be a notwgo~slowly«varying function of k. A
gsecond point that must be chocked i whether the interactions are indeod
woak enough that only the firgt toerm in the porturbation sories can bo
rotained, Assuming this will be done in the future, kg, (10) will bo
accopted as valid for the moment,

For convenionce later, e, (10) is written in o slightly difforont
form. Q, ¢, and p arce all boson operators. 'Uhis moans, for oxample,
that <qj+)110 is sero ualess the only difforenco boetwoeen stuto n and state 0
iy that n containg one more acoustic phonon of type j. It {s asyumeoed that
tho wave functions can bo written ag a product of states containing
acoustic phonons (laboeled 1) and states containing optical phonons and
clectronic excitations (laboled «) Thus, Fq. (10) can be writton in two

parts:
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W(ke) = 37 (4”" >

EIPI 8w g - ©)

+ zj:l(ikif;'i'jqj)ﬁol é(wﬁo - wf - (11)

Now, the calculation of the dielectric constant, €, can be considered.

hk

= g + + »
Il a polarization such as M is present, E must satisfy Poisson's equation,
I3 3 ong + + +
in which the source of E is all of the free charge minus the divergence
— (20
of M,( )

ik - E = -4 [e(p + pext) + ik - Mk] : (12)

In Eq. (12), pcxt is the external charge used to establish a field to probe
the solid. The definition of ¢(kw) is that ¢ obeys a Poisson equation in

which only the external charge appears; thus,

¢ik Llc z -4 mep (13)
Eguations (12) and (13) may be combined to yiold
ﬁl "? compe
.Lgl,;, /)"(J‘ ik M’ (14)
¢ 4w
ext
or, intorme of tho operator 1 delined in By, (0),
P
1l Kk )
¢ (kew) -~ L4 fhrpu | ' (L5)

''he value moasured Lor 1/¢ will dopond on (Plc)pp' whoro pdu tho ground

slato ol the solid in tho prosenco of P ot

"
Apaln, this 1o exuctly the sanme equation us Plhoy obtalng for 1/«‘.(1 )

Phuo, o solution for (1)1<)J’1’ may bo vxpocted to follow the same formal

gteps as omployed by Pinowa, so that
20
4nu 2 (y() .
Ro(l/c) = 1 4 =28 > (1 1, ol ’-,—;-—~---.;3- . (16)
@m0
P ,
Lin(1/¢) Jdre Z l(l”) ]& [6(w » w ) &l +w ). (17)
o pJ I v O no no

nk*
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The last term in Eq. (17) represents a gain of energy by the field, i.e.,
stimulated emission. If the solid is at zero temperature, such processes

would be impossible (i.e., w > 0 for all n). Even at elevated tempera-

no
tures, the number of such processes should be small enough that they
can be ignored.

A comparison of Eq. (11) for the energy loss with Eq. (17) for

Im(1l/€) allows the expression for energy loss to be written as follows:

8 1
Wlkw) = - 27 I (k)

2
) 4 me w4 2
v2n () D, kg o
B

X [6(“’[30 - w) - 6(‘"’[30 +w)]. (18)

According to Eq. (18), there is a term in the energy-loss expression that
is not given by the dielectric constant. This 18 beceuse, as stated proe-
viously. the acoustic modes ure not accompanied by a polarization of any
sort, so the externally generated ficld is not coupled to these modes. If
this is correct, it is logical to ask why the electron is coupled to them,
The answer is that the allowed energy levels depend on the position of the
atoms. Any change in the position, be it a uniform comproession or an
acoustic wave, induces a ¢change in the energy of the electrons, 'Tho
oloctrons can follow the lattice adiabatically so an electric {iold is nevor
generated during the process. 'The proof (or disproof, as the case may bo)
of the sbove statements is an interesting physical problem, As mentioned
before, it is not clear whether this process affects the totul range of the

aslectron but it iw most important at very low energles.

6.3 FORMULA FOR LINF AR RANGE

If Eq. (18) is accepted for the energy loss, o large part of the prob-

lom is wolved conceptually., Much detailed analytic work remuins,
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however, before the range can be found. As a first step, let us find the

linear range. This is given, in the continuous method, by the expression(ZI)
E
0 dE
R- [ rm (19a)
F':f

In Eq. (19a), EO is the initial energy and Ef ig the final energy. The
energy loss per unit range, dE/dx, is found from the energy loss per unit

time, dE/dt, by

dE 1 dE
T E (19b)

where v is the velocity, Now W is the probability of losing energy hw and
momentum hk per unit time per unit volume in k space; thus the expecta-

tion (mean value) of the energy loss per unit time is
%%: (2m> [ &’k > o Wlkw) . (20)
w

The perturbation theory by which W(kw) was derived must con-
gorve energy and momentum (even though this was not explicitly

indicated). Thus, if B i;f are the initial and final eloctron momeontum

il
for o given collision,

i’a’i . ii'f + 1k, (21n)

| S 1 ’
b mplit i k! Lrenramad a 1 Y
3y Pi v 11. + Nw (210h)

oL . \
Nw 2 z{iﬁ-l—a}-- @.fﬁ)f ) (ZIG)

Wo assume hik « Pi (which may not be true when the eloctron enoryy is
lows than about % oV), so tho last torm in Wy, (21¢) can bo droppod, Thua,

tho sum over w e¢an be roplaced by an integral times o delta function;

%lt. a s [ack™® [ dw 6w -k v) Ime™! | (22)
3. .

Wo now use cylindrical coordinntes for lo, with the axis along v, and Inte-

grate ovor dk, to remove the delta function. We also nssume € to he
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independent of k. All of these steps reduce Eq. (22) to

-...-_-..[d Irne " /k2+(w/) (23)

The conservation of momentum has not been completely specificd
by just ensuring that Eq. (21c) is satisfied. If we look at the following

scattering diagram

MAXIMUM VALUE OF #,,
MAXIMUM VALUE OF i,

wo soe that requiring hk, to be small also forces fk, to be wmall, T'hus
wo take

I, 5 Yw/v, (24)

where ¥ 18 some number of order unity, ''he intogral of B, (23) over kg
will thus give a numerical factor of 1/2 loyg (‘Yz + 1), which {8 henceforth
dropped,

Finally, wo remark that the olectron can scarceoly lose more onoryy
in o collision than it bus initially; {.0., thero {8 an upper hound on w,

Equation (23) has now been raduced to the simple form

dli an& L/ =1 i
rU T wdw Ime (&%)
0
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6.4 NUMERICAL ESTIMATES OF RANGE

The job now (apart from justiflying a great number of assumptions!)
is to evaluate the integral in Eq. (25) for materials of interest, which has
not actually been done yet, It has, however, proven to be useful in evaluat-
ing the order of magnitude of dE/dt as it is determined by the various
excitations that occur., As an example, suppose the dielectric constant is

composed of the sum of three terms

€ =1 % cd+c:-:ph LA (26)
where
“1
€q * -i-—-—-i-a-;‘:l- dipole term, (27a)
€2
¢ . M o= - optical pbonon, (27h)
phy v (W /w )& - dwr
P b
¢,
R 5 axciton, (&7¢)
UN [
I = (w/w )" = dwr
eX oN

or complateness, a band«to«hand terin and a plasmon term should also
bo dneludoed for the energy losses helow 5 to 28 oV’.“z) but more time
would be required to include them,

'U'ho resonance contributions, Gph and ﬁex' havo o rapid variation
only in the reglon of thelr resonant froquency. We van therefore mualku

the approximation

) al(l b 1w7'd)

CoNED A - 7 0" wx “op (28n)
2
_ Ol e (w/wp)™ 4+ 1w'rphl
R eph + . — )2 7) : ) W) W Wy ! (280)
- {w wph | [prh]
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2
€, [l ~(w/w ) +iwrt | \
1+ 3 22 ox w = W (28¢)

 \2 2
(1= (w/w )"+ [wr ]

In Eqs. (28a) and (28b),

m:
l
14

o

1+€2+€3,

R LAY (29h)

(29a)

m
it

At this stage we aro interested in a rough answer (the input ¢ is
only a guess based on a plausible model), so we shall estimata the

integrals in a erude mannor, lor w = wph'

. €W (1 + wrd)
wlime o 5

-l

1/1'(1 !.‘orw»'rd . (30)

e €
1+(w1'd)

We assume 'rd'1

dominate the integral,

& wph' su the large constant region of the integrand will

'I'he integrand in the rogion of a resonance iu
wime ! w «ww;z 7
1 (@l )41 4 fwr)

(31)

This {s a poak with a hedght of 1/7 and a width of about wg

integrale are independent of the damping and depend only on the energy of

. 'hus, thouse

the resonance,
Weo can now collect the above estimate to find the enorgy loun per

unit distance, an given by g, (25), to ha
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( ¢ hE
————— E Nw ,
(€ )2. - ph
“d d
2 A
-1 cl*h wph Gz(hwph) - \
cllu/d.x:(aonlu) < —3 t - 3 hwphah..-:“hwex, (32)
(€) 7y ¢,
¢, N w ¢. (M )2
1" “ph 2" ph e (ho )2 B = he
(@ )21‘ - 3 ox ax
\VRdh T d €2

In 18¢. (32), a, iy the Bohr radius,

The various energies are far enough removed that the highest term
appearing in g, (32) will dominate. 'I'his being the case, we can make the
simple physical intorpretation that the range for the various procosson
will just aded, 'That {8, there will be a cortain rango, Rc.x‘ while the
electron v losing energy down to L N another range while it loses eneryy

down to Lph' ote, l'hus,

o uph PR (33)
with
Hux m("OMS)-l l(lﬁg/ Ec\:ct)z - 1 (340)
o, W(ao?fcz)'l?ﬁh l(mox/wpl\>2 -1, (340)
Ity M gTe ) TG Loy = (rgki /B (34¢)

For example, uuppuio an inwulator hos an exciton bund at 3 ¢V,

optical modes ot 3 % 1077 oV, and dipolar relaxation timos below lO10 v

(h/rd w107 a\’). and wo inquire into the range of a 18-0V vlectron,

From Ne, (34n), this electron will travel about 25 A while losing enoergy
down to 3 oV it will then travel of the ordar of 10‘1 A (ammuming Eph A
the range will he l()q 1'?1)} in as large as 3) while uluwinu down to

3 x 10"" eV, and, {lanlly, it will travel about 3 x 10 A 0w it slows down
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to, say, 3 « 10-3 eV. (This last range assumes el R 10"&; ap it should be
if the material is a good dielectric.)

As a final estimate, the energy loss to acoustic phonons is examined,
which, again, is done with the aid of a simple model rather than relying
too strongly on first principles. The last te*m in Eq. (18), which gives
the energy lost to acoustic phonons, involves exactly the same matrix
elements that are needed to find the relaxation time that determines the
mobility, (Already another simplification has been made. It is assumed
the electrons do not couple to the optical modes so well that they aro
u.companied by a virtual polarization cloud; i.e., the material could bo
silicon . probably Mylar, but not magneslum oxide.)

These matrix elements do not depend on the energy of the electmn.(z)
The energy loss por unit time given by E¢. (20) 18 thus approximately
equal to

%—If a2 w z NwA(w) (34)
W

whore A(w) is the volume of k space allowed in the scattoring ovent that
croatus o phonon of enorgy hw and Wik,w) has been set equal to the cons
stant W,

A dlagrum of the mitial and [inal momentum is shown in Py, 6.1,
The energy and momentum conservation rules that must accompany
Mg, v.] are, for small AP,

AP . D
5 NV (36)
and
AP = n(ic + ), (37)

whore g is & rsciprocal lattice voctor, This vector must be added to &k to
include Umklapp procoesses which can occur in solide, Since enorgios ns
low as 5 ¢V are of concern here, the occurrence of such procosses is
important since only if Umklapp scatterings occur can the entire ci cle

shown in Fig. 6.1 be reached by I;f.
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—
¢ Qo * 9,
K
ol
T
iy sl
* . * 9,

Fig. 6. 1«-Diagram ghowing two scattoring ovonts that lead to
the weone value of 1131, Sinco [kl = IkmuxI' tha largor-angle
seattering would be forbidden without Umbklapp procersses,

AP, groatly exaggoratod in the drawing, s at most a few pors
vent of P
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The actual value of A(k) will be rather complicated, but the orvder

of magnitude is clearly seen to be

Alk) W4TP(AP « P) M4TMPhw | (18)
Thus,
dE . 2.2 S
S~ @) wem 2 ()
W
w (21972 WPM (ko)? . (39)

In Iieg, (39), the wum over the phonon energies han been replaced by the
average phonon energy. ‘This quantity, in turn, has been replaced by the
Dabye tomperature 0.

From By, (39), the energy loss per unit distance 18 a conatant,
independoent of the electron vnergy, ‘I'his can be interproted in termas of
a vary simple model: namoly, that the electron has a constant mean freo

path, A, with

A oart (Meaw)tt (40)
and that at each scattering it loges an amount of onarygy ko.
'he numerical value of A can bhe estimated from the mobility pu,
For a good insulator, a mobility of about 30 umz/wu V is assvvmaed, ‘1I'his
corresponds to a rolaxation time of
e Mo

el L
pow LX10 x :5,(’) e g
sec uV

2u7 .'14 , ;
Wil 10 RO (41)

Phe veloclty of an ulectron with enovgy kU i8 a Hitle more than l(),

“l
Cl HOL , HO

AR N 10“, ¢ (4 7)
The Hnear range is
odg A \
R [y = ies o - By (43)
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If EO A3 eV and E,. 20.03 eV, then

{
Rwz x 10% (44)
which {8 about the same as that found for optical phonons.

The linear range, of coursc, greatly overestimates the total projected
range, [iX], traversed by the electron., Fortunately, this projected range
can be casily estimated for energy loss to phonons. According to the
model already mentioned, the electron loses the same amount of cnergy,
k0, which is typically 0,03 oV, at each collision, and thus it must suffer
N collisions, where
N = Eo/k(l (45)

fs about 100 for an Eo of 3 eV, Irom standard random-walk theory, one
knows that the projected range is simply
e a /N w2 x107 A (46)
Since the loss to optical phonone is about the sama, but perhaps
somewhat larger, the projected range due to both processeos will ba about

one=hall of the value given in liq, (40).

6.5 GCONGILUSIONS

It should be rememborad that only a rough estimate of the range has

boun made here. liven if the approximations made in the derivations of
the final formulaw are valld, the material parametors used to find numaorts
cal valuos are only a guoss based on typical values encounteracd for well-
studied materials, Numbors spacific to a practical insulator such au
Mylar are not known,

If these numbuers do not prove to he too wide of the mark, howevar,
than it i found that the eloectron will slow down very rapidly (a linear
vonge of 25 A) from 1% eV to 3 oV aw it losows energy to excitons, and thon
it will lowe energy about equally to optical and acoustical phonons. The
projectod range {9 estimated to he about 103 A as the electron slows down

from 3 eV to thormal eneryles,
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7. CONCLUSIONS

Tho ion implantation process has beoon successfully utilized to apply
motallle contacts to semiconductors and insulators, The transient
response of a Mylar capacitor with lon=implanted contacts displayed
roduced polarivation effects but no significant docroase in response which
would make its use desirable in radlation vnvironments. 'The ton-
implanted eloctrodos oxhibited botter carrior injection than foil cloctrodes
and allowed ohmic contacts to bo applied to semiconductors with a wido
rango of rosistivity} consequently, the procoss has advantagon in roscearch
work where simpler methods fall to provide good contacts, The produce
tlon use of the process for capacitors {8 doubtful owing to the lengthy
cloaning procedure and the difficulty of achleving a unlforin plasma with
tho assoclated oquipmont necessary for implantation on a continuous film,

The transtent radiation responee exhibited by a Mylar capacitor
varsus tomporature 18 consistent with the response predictod by a band
model of the conduction process in which traps are uniformly distributed
in the forbldden vone and onoe sign of carrier ts immobllred, Undor such
conditions, the photocurrent s extremoly small compared to that display-
od without trapping and a woeak dopondonco of the photocurrent on tompoy -
ature Ly predicted,  Tho obsoervoed decay thne constant can bo many oxdo s
ol magnltude longor than tho avorage carrior Hletlime and e insonsitive to
tomporaturo,

Now mothods of fabrlcatng coramic and glans capacitors with high
dloloctric conntanis have yleldod lurge capacity=to=volume ratlos and
consoguontly the prompt vadiation vesponso s smalls  'Mho ukoe ol thoso
capacitors s still Lmlted, howover, since the temporature coolflclonts
of capnelty are largo, and thin provonts the use of such capncitory in
critienl eircult applications whoro the capacity must romain conntant lor
proper elreult functions over a largo tomperature rango,

Bxamination of the onorgy loss of modorately (ast eloctrong In
inwulators, which s necossary for tho theory ol translent radiation offocts
in msulutors, (1) indicates that onorgy loss to excitong e tho primary
procoess that occurs in the onergy range from 15 oV to 3 oV, Enorgy loss
to optlenl and ncoustical phonons then occurs down to thermal energlos,

Provious work undor this contract has shown that anomalously largoe
transiont offocts moeasurod in small-valued mica capacitors could bo
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agcribod to lonkago currents through air trapped inside the capacitor
oncapsulation, (4) Comparison of tho transiont responsc of a commercial
mica capacitor with that of a similar capacitor that had a conductive
couating on the encapsulation demonstrated that clectric charge from
lonized air can be truppoﬁﬂm tho insulator surface, leading to incroased
initial transiont signals.( Irradiation of wevoral capacitors using
difforont dicloctric materiale in a TRIGA reactot indicatod that noutron
rosponso was loast sonsitive in coramic capacitors followed by mica,
tantalum oxide, and Mylar dicloctricn, (23) A mothod for verification of

a modol foz* 1outron irradiation of dielectrics by proton irrvadiation was
describod, (4) A capacitor oxchange program in which the samo capacitors
were moasurod by General Atomic and International Dusiness Machines
{indicatod that meoasureomonts performeoed with an RC c¢lrcult in which chargeo
transfer was moasuroed ylolded comparable rcwlst)s to measuremont of
radiation«inducod current with curront probes,
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