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ABSTRACT

Tantalum thin film resistors have been reactively
sputtered in oxygen and nitrogen simultaneously. The films
studied had resistivities ranging from 40O«n-cm to 3 x 10h
«n-cm, The corresponding TCR values ranged from -50 ppm/°C
to -2,000 ppm/°C. Conductance-temperature measurements show
that electrical conduction in discontinuous films of metallic
islands (typically 100 E) largely surrounded by regions of
Ta205 (typically 50 1) may be due to a tunneling mechanism
of negative TCR operating concurrently with a metallic
mechanism of positive TCR via interconnected metallic islands,

Irradiation of these discontinuous films by 150 keV
protons produces a conductance increase which is attributed
to an enhanced tunneling mechanism via electronic defect
levels in the inter-island oxide regions. During irradiation
of these films at 30°K, the conductance change increases and
approaches apparent saturation, This nonlinearity is attributed
to a combination of spontaneous recombination and close-pair
thernal annealing. The number of unstable sites surrounding
each defect is found to be 2 4, Thermal recovery of the
conductance proceeds in two main stages{ Stage A (34K to
150°K) is attributed to close-pair or correlated recombinationj
Stage B (150°K to 300°K) is attributed to uncorrelated migration
of defects to gap-island interfaces, as is indicated by the

greatly reduced Stage B annealing which is observed for
8
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continuous, polycrystalline films of Ta205, having a typical
grain size of 1,500 A. Negative annealing stages (characterized
by a conductance increase) indicate a metallic conduction
process via connected metallic islahds.

For 286 K irradiation of discontinuous films, the con-
ductance initially increases with fluence in a nonlinear fashion
until a threshold fluence is reached, at which point the con-
ductance decreases with fluence., The nonlinearity of the con-
ductance increase is attributed to trapping of mobile radiation-
produced defects at gap-island interfaces during irradiation.
The subsequent conductance decréase is attributed to a shift
in the Fermi level, and thus the height of the tunneling barrier,
as the result of the formation of unequal concentrations of
stable radiation-produced donor and acceptor defects since
unequal concentrations of these defects can be expected to annihilate
at the gap-island interface. The absence of this conductance
decrease in continuous polycrystalline films is consistent with
this model, since the absence of gap-island interfaces is |
expected to result in equal concentrations of stable donor and
acceptor levels being produced.

The observed negative increase in TCR with fluence is
attributed to an increase in the proportion of the tunneling
mecharism of negative TCR (as the result of radiation~-produced
defects in the inter-island oxide regions) relative to the pro-

portion of the metallic conduction mechanism of positive TCR,
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The difference between the TCR recovery after irradiation at
30°K (little recovery between 150°K and 300°K) and the conduc-
tance recovery (about 50 percent of the recovery occurs between
150°K and 300°K) is attributed to the expected greater influence
of metallic recovery on the annealing of the film TCR relative

to the annealing of the film conductance.
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INTRODUCTION

1.1 General

Due to their small physical size, precision, and long
term stability, thin film resistors are used extensively in
microelectronic circuits. Tantalum is often used as the basic
film material due to the fact that it may be easily anodized,
This property allows the. resistance of a device to be trimmed
very simply to within about 0.1% of the desired value, This
trimming process 1s very important since untrimmed spubttered
films generally deviate from the desired resistance value by
several percent., An additional reason for employing tantalum
as the basic film material is that anodically formed Ta205
is a relatively good diélectric, making the production of thin
film capacitors completely compatible with the production of
tantalum thin film resistors.

One of the main applications of thin film resistors
is as feedback elements for active devices., In this applica-
tiony the characteristics of the circuit become relatively
independent of the charscteristics of the active devices, but
the sensitivity of the circulit te changes in the fcedback neb-
work may spproach unity l, Thus, if a circuit is to be used in

a radiation enviromment, such a&s occurs in a satellite, it is
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important to understand the effects of radiation on the thin
film resistors. However, the literature does not contain any
significant references to such studies. The present investi-

gation was undertaken in order to fill this apparent gap.

1.2 Tantalum Thin Films

For circuit applications, thin film resistors should
have a high value of resistivity and a low temperature coef-
ficient of resistance (TCR), generally within the range of
+100 ppm/°C to -100 ppm/°C. Marcus 2'has employed electron
beam evaporation to deposit undoped Ta films which approach
~ bulk Ta in properties (13.6wn-cm at room temperature and a
TCR value of 2,000 ppm/°C). However, this resistivity is much
too low and the TCR too large for practical use in resistor |

3

mamifacture. Marcus and Quigley ™ have found that films

deposited on very clean substrates without the deliberate addi-
tion of reactive gases may have a S-type crystal structure H.
The resistivity of these films is about 200 u«-n-cm and the TCR
falls within the range of +100 ppm/°C to =100 ppm/°C 5.
Gerstenberg and Calbick 6 have shown that the resistivity of
sputtered films may be increased to about 300.ue-cm by the
addition of reactive nitrogeﬁ to the sputtering gas. The TCR
of about -100 ppm/?C has been attributed to the formation of a
nitride compound. These authors 6 have also demonstrated that
the vesistivity of the filme may be increased further by

reactive sputtering in oxygen. These films have resistivities
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as high as 10,000«--cr, but the corresponding TCR is as 1argé
as -1,500 ppm/°C. Thesec electrical parameters have been
accounted for by the formation of regioné of Ta205 within the
film. Xrikorian and Sneed 7 have reported that, if the partisal
pressure of reactive oxygen is sufficiently high, films of
insulating Ta205 are formed, Thiie films.have been found to
have resistivities as high as 107 w«-~cn and TCR values as
large as -3,500 ppn/°C,

The work on the properties of Ta films reported to date
in the literature suggests that for thin film resistors requir-
ing a small value of TCR, reactive sputtering with nitrogen
may produce sultable films for small values of resistance,
However, for large values of resistance, these nitride films
may be excessively large physically. Therefore, for large
resistances, films reactively sputtered with oxygen should bz
considered. However, these films would have the disadvantage
of a very large negative TCR value.

Consideration of these results suggests that, if Ta
films were reactively sputtered in oxygen and nitrogen simul-
taneously, the resulting films might have a relatively high
resistivity and a relatively small TCR, The films used in the
present investigation were sputtered in this faéhion, and are
suitable for use as resistors since they possess values of
resistivity and TCR intermediale between filus reactively
sputtered in ozxygen only and those reactively sputtered in

nitrogen only.


http:10,000.a...ll

1.3 Radiation Damage in Thin Films

A general review of radiation damage theory has been
given by Thompson 8. In connection with the effects of radia-
tion damage on the properties of thin metallic films, Ramsay 9
found that fast neutron irradiation of Ta and TaN films pro-
duced a resistance increase of 0.0Q%_at 1016 n/cmzs Merkle and
singer 10 investigated the effects of 2 MeV A -particle irradia-
tion on films of annealed Au, Cu, and Al., These films ranged
in thickness from 2,000 A to 7,000 A and were irradiated at
M.ZOK. The increase in resistance with fluence was attributed
to atomic displacements within the films.v Ivanovskii and
Radzhabov 11 have studied the effects of 2 keV argon ion bom-
bardment on Ti films of 1,000 A thickness. These films were
thermally annesled and degassed prior to irradiation. The
resistance increase of 1.3% at a fluence of 1.5 x 1016 ions/cm
was attributed to carrier impurity scattering caused by argon
ions deposited within the film. Navinsek and Carter “° have
irradiated Ag, Au, Ti, and W films of 500 A thickness with
argon ions of energy 250 eV to 4 keV, There were threec distinet
regions of resistance change with fluence. For values of fluence
15 2

less than 5 x 1077 ions/cin , the resistance of the films decreased,

Thie resistance decrease was attributed to the remnoval of
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5
adsorbed gases on the surface of the film, thus changing the
effect of the surface on carrier scattering, For fluence
values between 5 x 1015 ions/cm? and 4 x 1016 ions/cm® the
resistanée increase was ascribed to "bulk" damage within the
film, For higher values of fluence, the resistance increased
catastrophically dﬁe to sputtering of the film. The failure
of Ivanovskii and Radzhavov 11 to observe the initial resistance
decrease on bombarding Ti films with argon ions might be
attributed to the fact that their films were degassed prior to
irradiation, Teodosic T3 found that the irradiation of Ag
f£ilms of thickness 150 A to 400 A by Ag ions of energy 20 keV
to 500 keV caused the film resistance to decrease, reach a ‘
minimum and then increase with fluence. The initial resistance
decrease was attributed to radiatién«produced changes in the
reflection coefficient for carriers striking the film surface.
The subsequent resistance increasc was ascribed to bulk damage
and sputtering effects.

Although various types ¢f films have been irradiated
by different types of particles, no clear picture of irradia-
tion effects on any given type of film emerges. Reports in
‘the literature on the effcects of irradiation of thin films
do not generally consider the films from the point of view of
an electricel device., The exception to this is the work of
Ramsay ? on neutron irrediation of tantalum films, However,
he did not consider the effects of varying any of the para-

meters usually associated with thin film resistor manufecture,



e.g., the effect of varying the dopant concentration, Neither
did Ramsay consider the effect of heat treating the films prior
to irradiation., This heat treatment process is generally
deemned to be a necessary step in the manufacture of stable
tantalum thin film resistors 1M,

In order to completely characterize the behaviour of
thin film resistors in a rediation environment, it is necessary
to know the effects of radiation damage on the film TCR,

Ramsay 9 has found that, for irrsdiation of tantalum thin film

resistors to 1016n/cm2,there was no change in the negative TCR

of the unirradiated films., However, it is not certain whether

this constant TCR was an intrinsic property of these films,

or whether it was the result of th? small damnage level used in

the investigation, since the corresponding conductance increase

of the films was only 0.02%.

1.4 The Pregsent Investigation

This thesis considers the permanent effeéts of low
energy (150 keV) proton radiation damage on the conducteance
and TCR of reactively sputtered tanﬁalum thin film resistors.
This type of radiationvwas chosen in order to simulate a space
radiation environment. Although the electron flux density

15

exceeds the proton flux density in space , the electrons are
generally of insufficlent energy to cause a significant amount
of damage In the resistors. The danage concentration produced
by & given fluence of heavy ions may exceed that caused by the

sane fluence of protong, but since the flux density of heavy
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ions is much 1ess than that of protons in outer space 15,
and since these heavy ions will be attenuated by almost any
material surrounding the devices, this type of radiation is
not considered in this thesis,

The equipment used in obtaining the experimental results
is described in Chapter II of this thesis. Chapter III describes
the discontinuous structure and electrical conduction mechan-
isms of the reactively sputtered tantalum thin film resistors,
These must be understood in order to attempt an explanation
of the effects of radiation damage on the conductance and TCR
of these devices. Chapter IV considers the effects of room
temperature radiation damage on the device conductance for

016 p/cm2 (this fluence corresponds to a

fluences up to 1
minimum of about three years in outer space). On the basis
of these results, a model is proposed to explain the obgerved
increase in film gonductance with fluence. Low temperature
damage and recovery mechanisms are descussed in Chapter V.
Thege results are used as a besis for a discussion of high
fluence (2 x 1018 p/cmz) roon temperature damage results
congidered in Chapter VI. Following this discussion of radia-
tiop-enhanced conduction mechanisms within the films, the

effects of radialion d=mage on film TCR sre considered in

Chapter V11, The thesis concludes with a sumusry of the experi-
mental results and proposed conduction mechanisms in Chapter VILI.

The work done for thls thesis ig original since the

¢Q

¥

literabure does not contain any references elther to the
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deposition of discontinuocus Ta films by reactive sputtering
in oxygen and nitrogen simultaneously, or to radiation damage

in such a film structure. The eight publications which have

resulted from thls thesis characterize the film structure 16

and conductance mechanisms in discontinuous films both before
, 17-21
and after irradiation / s as well as describing an IC cur-

23

rent integrator 22 and a cryogenic system which is particu-

larly suitable for radiation damage experiments.



II
EXPERIMENTAL EQUIPMENT

2.1 Accelerator

The basic accelerator consisted of a Texas Nuclear
Corporation model 9509 Cockroft-Walton accelerator for which
the maximum a#ailable accelerating voltage was 150 kv, A
magnetic beam-switching system was designed and added to this
basic accelerator, This system was capable of producing an
analyzed beam of singly charged ions up to mass 22 at an accel-

erating potential of 150 kv. The complete system could produce
:an analyzed proton beam of 300 «amp aﬁ 150 keV energy. Unless
otherwise stated, all experimental results were obtained at a
beanm current'density of lOALamp/cm2 at 150 keV,

The vacuum system for the accelerator and beam transport
system consists of two oil diffusion punps with their associated
cold traps. One pump is located at the grounded end of the
accelerator tube, while the éecond pump is located on the beam
line, about two feet from the target chamber. The target section
of the beam line contains an additional cold trap which is
concentric with the beam line and one foot in length. One end
of this beam line trap is adjacent to the target assembly. This
artangementzreduces the hydrocarbon layer on the resistors suf-
ficiently that the conductance change produced by this layer at
the highest fluence used (2 x 1018 p/cm2) is less than 0.1% of the

film conductance. This change in film conductance indicates that:
the contaminant layer is expected to have a negligible effect on -

the measurement of radiation-produced conductance changes which
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are always in excess of 20% at 2 x 1018.p/cm2 (Chapter VI).

2.2 Current Integrator

The first stage of the integrator consists of a
Philbrick SP65A operational amplifier employed as a current to
voltage converter (Figure 2-1). The open loop gain of this

7

stage is 10', providing a maximum input resistance of 10 ohms;

8 and 10”7 ranges. The 709 operational

this occurs on the 10~
amplifier of the second stage operates as a linear amplifier,
the gain of which depends on the selected input range. The
output of this stage is read by means of a panel meter which
indicates the input current to the integrator.

The integrating stage consists of a 709 operational
- amplifier fed from the second amplifier stage by a 47,000 ohm
resistor. When the voltage on the integrating capacitor reaches
-2.3 volts, ﬁhe 710 comparator triggers, placing a lo%ical 0
on the J* input of the SN7470 flip-flop. Since the X' input
is permanently grounded, the next clock pulse sets Q fo 1,
causing the reset current to flow intc the integrating capacitor.
During this reset pulse, the output of the integrating opera-
tional amplifier will fall below the triggering level of the
710 comparator, causing a O to be applied to the J’einpﬁt of
the flip-flop. The next positive going clock pulse will then
reset 5 to O; switching off the reset current.. It should be
noted that the exact level at which the discriminator triggers
is not critical, since the discharge current flows for a period
of one clock pulse. The total charge accumulated is recorded

by a scalar which counts the number of times the integrating
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capacitor is reset., The number of coulombs/count at the input
to the integrator is given by:
| (full scale current reading) x 10"l sec.

Clock pulses are obtained by squaring the 60 hertz
AC line voltage. The frequency stability of the line 1s better
than 0.1% 24. The sine wave is initially squared by means of
the 710 compsrator. Thls signal is then passed through two
SN7400 gates to provide less than 150 nsec rise time to trigger
the SN7470 flip-flop.

The input offset voltage of the SP65A amplifier may
be adjusted by means of a 20,000 ohm panel-mounted potentio-
meter. To make this adjustment, the meter is switched from
its normal position to the output of the integrating amplifier
stage. At the same time, the integrating capacitor is replaced
by a resistor., The offset contrcl is adjusted until a zero
meter reading is obtained., The offset adjustment of both 709's
is adjusted initially, and then remains fixed.

The chopper stabilized SP65A amplifier has an offset
current of 10-11 amp., This is the limiting factor on the
smallest beam current which can be measured. If these low
currents are not to be measured, considerable economy may be
attained by replacing the first amplifier stage wiﬁh a unit
haviqg a higher offset current, An amplifier having less gain
could also be used if a higher input resistance were tolerable.

As constructed, the measured accuracy of the integrator

is within 1%. This accuracy could bg increased by replacing
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the "line-frequency" clock by a crystal controlled clock.
This would also allow for an increase in the ciock frequency,
- permltting current integration over shorter periods of time
than is presently possible. _
The two SN7400 speed-up gates may be eliminated if the
SN7470 flip-flop 1is replaced by a SN7472 flip-flop. The
SN7472 flip-flop triggers on the DC level of the pulse, rather
than on the rising edge of the pulse. '
The method of discharging the integrating capecitor

by a fixed current for a fixed time has an advantage over the
capacitor shorting method of Hakansson 25 in thaf the accuracy
attainable with the present instrument may be improved simply

by increasing the accuracy of the clock. The accuracy of
| Hakansson's instrument depends on the stability of the SCR
holding current and the 710 triggering level with temperature.
In the present case, the Vyp(Sat.) of the reset transistor may
vary with temperature, but the effect of this variation on
the over-all accuracy will be small since the transistor satura-
tion voltage is of the order of 0.5% of the reset voltage;
variations in the reset current due to changes in the saturation
voltage will be much less than this., However, in the present
case, the stability of the capacitor discharge voltage is
critical; this voltage is obtalned from a regulated, temperature

compensated power supply 26.
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2.3 BRoom Temperature Target Assembly

During irrgdiation, the sample substrate was mounted
on a water cooled copper block maintained at 286°K. This
mounting block also served as part of a Faraday cup for measur-
ing the beam current., This assembly is illustrated in Figure 2-2,
Electrical contact to the resistor was made by means of pressure
cohtacts which were attached to the Faraday czge. In order to
reduce secondary emission, a suppressor electrode immediately
preceded the terget assembly. Lack of substrate charging during
irradiation was indicated by a continuous luminescence of the
substrate,

The average temperature of the films increased by
| 6 * 2°K during irradiation by a 15,4amp/cm2 beam of 150 keV
protons. This value of temperature change was obtained from
a calculation using film conductance as measured immediately
after the beam was switched off, the "shermal equilibrium®
conductance as measured two minutes later, and the measured
TCR value for the irradiated film, It should be noted that
this value represents the increase in the average temperature
of the film in contrast to the possibly larger instantaneous
"temperature" increase around a proton track., This measured
value of average temperature increase is in agreement with

the calculated 27 value of 3°K,

2.% Cryozenic Eguipment |

The equipment for the low temperature radiation damage
studies consisted bésically of a Malaker Corp. Mark.VII-C\
Cryomite cryogenic cooler which operates on a Stirling cycle.

This unit is self contained in a cylindrical assembly wvhich is
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Figure 2-2

Room temperature target assembly for thin film resistor
irradiation, illustrating the Faraday cup and the water-
cooled mounting block which is maintained at 286°K.
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about 26 inches long and 5 incheS'in diameter with a total

weight of 16 pounds. All perceptible vibration during opera-
tion was eliminated by securely attaching both the cooler and
the beam line to a lab table. |

A photograph of the low temperature target assembly
is shown in Fig. 2-3. The sample block (No. 8) is attached to
the cooler cold head by four nylon bolts. To obtain electrical
isolation of the sample block and the cold head while maintain-
ing good thermal contact between them, these units were separated
by a 0,001 inch thick mylar spacer covered with Dow-Coraing
heat sink compound. Heat sink compound was also used between -
the resistor substrate and the sample block., Pressure contacts
mounted on the Faraday cage (No. 11) were used to make electrical
contact to the devices,

The sample temperature was regulated by means of a
Cryotronics proportional temperature controller which supplied
power to a diode (No., 6) mounted adjacent to the sample holder.
The sample temperature was measured by means of a platinum
resistance thermometer (No. 7). The base temperature of the
target assembly is 26°K., This increases with beam current as
shown in Fig. 2-k,

For isochronal annealing experiments, a cryogenic
system should produce "square' témperature pulses, Fig, 2-5
glves actual recorder traces of temperature cycles for various
annealing levels. During warm-up the last 2°K ere obtained in

36 seconds, whereas on the cool-down side of the pulse the
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Figure 2-3
1. Body of cooler, 2, Vacuum flange, 3. Circulating tubes for

refrigerating gas (helium), 4. Primary cold heat through which
refrigerating gas flows, 5. Platinum precision resistor for
temperature control, 6, Diode heater for temperature control
embedded in a copper block which is attached to cold head,

7. Platinum precision resistor for specimen temperature,

8. Copper block to which specimen is mounted, 9. Specimen,

10, Specimen conductance probes, 1l. Faraday cup, 12. Entrance
port for incident beam, 13. Electrical leads of coiled copper
wire, 14, Glass insulating rod, 15. Multi-pin vacuum electrical
feed through, 16. Cryomite cooling fins.
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temperature decreases through the first 2°K in 2% seconds. It
can be seen in this figure that the total warm-up time of the
cycle is faster than the total cool-down, the reverse of which
is true for cryostat systems. In the present case, the cold
head could be heated much more rapidly since it is not necessary
to boil off a cryogenic fluid. The quench rates are comparable

28, with a total cool-down time of about

to cryostat systems
15 minutes from room temperature to 26 K.

This cryogenic system is»particularly suitable for
isochronal annealing experiments since the temperature pulses
are obtained by adjusting the temperature controller to the
desired annealing level and allowing the system to automatically
execute its approach to the equilibrium annealing temperature.
The performance of an annealing sequence is thus rather nmore
simplified than in the case of cryostat-operated heat switches
and vapour tubes. Comparison of Fig. 2-5 with annealing pulses

obtained from cryostat designs 28 demonstrates that the present

system is entirely satisfactory for this type of work,

2.5 Electrical Measurements

All conductance measurements were carried out on a
Wayne-Kerr model B641 conductance‘bridge at a frequency of 1,592
hertz., The accuracy of this bridge is 0.01%.

Measurements of the temperature coefficient of resis-
tance (TCR) of the films were done over the range 30°C to 130 C
by heating the films in a Delta model 2300 oven. Before a
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measurement was made the film was allowed one-half hour to come
to equilibrium at each designated temperature. In the range
: 273°K to 26°K the film conductance was measured as a function
of temperature by cooling the films with the Cryomite refriger-
ator. |

The film resistivity was calculated from the film
geometry and the measured resistance. The film thickness was

measured by means of a Hilgar-Watts model N130 multiple beanm

interferometer,
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REACTIVELY SPUTTERED TANTALUM THIN FILM RESISTORS

3.1 General
This chapter describes the deposition of tantalum thin

film resistors by reactive sputtering in oxygen and nitrogen
simultaneously. The advantages of this method of film deposi-
tion over the commonly used method of sputtering in a single
reactive gas are discussed, Electrical conduction mechanisns
within the films were investigated by measuring film conductance
as a function of temperature., Electron microscopy was employed
to examine the structure of the films. A knowledge of these
parameters will permit a model to be postulated to account for
the effects of radiation damage on the conductance and TCR‘of

the films.

3.2 Experimental Procedure

3.2, DC Sputtering and Device Fabrication

The films were deposited ontc American Lava No. 743
glazed ceramic substrates by means of DC sputtering in an argon
discharge of 30 millitorr pressure., The cathode consisted of
a sheet of tantalum placed two inches from the anode, The’
substrate was biased at -500 volts relative to the anode.
This bias was employed to increase the reproducibility of the

films by reducing the concentration of unintentional impurities

22
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sﬁch as hydrocarbons. This also signifies that a higher
partial pressure of reactive oxygen and nitrogen must be used
to obtain the same dopant concentration as in films prepared
without the use of bias. This is advantageous since it is
easier to control a larger partial pressure of reactive gas
than a smaller partial pressure.

The first step in fabricating a device consisted of
sputtering undoped tantaium onto the glazed surface of the sub-
strate, This film was then thermally oxicdized to completion
in air. The purpose of this oxide layer was to protect the
substrate glaze from the tantalum etchant solution,

The resistor film material was presputtered onto a shutter
first and then onto the base oxide layer while the substrate
was being maintained at 400°C, _The reactive partial pressures
of nitrogen and oxygen for a cross-section of substrates studied
are detailed in Table 3-1. The resulting films were 1,200 A
thick, Standard photo-etching techniques were then used to
produce the desired resistor pattern in the fiim. Two patterns
were useds a straight line pattern of 50 squares and zig-zag
pattern of 1,000 squares. Contact pads were then evaporated
in the form of nichrome nucleated gold., Films which are
irradiated at this stage of the manufacturing process will be

referred to as non heat treated.
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Table 3-1

CROSS-SECTION OF REACTIVE PARTIAL PRESSURES OF OXYGEHN AND
NITROGEN USED IN DC SPUTTERING OF TANTALUM THIN FILMS

Reactive Dopant Partial Pressure

x 1077 torr
Substrate No. Nitrogen Oxygen
1 o7 0
2 3 .3
3 .7 4,3
4 o7 .6
5 C 7 2.6
6 .3 3.7
7 2.0 1.0
8 2.0 2.0
9 1.0 3.0
10 3.0 1.0
11 o9 3.0
12 1.0 1.0
13 o7 o3
14 oM M
15 1.5 1.5
16 2.5 2.5
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3.2.2 Device Heat Treatment

After fabrication, the resistance of a device was
stabilized by a heat treatment procedure consisting of baking
the device in an air ambient at atmospheric pressure and 500°C
for fifteen minutes. This step completed the production of a
"gtandard" device., Films which have undergone this standard
procedure will be referred to as air heat treated.

In order to systematically investigate the effect of .
heat treatment on the properties of a device, devices were
randomly chosen and subjected to the following experiments:

a) heat treatment under a vacuum of 10'6 torr at 500°C for 15
minutes; b) heat treatment in air as a function of temperature
for a fixed time of 5 minutes; and c) heat treatment in air
as a function of time at a fixed temperature of 500°C. The

films which have been subjected to heat treatment a) will be

referred to as vacuum heat treated.

3.2.3 Electron Microscoby

Structural and compositional features of the films
wvere examined by means of bright and dark field electron micro-
graphs, as well as electron diffraction pattefns. A Philips
EM300 electron microscope, operated at 100 kv was used for
these investigations. The films were prepared for observation
by‘sﬁuttering onto substrates onto which 50 X of carbon had
previously-been deposited. The sputtered films were then covered
with a parlodion solution. After the solvent had evaporated,

the parlodion film was removed from the substrate, bringing the
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Té film with it. This double film was then placed on a 300
mesh microséope grid, at which time the parlodion film was
dissolved in isoamyl acetate., The Ta film was then ready for
observation at room temperature as well as during in situ heat-

ing in the microscope at 500°C,

3.3 Experimental Results

3.3.1 Electron Microscopy

Figure 3-1 illustrates the results obtained from electron
microscopy experiments on films sputtered in a reactive partial

5

_ pressure of 1.5 x 10~ torr oxygen and 1.5 x 10“5 torr nitrogen.
The average resistivity and TCR for these films sputtered onto

a carbon parting layer was 728 «a-cm * 104 and -136vppm/°C‘110%.'
Figures 3-1 a, 3-1 b, and 3-1 ¢ show an electron diffraction
pattern, a dark field micrograph, and a bright field micrograph
for a film which had been heated at 500°C for ten minutes in
the electron microscope. The electron diffraction pattern con-
tains rings corresponding to metallic Tay,0 29 (Table 3-2), rings
corresponding to inter-planar spacing d equal to 3.35 A and 2.17 A
which are attributed to Ta205 30, and a ring éorresponding to

d = 2%66 A which could be due to either TaN 31 (a4 = 2,66 £) or

B-Ta = (d = 2,67 A). Since reactive sputtering of Ta in nitrogen

inhibits 4 the formation of £-Ts, it is assumed that the phase
which is detected in the film is TaN rather than £-Ta. With the
exception of the ringscorrespondingvto crystalline Tagog, there
was no change in the electron diffraction pattern during heat

.

treatment; however, the diffraction pattern obtained from non heat

treated films did not contain the Ta,Og rings, but instead showed



(a)

(b)

(e)

Electron microscope results for a heat treated Ta film reactively
sputtered in a partial pressure of 1.5 x 10-5 torr oxygen and
1.5 x 10~7 torr nitrogens (a) electron diffraction pattern;

(b) dark field micrograph obtained from the Taho 011 diffraction
ring; and (c¢) bright field micrograph.



28
Table 3~-2

COMPARISON OF ELECTRON DIFFRACTION PATTERN OF FIGURE 3-1 WITH
THE STANDARD TahO ELECTRON DIFFRACTION PATTERN

hkil Measured d-spacing (A) Standard d-spacing (A)
011 2,26 | 2.29
200 1.81 1.80
002 157 1.59
211 1.%2 1.42
112 1.31 1.33
220, 202 1,19 1.19
222 | 0.98 |  0.97

123 0.88 . 0.87

evidence of a diffuse ring which disappeared after the film had
been heat treated at 500°C for ten minutes. The dark field micro-
graph of Fig. 3-1 b was obtained from the 0ll metallic Ta40 dif-
fraction ring. Thus, the spots on the micrograph correspond to
islands of metallic Tau0.> The magnification of all micrographs>
is 310,000, The average island size for heat treated films is
measured to be about 70 E\ The bright field micrograph of Fig.
3=1 ¢ also illustrates the island structure. The inter-island
gap regions are estimated to be about 35 i. These regions are
assumed to consist of the crystalline Ta205. The corresponding
dimensions for non heat trecated films (micrographs not shcwn)
are 40 A for the islands and 20 A for the gaps. As-will be &is-

cussed in section 3.4.1, the gap material for non heat treated

films is amorphous Ta205. This structure is summarized in Table 3-3.



SUMMARY OF THE STRUCTURE OF SELECTED TANTALUM FILMS REACTIVELY SPUTTERED IN

Table 3-3

'OXYGEN PLUS NITROGEN

Average Average
Island Size Gap Size Average - Average
Non Heat Non Heat Island Size Gap Size :
Reactive Treated Treated Heat Tregted  Heat Treagted Island Gap
Partial Pressure Film (&) Film (4) Film (A) Film (A) Material Material
1.5 x 107 torr N plus ' Ta)0 +
-5 ¢ 40 20 70 35 Ta,0¢
1.5 x 10 torr O, TaN
5 x 10-6 torr N, plus '
-6 70 35 100 50 Ta(O,N) Ta, 0
5 x» 10 torr 02 . 25
-5 N
1 x 10 ° torr N2 pius :
-6 300 200 400 300 Ta(O,N) TazO
1 x 107 torr O, | g
1lx lO~5 torr N2 rlus _
-5 35 20 50 ' 35 Ta,O Ta205
3 x 10 torr O, 4
7 x 107% torr N, plus
-5 Continuous, polycrystalline Ta205
L,3 x 10 torr O2
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For films sputtered in a reactive partial pressure of
5 x 10'6 torr oxygen and 5 x 10"6 torr nitrogen, the average
resistivity and TCR for films deposited onto a carbon parting
layer is 405.«n-cn £10% and -50 ppm/°CT 10%. The electron
diffraction pattern of non heat treated films (not shown) cor-
responds to BCC Ta 32 of lattiée constant aj = 3.3% A. The
calculated and measured inter-planar spacings for this struc-

ture are compared in Table 3-4.

Table 3-4
ANALYSIS OF TANTALUM ELECTRON DIFFRACTION PATTERN BASED ON A
 BCC LATTICE WITH a, = 3.34 &
hk1l Measured d-spacing (A) Calculated d-spacing (1)
110 2.38 2.37
200 1.66 1.67
211 1.38 1.38
220 1.20 1.19
310 . 11,07 1,06
202 0.91 0.96

In addition to these tantalum rings, the diffraction pattern

for non heat treated films appears to contain a diffuse ring.
After heat treatment of the films at 500 C for fifteen ninutes,
rings corresponding to inter-planar spacings of 2.59 A and 1.85 ﬁ

were observed. These are attributedsto Tay0g 3°. Heat treatment
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does not produce any change in the Ta diffraction pattern.

Dark field and bright field micrographs illustrate that the
films possess an island structure. For non heat treated films,
the island and gap regions are estimated to be 70 A and 35 A
respectively. For heat treated films the corresponding dimen-
sions are 100 3 and 50 K.

For films sputtered in a reactive partial pressure of
1x 10"6 torr oxygen and 1 x 10"'6 torr nitrogen, the average
resistivity and TCR for films sputtered onto a carbon parting
layer is 390 .«r-cm £10% and -50 ppm/°C £10%. Electron dif-
fraction patterns indicate that the films are composed of
BCC Ta of laﬁtice constant a, = 3.31 E. For non heat treated
films the diffraction pattern appears to contain an additional
diffuse ring which disappears during heat treatment. After the
films had been heat treated at 560°C for fifteen minutes,
rings corresponding to inter-planar spacings of 2.59 E and
1.85 A appeared. These are attributed to Tay05 30. Heat
treatment does not produce any chahge in the BCC Ta diffraction
pattern. Dark field and bright field micrographs illustrate
that the films possess an island structure. The island and
gap regions are very irregular in shape, with numerous protru-
sions occurring between islands, For non heat treated films,
the island regions and gap regions are estimated to be 300 ﬁ
and 200 E respectively. For heat treated films the correspond-
ing dimensions are %00 £ and 300 A. From Teble 3=3 it hay be
seen that as the total reactive partial pressure increases, for

equal partial pressures of reactive oxygen and nitrogen, the



dimensions of both the islands and gaps decrease.
The average resistivity and TCR for films reactively

5

sputtered in partial pressures of 1 x 10" 7 torr nitrogen and

5

3 x 10 7 torr oxygen and deposited on a carbon parting layer

~are 580«sa-cm* 10% and -190 ppm/°C?* 10%. Electron diffraction
experimenﬁs show that the films are composed of Tay,0 29.
Electron diffraction patterns obtained from films which have
been heat treated at 500°C for fifteen minutes also contain
rings corresponding to inter-planar spacings of 3.35 A and
2.17 K. These rings are attributed to Ta205 30. Electron
diffraction patterns of non heat treated films do not contain
these rings but instead appear to contain a diffuse ring which
disappears during heat treatment. Bright and dark field micro-
graphs show the films to consist of islands of about 35 )y
surrounded by gap regions of about 20 i for non heat treated films.
For heat treated films the corresponding dimensions are 50 ﬁ
and 3% K respectively.

Figure 3-2 illustrates an electron diffraction pattern
and a bright field micrograph for a heat treated film reactively

5

sputtered in a partial pressure of %.3 x 10~ torr oxygen and

6

7 x 10~ torr nitrogen. The electron diffraction pattern
corresponds to Tazo5 30. This film does not possess an island
structure but is a continuous, polycrystalline film, having an
average grain size of about 1,500 ﬁ. Although the large TCR

of =2 x 103 ppa/°C for this film renders it relatively useless
as a device, this film will be significant in the interpretation

of radiation damage experiments,
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(a)

(b)

Figure 3-2

Electron microscope results for Ta films reactively sputtered in

a partial pressure of 7 x 10'6 torr nitrogen and 4,3 x 10"5 torr
oxygen: (a) electron diffraction pattern, and (b) bright field

micrograph.
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3.3.2 Electrical Conductivity and TCR of Non Heat Treated Films

The room temperature resistivity and TCR of non heat
treated films as a function of total reactive partial pressure
is given in Fig. 3-3. It should be noted that the TCR is
negative for all reactive partial pressures investigated.

The significance of this will become apparent when the structure
of the films is discussed, Table 3~5 a gives the film resis-
tivity and the film TCR corresponding to different reactive
oxygen partial pressures, the reactive nitrogen partial pressure
being kept constant. Under these conditions, both the resis-
tivity and the magnitude of the TCR increases with an increas-
ing reactive oxygen partial pressure. Table 3-5 b gives the
film resistivity and the filwm TCR corresponding to different
reactive nitrogen partial pressures, the reactive oxygen partisal
pressure being kept constant. Under these conditions the
resistivity increases and the magnitude of the TCR decreases
with an increase in the reactive nitrogen partial pressure,
Table 3-5 ¢ gives the film resistivity and the film TCR for
different reactive oxygen and nitrogen partial pressures, the
total reactive partial pressure being kept constant., This table
illustrates that, for a fixed total reactive partial pressure

of 4,0 x 10“5 torf, the film resistivity is 690 «a-cm?* 15% as

a ratio of nitrogen to oxygen reactive partial pressures varies
from 3:1 to 1:12. The TCR varieg by a factor of three over

this range of rceactive partial pressures.
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Room temperature resistivity and TCR of sputtered tantalun
films as a function of total reactive partial pressure of
oxygen plus nitrogen.
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Table 3-5 a

ROOM TEMPERATURE RESISTIVITY AND TCR OF NON HEAT TREATED
FILMS AS A FUNCTION OF REACTIVE OXYGEN PARTIAL PRESSURE,
THE REACTIVE NITROGEN PARTIAL PRESSURE BEING CONSTANT

Reactive Partial Pressure

X 10-5 torr
TCR rResistivity
Nitrogen Oxygen ppm/°C Aacm
0.7 0 - 50 | 400
0.7 0.6 - 70 500
0.7 2.6 -150 1,000
Table 3-5 b

ROOM TEMPERATURE RESISTIVITY AND TCR OF NON HEAT TREATED
FILMS AS A FUNCTION OF REACTIVE NITROGEN PARTIAL PRESSURE,
- THE REACTIVE OXYGEN PARTIAL PRESSURE BEING CONSTANT

Resctive Partial Pressure

x 10~2 torr
TCR Resistivity
Nitrogen Oxygen ppm/°C A —cm
100 lco -150 2)“{”0
2.0 1.0 -100 330

3.0 ' 1.0 - 60 800
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Iable 3-5 ¢

ROOM TEMPERATURE RESISTIVITY AND TCR OF NON HEAT TREATED
FILMS AS A FUNCTION OF REACTIVE OXYGEN AND
REACTIVE NITROGEN PARTIAL PRESSURES, THE TOTAL REACTIVE

PARTTAL PRESSURE BEING CONSTANT

Reactive Partial Pressure

x 1077 torr
TCR Resistivity
Nitrogen - Oxygen ppm/°C | wnacm
3.0 1.0 - 60 800
2.0 2.0 - 97 700
1.0 3.0 -170 630
0.3 3.7 -168 630

Figure 3-% is an Arrhenius plot of the conductance of
a resistor from substrate 9 as a function of reciprocal tempera-
ture. This temperature cycling does not produce any permanent
change in the room temperature conductance of the film, The
conductance has two components, corresponding to activation
energies of 7.0 x 10'” ev and 3.% x 1077 ev. In Fig. 3~5, the
conductance of a film is plotted as a function of the square of
the absolute temperature, As will be discussed in section 3.4%.3,
a comparison of Figures 3=k and‘3—5 will provide a basis for
comments on the electricsl conducticti mechanisms which occur in

the thin films.
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Arrhenius plot of film conductance, for a film sputtered in a total
reactive partial pressure of 4.0 x 1077 torr.
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3;3.3 Effects of Heat Treatment on the Electrical Properties
of the Devices

After having received the standard heat treatment, the
resistivity of the films increases typically by 10% to 15%
with respect to the non heat treated films. The TCR becomes
more negative by the same amount,

Information concerning the structure of the films may
be obtained from a study of the heat treatment kinetics, To
obtain this information, films which had not received any
previous heat treatment were given a series of standard fifteen- -
minute heat treatments at 500°C in air at atmospheric pressure.
Figure 3-6 illustrates the resulting conductance measured at
30°C, as a function of the square root of the heat treatment
time for a resistor from substrate 8. The thermal activation
energy for the conductance change during heat treatment was
measured by performing a series of five-minute isochronal heat
treatment cycles in an air ambient at atmospheric pressure,
The resulting Arrhenius plot is shown in Fig. 3-7. The measured
thermal activation energy is 1.3 ev, This isochronal heat treat-
ment procedure was then repeated in vacuum of 10'6 torr for
different resistors from the same substrate, The measured thermal
activation energy for this process is 2,7 ev. The magnitude of
the conductance change produced by heating films at 500°C for
fifteen minutes under vacuum is reduced by a factor of sixty
relative to the conductance change produced by heating different
resistors from the same substrate at 500°C in air for fifteen

L)
minutes,
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Arrhenius plot of the conductance change occurring in a
film which was heat treated in air at atmospheric pressure.
The film was sputtered in a total reactive partial pressure

of ¥ x 10”7 torr.
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3.4 Discussion
3. 4,1 Film Structure
Since the average resistivity and TCR of the films
deposited on a carbon parting layer for observation in the
electron microscope is the same as those values obtained for
films deposited directly onto the substrate, it is assumed
that the structure of these two types of film is similar.
This conclusion has also been reached by Calbick ard Schwartz 33.
Electron diffraction patterns obtained from heat treated
films sputtered in a "total" reactive partial pressure of
> x 107° torr, 1 x 1077 torr, 3 x 1077 torryand % x 1077 torr
show that these films consist of metallic Ta or metallic
Ta,0 (depending on the reactive partial pressure) plus Ta205.
The fact that the time (10 minutes to 15 minutes) and tempera-
ture (500°C) for crystallization of the amorphous material in
non heét treated films (as shown by the disappearance of diffuse
rings in the diffraction patterns and the appearance of rings
corresponding to crystalline Ta205) agrees with those values 34
for crystailizaticn of amorphous Ta205 indicates that the non
heat treated films contain amorphous Ta205. Further evidence
for assuming the amorphous material to be Ta205 is the fact
that, when the heat treatment temperature was reduced by 50°C,

36 and

no crystallization occurred 35. Pawell and Campbell
Calvert and Draper 37 have found Ta205 films crystallized in

alr to be crystallographically identical to Ta205 filns crystal-
lized in vecuuwn, Thus, it is suggested that the crystallizstion

process which is observed to occur in the present films during
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in situ heating in the electron microscope also occurs in the
films during heat treatment in air,

The electron micrographs are consistent with a film
structure consisting of metallic islands largely surrounded by
Ta205. For non heat treated films the inter-island Ta205 is
amorphous, while for heat treated films this oxide is crystal-
line. Due to the fineness of the microstructure, it is expeéted
‘that there would be some metallic contact between islands. As
it is difficult to obtain well-focused micrographs at the high
magnification used, these interconnecting metallic filaments
may not be‘visible in the micrographs.

The structure of these films (metallic islands largely
surrounded by an insuiating inter-island region) is similar to
that usually associated with cermeé (ceramic + metal) films 38,
formed by co-depositing a metallic material plus an insulating
material, This structure is consistent with the fact that the
films possess a negative TCR 39. This cermet structure has not
been previously reported in reactively sputtered Ta films, For
Ta films reactively sputtered in low partial pressures of oxXygen

556

only s 1t has been found that the films consisted of a uniform

structure of Ta plus oxygen in solid solution., For reactive
oxygen partial pressures in excess of about 3 x 10-5 torr, the

films consisted of a uniform layer of amorphoﬁs Ta O There

25 °

was no evidence of either an island formation or of the presence

of sub-oxides. ©Similarly, for Te films reactively sputtered in

-
nitrogen only )’6, there has been no discrete island structure

41

reported. However, Coyne and Tauber observed an island struc-

ture for Ta films sputtered in pure nitrogen, although they were
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not able to identify the material present in the inter-island. regions.
- An estimate of the dopant concentration within the

islands of BCC tantalum can be obtained from the measured lattice

- parameter. Gebhardt and Seghezzi %2 have found a linear rela-

tionship between the lattice parameter of bulk Ta and the oxygen

dopant concentration., According to their measurements, a lattice

parameter of 3.31 K corresponds to a dopant concentration of

2 atomic per cent, ©Since the lattice expansion produced by a

given concentration of nitrogen agrees to within 0.005 A 43

of the lattice expension produced by the same concentration of

oxygen, it is estimated that the total dopant concentration (OotNo)

within the islands for a reactive partial pressure of 1 x 10°6

torr oxygen and 1 x 1()-6 torr nitrogen is 2 atomic per cent.

Similarly, the total dopant concentration within the islands is

estimated to be 9 atomic per cent for films sputtered in a

reactive partiai pressure of 5 x 10"6 torr oxygen and 5 x 10"6

torr nitrogen.

3.4.2 Effects of Heat Treatment on Film Structure

The observed kineticé for the conductance change of
the films during heat treétment in an air ambient at atmospheric
pressure may be used to obtain information concerning the
mechanisms which affect the film properties during a standard
heat treatment cycle. The conductance decrease was found to
be proportional to the square root of the heat treatment time.
It was also found that the mechanism which produced this conduct-

ance change had a thermal activation energy of 1.3 ev. Steidel
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and Gerstenberg e have found that the thermal oxidation rate
of thin films of BCC Ta, Ta,lN, and porousg-Ta (100 A grains
with 80 A voids) is proportional to the square root of time
and has a thermal activation energy of 1.4 ev. This oxidation
produced a surface layer of Ta205. The agreement of the
present experimental observations with these results suggests
that the conductance change which occurs during

heat treatment in air 1s due to the formation of a surface
layer of Ta205 on the resistor film, thus reducing the volume
of metallic tantalum,

There may be an additional process occurring during
heat treatment, but it cannot be resolved by the above method
since the conductance change due to this process is much less
than the conductance change resulting from surface oxidation
of the films. This possibility bf the occurrence of a competing
mechanism was investigated by repeating the heat treatment pro-

6

cedure in a vacuum of 10° - torr. The conductance change pro-
duced by heat treatment ih vacuun at 500°C is a factor of sixty
less then that produced by'heat treatment in air at 500°C.
The measured thermal activation energy for the conductance
change which occurs during heat treatment in vacuum‘is 2.7 ev,
Thus, there is a mechanism, in addition to surface oxidation,
which operates to produce a conductance decrease during heat
treatment of the films. Since the heat treatment temperature

k5

is much too low for degassing of the metallic islands to occur ’

it is proposed that this competing mechanism is a crystallization
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of the gap material and a growth of the islands, in agreement
with the results obtained by electron microscopy. In addition,
some of the oxygen within the gap regions may dissolve within

the metallic islands 37.

3.4.3 Blectrical Conduction Mechanisms

Before discussing the electricel conduction mechanisms
operative in the Ta—Ta205-Ta micré—structure of the thin films,
it may be worthwhile to briefly consider the conduction mechanlisms
which have been found to occur experimentally in bulk Ta-'ra205
diodes. Conduction between bulk Ta and an ‘anodized Ta,0c
surface oxide has been found to be limited by Schottky emission
rather than by a Poole-Frenkle mechanism 'O, Standley and
Maissel &7 have studied electrical conduction in Ta—Ta205
thin film diodeé prepared by anodizing a sputtered Ta film.
These experimental results were consistent with a Schottky
mechénism, although for oxide thicknesses of the order 6f 160 K
'or less there was evidence of a tunneling mechanism. The
experimental thermal activation energy for Schottky emission
was 1 ev., This is in agreement with the 1.1 ev potential
barrier which has been found to exist at Ta-Ta205 interfaces hS.

In the case of the presentl thin {ilms, the experimental
conductance~tenperature curves of Figures 3-4 and 3-5 will form
the basis of the discussion. Henrickson et al %9 have found
that in co-sputtered Ta»A1203 cermet films a "bulk" tunneling
mechanism between metallic grains will account for the observed
temperature dependence of the canduc.tivitye Although tne tunneling

probability is temperaturce independent,; the tunneling current will
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increase slightly with temperature due to the increase in carfier
flux incident upon the barrier, If this mechanism were operative

in the present case, the conductance g(T) should vary with tem-

| perature according to the law 50
-6
&H.g 1 =14 3.4 x 10 72 (3-1)

where g(0) is the film conductance at 0°K, Since equation (3-1)
is simply the first two terms of a series expansion, the validity

3eo..
K, The graph

- of the equation is subject to the condition T & 10
of g(T) vs 72 shown in Fig. 3-5 is definitely nonlinear up to the
maximum measured temperature of 400° K, Thus, if appears that
this tunneling mechanism is not responsible for the observed results.
The Arrhenius plot of Fig. 3-% suggests that the film con-
ductance has two components, having activation energies of 7.0 x
10"“ ev and 3.4 x 10"5 ev, The small magnitude of the measured
activation energy for the conduction mechanism precludes the
possibility of a Schottky limited mechanism. Since the calculated
image force lowering of the metal-insulator potential barrier is
only 3 x 10"2 ev 513 the activation energy for a Schottky limited
mechanism would be essehtially given by the TaéTazog potential
barrier of 1.1 ev h8. Since this value exceeds the experimentally
obtained value by several orders of magnibtude, it is concluded
that conduction does not occur by means of a Schottky mechanisnm.
For a film possessing an island structure, Neugebauer
and Webbd 52 have proposed a model which suggests that, due to
an activated tunneling mechanism, the conductance should vary

wvith temperesture according to the law

g = goexp(-E/kT) (3=-2)
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where E is a thermal activation energy and Eo is proportionallto
the temperature-independent tunneling_probability. Neugebauer

and Webb suggest that the thermal activation is due to the fact
that the individual islands are not at a fixed potential, and

~ thus thermal energy must be supplied to the carriers in order for
them to be activated over the barrier associated with the}electro-
static work which is required to transfer carriers between islands,
According to this theory, the activation energy for conduction

in a discontinuous film of island size 35 A separated by

a 20 A gep of Ta,0g is calculated to be 5.9 x 10’3 ev, The
discrepancy between the calculated activation energy of
5.9 x 107> ev and the experimental value of 7.0 x 107 ev might
be accounted for by the facts that: 1) the islands are not
spherical as required by the model of Neugebauer and Webb,

and 2) there is a distribution in the size of the islands and

the inter-island gaps. This distribution in island and gap
dimensions might also account for the apparent presence of two
activation energies, but, in view of the fact that the factor

of twenty difference in the measured activation energies is
inconsistent with the electron microscopy results, this mechanism
is rejected. It has been.suggested by Hill 53 that the higher
temperature component which appears on an Arrhenius plot of the
conductarice of a thin film may be due to the change in tunneling
probability with temperature resulting from the change in the
carrier distribution function with temperature. If this mechanism

were responsible for the observed second component at teuperatures
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in excess of 200°K, the conductance should vary with temperature
according to equation (3-1). According to this model, the
slope of the curve on an Arrhenius plot, d(1lng)/d(1/T), would
be 1.1 x lO-3 K at 200°K, According to the thermally activated
tunneling model of Neugebauer and Webb, the slope of the
Arrhenius plot is calculated to be 11°K, The experimentally
observed slope is 1.5°K. Since the mechanism proposed by Hill 53
will have a slope on an Arrhenius plot which is approximately
three orders of magnitude smaller than the experimentally
observed slope, this mechanism is unlikely to account for the
change in slope which is observed at 200°K.

As a tentative explanation, it is postuleted that the
device conductance is the result of a competition between
metallic island conduction of positive TCR and gap tunneling
conduction of negative TCR., At high temperatures, gap conduc-
tion will dominate, producing a net negative TCR, whereas at
sufficiently low temperatures, metallic conduction via connected
islands will dominate, producing a net positive TCR, In some
intermediate temperature range the rate of change of conductance
with temperature for the gap mechanism will be partially
cancelled by that for the island mechenism, producing a net
device conductance which is relatively independent of tempera-
ture. It is proposed that, for the present devices, this
relatively temperature independent conduction region occurs in
the range of 60°K to less than 30°K, producing the apparent second

component on the Arrhenius plot in Pigure 3-%, At low enough
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temperatures the conductance should show an increase. The data
in Figure 3-4 does not indicate such an increase because this
low temperature range was not accessible with the present

experimental apparatus.

3.%.% Effect of Simultaneous Doping with Oxygen and Nitrogen

It has been shown in section 3.3.2 that an_increase in
the reactive nitrogen partial pressure, for a fixed reactive
oxygen partial pressure, will reduce the magnitude of the film
TCR, Similarly, an increase in the reactive oxygen partial
pressure will increase the magnitude of the film TCR. It was
also shown that for a fixed total reactive partial pressure,
the larger the reactive nitrogen partial pressure, the smaller
the magnitude of the film TCR, Thé shape of the curves of
resistivity and TCR as a function of total reactive partial
pressure (Fig. 3-3).are qualitatively similar to those of the
resistivity and TCR of Ta films as a function of reactive
oxygen partial pressure, rather than of reactive nitrogen partial
pressure 6.' This suggests that the role of nitrogen in deter-
mining film properties is secondary to that of oxygen, i.e.,
the film properties are determined principally by the reactive
oxygen but are perturbed by the reactive nitrogen.

The effectiveness of this dual dopant scheme from a
device point of view may be shown by considering Table 3-6
which lists the maximum resistivity obtained for a maximum
allowable TCR of ¥ 100 ppm/°C. It is seen that the present

dopant scheme will permit the deposition of a film having a
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resistivity a factor of three greater than obtainable with a
single dopant of either nitrogen or oxygen. This table also
illustrates the fact that for an arbitrarily selected film
resistivity df 700 «r -cm, the dual dopant scheme produces a
film having a TCR that is much closer to zero than is attain-
able by reactive sputtering in oxygen only. A resistivity of
700« -cm cannot generally be attained by reactive sputtering

in nitrogen only.

Table 3-6
COMPARISON OF Ta(O,N) FILM RESISTIVITY AND TCR WITH

PREVIQUSLY PUBLISHED RESULTS

Resistivity for TCR for 700 «-a-cm

-100 ppm/°C TCR resistivity
Reference Dopant (so-cm) (ppm/°C)
This work 0,N 700 -100
Gerstenberg 0 200 =400
and Calbick 6 N 250 -
McLean et al 7t 0 230 400
N 250 -

In order to discuss these results, it is first neces-
sary to consider the manner in which the Ta-0-N components can
interact when deposited onvo a substrate. The possible reac-

tions are:
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1) formation of a Ta(O,N) solid solutionj
2) 1limited oxygen-nitrogen replacement 55;

3) ternary oxy-nitride compound formation 2.
The electron diffraction results indicate that for the case of
a relatively low total reactive partial pressure (1 x 10'5 torr
or 2 x 1070 torr), the metallic islands consist of a Ta(O,N)
solid solution., For a relatively high total reactive partial
pressure (3 x 10"5 torr) the metallic islands consist of a
Tg, 0-TalN mixture, There was no indication of the formation of
a tantalum oxy-nitride compound. These results indicate that
as the nitrogen reactive partial pressure increases,
. the tantalum nitride content of the metallic islands increases.

The bonding of a tantalum nitride compound is relatively
metallic, while that of a tantalum oxide compound is relatively
ionic 7. On this basis, the nitride will have a greater
positive TCR than the oxide. Thus, for a fixed oxygen content,
the TCR of the metallic islands will become more positive as
the reactive nitrogen partial pressure increases. Since the
measured TCR of the film may be considered to consist of a
TCR component due to the islands and a TCR component due to the
gaps, the film TCR will become more positive (a smaller negative
value) as the reactive nitrogen partial pressure increases for
a fixed reactive oxygen partial pressure. Similarly, for a
fixed nitrogen content within an island, an increase in the
reactive oxygen partial pressure will cause the island component

of the TCR to become less positive., This would account for the
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fact that the film TCR becomes more negative with increasing
reactive oxygen partial pressure.

This model will account for the observation that, for
a fixed total reactive partial pressure, the film TCR becomes
less negative as the reactive nitrogen partial pressure increases.
The increase in the reactive nitrogen partial pressure makes
the island contribution to the - film TCR more positive, causing
a film TCR which is less negative than a film having the same
total reactive partial pressure, but with a smaller reactive
nitrogen component,

Even though this model will explain the observed changes
in TCR with reactive partial pressure, this hypothesis must be
considered to be very tentative since relative magnitudes of
conductance cannot be given to the individual components whose

TCR's are being considered,

3.5 Summary

Tantalum thin film resistors have been reactively
sputtered in oxygen and nitrogen simultaneously. Electron
microscopy has been used to demonstrate that the structure of
non heat treated resistors consists of metallic islands largely
surrounded by amorphous Ta205. The dopant concentration in
the islands has been measured by electron diffraction., Heat
treatment of these films in air enhances the island structure,
as wvell as producing a stabilizing surface oxide., This procedure

also produces a crystallization of the inter-island TaZOS‘
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The discontinuous films have TCR values ranging from
-5 ppm/°C to -900 ppm/°C, The corresponding resistivities
- ranges from 400 .«x-cm to 3 x 10l+,a.-ﬂ- -cm, The dual dopant scheme
of nitrogen and oxygen produces a higher resistivity film for a
given TCR than has been previously reported for a dopant of
either nitrogen or oxygen. The temperature dependence of the
film conductance may be accounted for by an activated tunneling
process occurring in the inter-island gaps and a metallic con-
duction process occurring concurrently within island regions of

the film.
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LOW FLUENCE, ROOM TEMPERATURE RADIATION DAMAGE

4.1 General

This chapter considers the effects of radiation damage
on the conductance of reactively sputtered Ta thin film resistors
for a film temperature of 286 K and fluences up to lO16 p/cmz.
These data are considered for a range of reactive partial
pressures for air heat treated, vacuum heat treated, and non
heat treated films. The data obtained during irradiation
experiments are presented in the form of the percent conductance
change)Ag/go, where g, is the conductance of the unirradiated
film,as a function of fluencs;é. These curves will be referred
to as ¢~ ¢ curves, where o is defined as ag/g,. The radiation-
produced conductance changelat a fluence of 1016 p/cm2 is
investigated as a function of beam energy. From these results

a basic model is postulated to explain the radiastion-produced

conductance change.

L,2 Experimental Results

4,2.1 Conductance Changes as a Function of Fluence

Figure 4=-1 shows the ¢~ ¢ curve for an air heat treated
film sputtered in a reactive partial pressure of 2 x 10“5 torr

nitrogen and 2 x 10—5 torr oxygen. The percentage conductance

56
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increase is a linear function of fluence, up to the measured
fluence of lO16 p/cmz. The slope of this curve is 1;0%/1016 p/cma.
- The slope is independent of beam current density over the
measured range of O.1.«aup/cm® to 15« amp/cn2. After irradia-
tion, the measﬁred conductance of the film was independent of
time, the conductance changing by less than 0,01% in a period
of 36 hours., Figure 4-1 also shows the ¢ -¢ curve for a vacuum
heat treated film sputtered in a reactive partial pressure of
2 x 10'5 torr nitrogen and 2 x 10'5 torr oxygen. The conductance
increase is a linear function of fluence, up to the measured
fluence of lO16 p/cm2. The slope of this curve is O.’+%/1016 p/cm2.
Figure 4-2 shows the o-¢ curve for a non-heat treated film
sputtered in a reactive partial pressure of 2 x 10'5 torr nitrogen
and 2 X 10"5 torr oxygen. In this case, the conductance increases
with fluence, but in a non-linear fashion,

Figure 4-3 shows the slope of the ¢~¢ curves for air
heat treated films as a function of total reactive partial
pressure for equal reactive oXxygen and nitrogen partial pressures.
Each point is an average of three or four individual experimental
valﬁes. The average value has a confidence limit of 10%. The
deviation from the mean for the conductance of the non irradiated
resistors on a given substrate is also typically 10%. This
figure illustrates a difference in the rate of conductance
change during irradiation with total reactive partial pressure
for films sputtered in a relatively high total reactive partial

pressure and for those sputtered in a relatively low total
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Figure 4.1
0~ ¢ curves for room temperature irradiation of films sputtered in a reactive partial
pressure of 2 x 10‘5 torr nitrogen and 2 x 10"5 torr oxygen. Heat treatment was carried
out at 500°C, either in an air ambient or in a vacuum of 10~ ° torr.
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Figure 4-2

0~ ¢ curve for room temperature irradiation of a non heat treatea film
sputtered in a reactive partial pressure of 2 x 10'5 torr nitrogen and
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2 x lO“5 torr oxygen.
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reactive partial pressure: for the former films the slope of
the 0 - ¢ curves decreases with increasing total reactive partial
pressure, whereas for the latter films the slope of thed-¢
curves increases with increasing total reactive’partial pressure.,
Figure -t shows the slope of thed ~¢ curves for air heat treated
films as a function of reactive oxygen partial pressure, the
reactive nitregen partial pressure being kept constant at
7 x 10-6 torr. The shape of this curve is gualitatively similar
to that illustrating the slope of the ¢-¢ curves as a function
of total reactive partial pressure, |

Table 4-1 shows the slope of the o-¢ curves for air
heat treated films as a function of reactive nitrogen partial
pressure, the reactive oxygen partial pressure being kept
constant at 1 x 10'5 torr. For reactive nitrogen partial

6 torr to 2 x 1077 torr, the

pressures in the range of 7 x 10~
slopes of theo - ¢ curves are the same within experimental error.
For a reactive nitrogen partial pressure of greater than 2 x
10-5 torr the slopre of the ¢ -¢ curve decreases. Table -2

shows the slone of the ¢"~¢ curves for air heat treated films

as a function of reactive oxygen and reactive nitrogen partial
pressures, the totazl reactive partial pressure being kept
constant at 4 x lO"5 torr. From this table it is seen that the
slope of.the - ¢ curve decreases as the reactive oxygen partial

pressure increases relative to the reactive nitrogen partial

pressure.
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Slope of theo - ¢ curves for room temperature irradiaticn
of films heat treated in air at 500°C, as a function of
the totel rcactive partial pressure, for equal oxygen and
nitrogen reactive partial pressures.
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Table k-1

SLOPE OF THE 6 -¢ CURVES FOR FILMS HEAT TREATED IN AIR
AS A FUNCTION OF REACTIVE NITROGEN PARTIAL PRESSURE
THE REACTIVE OXYGEN PARTIAL PRESSURE BEING CONSTANT

Reactive Partial Pressure Average
b's 10“5 torr Linear Slope

: %/1016 p/cm?
Nitrogen Oxygen (x10%)

2.5
2.5
3.0
1.4
0.9

7

R VI
I

Table 4-2

SLOPE OF THE ¢ - ¢ CURVES FOR FILMS HEAT TREATED IN AIR
AS A FUNCTION OF REACTIVE OXYGEN AND NITROGEN PARTIAL PRESSURES

THE TOTAL REACTIVE PARTIAL PRESSURE BEING CONSTANT AT k4 x 10-5 TORR

Reactive Partial Pressure Average

% 10-9 torr Linear Slope
%/1016 p/cm2

Nitrogen ' Oxygen (X10%)

3 1 1.k

2 2 1.0

1 3 0.8

o3 3.7 ~ 0.5
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4.2.2 Conductance Change as a Function of Beam Energy

In order to investigate the effects of proton energy
on the conductance change produced by radiation damage, films
sputtered in a total reactive partial pressure of 3 x 10'5 torr
were bombarded as a function of beam energy over the range 35
keV to 150 keV, Figure 4-5 shows the conductance increase at
a fluence of 10%€ p/cn? as a function of L 1n130E, where E is
the beam energy in units of 100 keV. This curve is linear for
beam energies in the range of 150 keV to 50 keV. Below 50 keV

the curve becomes nonlinear, The reason for this type of plot

will be discussed in section %.3.2.

4,2.3 Electron Microscopy

No evidence of defect clustering or of a radiation-
produced change in either the physical or crystal structure of
the films was detected by means of electron microscope exanina-
tion of films which had been irradiated by 150 keV protons.
Figure 4-6 illustrates a bright field micrograph of magnification
310,000 in addition to an electron diffraction pattern for a
film of total reactive partial pressure 1 x 10'5 torr after the

16

film had been irradiasted to a fluence of 10 p/cmz.

4.3 Discussion

%.3.1 Conductance Change as a Function of Fluence

In Chapter III it was shown that the films consigst of
connected metallic islands largely surrounded by Ta205.

Electrical conduction through the fikms at room temperature was
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(a)

(b)

Figure 4-6

Electron microscope results for a film sputtered in a reactive

6 6

partial pressure of 5 x 10”~ torr nitrogen and 5 x 10™~ torr

" oxygen after irradiation to 1016 p/em?: (a) bright field
micrograph, and (b) electron diffraction pattern.
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shown to be consistent with a tunneling mechanism through the
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inter-island gaps. Penley has shown that the presence of
electronic trapping levels within an insulating oxide of a
metal-oxide-metal structure will enhance the tunneling current
through the oxide. As shown in Appendix A, the enhanced con-
ductance for a spatial distribution of trapping levels within

the oxide may be written as
g = l/[C(x) gh(x) ax (4-1)
g

where g is the initial conductance of the barrier before enhance-
ment, gt(x) is the enhanced conductance due to the presence of
one trapping level at position x in the tunneling direction, and
C(x) is the concentration of initially unoccupied trapping levels
in the oxide. Irrasdiation of the films will produce defect
levels within the oxide, some of which are expected to act as
trapping levels, i.e., during irradiation C = C(x,#) is a function
of fluence, Averaged over the inter-island regions of a film,
the concentration of trapping levels within the gaps will be
relatively independent of position x. Thus, from eguation (%-1),
¢ is expected to increase linearly with C(#), the concentration

of initially unoccupied radiation-produced trapping levels, i.e.,
T =5c@) (4-2)
where $'= ;J(gt(x)dx is the percent conductance increase per
unit aefeci concentrétion of unoccupied trapping levels.
Based solely on geometrical considerations, the rate
of enhancement of the film conductange with fluence (the slcpe
of thec‘—¢>curves) should increase as the tunneling distance

decreases /., On this basis, the slope of the ¢- ¢ curves would
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be expected to increase as the total reactive partial pressure
increases, since the gap size decreases as the total reactive
partial pressure increases (Chapter 3). The experimental
results for total reactive partial pressures greater than
2 x 10"5 torr are in opposition to this expectation (Fig. 4-3).
Thus, some additional mechanism must be operative., A possible
model will now be considered.

The concentration of initially unoccupied trapping

levels is given by
C = Nd - NT | (4-3)

where Nd is the concentration of radiation-produced trapping
levels and NT is the concentration of carriers from the conduc-
tion band which have been thermzlly trapped. Under equilibrium
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conditions, the trapped carrier concentration is given by
Np = benv(Nd-NT) (4.4)

where P is the probability of thermal ejection of a carrier Iron
the trapping level,o‘c is the capture cross-section for the level,
énd n is the concentration of free carriers having velocity v.

The concentration of radiation-produced defect levels is given

by (see Appendix B)
N, = Jo'-amaj f(e)ag (4-5)

where Ta is the displacement cross-section, ¥ is the average
number of secondary knock-ons per primary knock-on, ¢ is the

fluence, f(¢) is a function of magnitude equal to or less than
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unity which accounts for a nonlinear production of stable radiation-
produced defects with increasing fluence, Ny is the concentration of
atoms within the target. Combining equations (4-2), (4-3),

(4-%), and (4-5), the value of ¢ is given by
ez SN 1+ Poan ™t ((g)as (2-6)

The experimental results will be discussed on the basis of this
model,

The amorphous oxide present in non heat treated films
will possess a large number of intrinsic defects which might
act as trapping sites for radiation-prodﬁced defects. In this
case, f(#) will not be equal to unity, resulting in nonlinear¢ -gcurves,
as shown by equation (4-6). The crystalline oxide of heat treated
films will not possess as large an intrinsic defect concentra-
tion as an amorphous oxide and, thus, the@ - ¢ curves for heat treated
films will be linear for larger values of fluence than for non
heat treated films. This model will be discussed further in
Chapter VI,

Heat treatment of TaQOS in vacuum will produce a greater
concentration of oxygen vacancles within the oxide than for
TaQOS heat treated in air 37. Since these oxygen vacancles act

as donor defects 59, the equilibrium free carrier concentration

within the oxide wiil be greater for vacuum heat treated films
than for air heat treated films. Therefore, according to
expression (4-6), the slope of the ¢ -¢ curves will be less for

vacuwn heat treated films than for a*r heat treated films., Thisg
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is in agreement with the experimental observations.

Heat treatment of the Ta-Ta205 interface is known to
produce non-stoichiometric oxygen vacancies within the oxide 59.
Since this oxygen depletion occurs by a diffusion mechanism,
the smaller the gap regions of the films, the greater will be
the average non-stoichiometric oxygen vacancy concentration,
Thus, for air heat treated films, the free carrier concentra-
tion n increases as the gap dimensions decrease and, therefore,
according to expression (4-6), the slope of thed - curves
decreases as the gap dimensions decrease. As shown in Chapter 3,
the size of the gap regions decreases as the total reactive
partial pressure increases, accounting for the observed decrease
in the slope of the ¢-¢ curves with increasing total reactive
partial pressure, for total reactive partial pressures in
excess of 2 x 10"5 torr,

A comparison of Fig. 4%-3 and Fig. W4-4 shows a qualita-
tive similarity in the manner in which the slope of theoc - @
curves vary with total reactive partial pressure for equal
reactive partial pressures of oxygen and nitrogen, and in the
manner in which the slope varies as a function of reactive
oxygen partial pressure for a fixed reactive nitrogen partial
pressure, Table 4-1 shows that the slope of the ¢ - ¢ curves for
a fixed reactive oxygen partial pressure ils approximately
independent of the reactive nitrogen partial pressure, for

5

reactive nitrogen partial pressures of 2 x 10 torr or less,

These observations connote that, forstotal reactive partial
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pressures of less than 2 x lO"5 torr, the observed decrease in'
the slope of thed - ¢ curves with decreasing total reactive
. partial pressure, for equal reactive partial pressures of oxygen
and nitrogen, is due to a decrease in the reactive oxygen partial
pressure, rather than being due to a decrease in the reactive
nitrogen partial pressure., Reasons for this will be discussed
in detail in section 6,.3.1.

Although the radiation-produced conductance increase
is attributed to an enhanced tunneling mechanism, the observed
conductance increase could possibly be due to other 6auses.. Some
of these will now be considered briefly.

The increase in conductance of the films as a result of
irradiation might possibly be due to hydrogen ion implantation
of the films. According to the LSS theory 60, the mean projected
range of 150 keV protons in the films is calculated to be 4,000 A,
On the basis of wide angle Rutherford scattering, the hydrogen

018 ions/cm3.

ion concentration in the films is calculated to 1
In section h;3.2 it will be shown expefimentally that this
implentation is not responsible for the observed results.

| In Chapter IIIit was shown that heat treatment of a film
in air at 500°C produces a layef of Ta205 on the surface of the
film, in addition to producing a crystallizaztion of the inter-
island Ta205° Consideration of the following mechanisms suggests

that radiation effects within this surface oxide are not the

dominant mechanisms responsible for the linear o-¢ curves,
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1) Sputtering of the Surface Oxide
Chenisorption of a gas on a metallic surface has been

shown 61,62

to reduce the conductance of the metal by the
formation of electronic bonds between the gas atoms and the
conduction electrons within the metal., A surface oxide may
reduce the film conductance in an analogous fashion. Removal
of this oxide by sputtering would result in an increase in film
conductance. A sputtering coefficient of 3 x 10"3 atoms/proton
for 150 keV protons incident on Ta205 was obtained by using the
sputtering theory of Sigmund 63 to extrapolate the experimental
sputtering coefficient obtained by Nghi and Kelly 6k for Kr on
Ta205° The maximum‘conductance increase due to sputtering at
1016 p/cm® is calculated to be 2 x'lo'u%. The fact that the
experimental conductance change is a factor of § x 103 greater
than the calculated maximum conductance change due to sputter-
ing suggests that sputtering is not responsible for the observed
F-¢ curves,

2) Increased Electronic Conductivity of the Surface
Oxide due to Radiation-Produced Defect Levels

Although it has been shown that the electronic conduc-
tivity of metallic oxide films does increase on irradiation 65,
no quantitative data is available for radiation enhanced con-
ductivity in Ta205, and, thus, it is not possible to calculate
the enhanced conductivity of the surface oxide. However, a
consideration of the o-¢ results for vacuum heat treated Tilms

suggests that this effect is not the dominant mechenism
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responsible for thed -¢ results. As will be discussed in
section 4.3.2, the rate of damage production with energy is
- proportional to % 1n130E for beam energies in the range 50 keV
to 150 keV, On this basis, the maximum deviation in damage
concentration from the average, as a function of depth through
the oxide, is calculated to be 3%. As discussed in Chapter 3,
a film which has been vacuum heat treated will have a surface
oxide which is at least a factor of 60 less in thickness than
a film which has been air heat treated. If an enhanced conduc-
tivity of the surface oxide were the dominant mechanism respon-
sible for theo ~-¢ results, the slope of the curves for vacuum
heat treated films would be reduced by at least a factor of
60 relative to the films heat treated in air. Experimentally,
the slope was reduced by a factor of two, indicating that
enhanced conductivity of the surface oxide is not the dominant
mechanism responsible for the ¢ -¢ results,

The conductance increase produced by irradiation of
the present discontinuous films is thus attributed to radiation-
produced defects within the inter-island oxide regions. 1In

9-13

previous investigations of radiation demage in thin filnms
(discussed in Chapter I), the films possessed a continuous
structure and would not be expected to exhlbit a conductance

increase due to the mechanism proposed here,
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4,3,2 Conductance Change as a Function of Beam Energy

Strictly speaking, the displacement cross-section for

Ta205 should be calculated by weighting the individual cross-
sections for tantalum and oxygen by the atomic fraction present
in the target. However, since the relative contribution of
oxygen defects and tantalum defects to the observed conductance
increase is not known, the "correct" procedure will be approxi-
mated by assuming an average monatomic target 27M62. Then the
damage concentration produced in the linear portion of thed -¢
curve may be approximated by equation (4-6) with f(#) equal to
unity.

| For proton energies in excess of 4 keV, the proton-
- tantalum collisions are calculated 8 to be of the Rutherfor&
type. Similarly, for proton energies in excess of 1 kéV the
proton-oxygen collisions are expected to be of the Rutperford
type. If the proton energy exceeds these minimum Valdesy the
conductance increase o (equation (4-6)) is given by 85

4M, M E

(Mg + M5) 2By

0" = 5N (1+ PO“cnv)-lsbﬁ %‘3- 1n (4=~7)

where Ml and M2 are the masses of the incident and target
atoms, E; is the displacement threshold energy, and E is the

instantaneous proton energy in the film. In equation (%-6)

the effective Rutherford damage cross-—sectionr&rd is given by 8
4M.M,E '
AL in 172 5 where 8 is a constant, Taking 66 Eg to be
M +M)E
( 1 2) d

50 éV, the conductance increase at a fixed fluence should depend


http:cross-section~.od
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linearly on %— 1n 130E, vhere E 1s in units of 105 eV, As
illustrated in Fig, 4-5, the ¢ - % 1n 130E curve is linear

for beam energies in the range 150 keV to 50 keV, Henceforth,
this curve will be referred to as the 6(E) curve. It should
be noted that although the data of Fig., 4-5 are consistent
with the Rutherford law, these data do not "prove" that the
Rutherford law holds due té the small range of energy available
in this experiment., Even though there is some uncertainty

as to the numerical value of E., this uncertainty will have a

a
relatiively small effect on the results since the ;ET term is the
dominant term in equation (4-7),

From equations (4-6) and (%-7) the ratio of the slope

of theo - pcurve to the slope of the 6 (E) curve is given by

slope ofa -~ #curve = ln 130 E ' (14-8)
slope of 6 (E) curve E ¢ .

For 150 keV proton irradiation, the slope of the ¢ -¢ curve is
3%/1016 p/cm2. Thué, the calculated slope of the 6 (E) curve
is 8.5 x 102 eV. The experimental value is 5.5 x 102 eV. The
. experimental slope being less than the calculated slope can be
attributed to the fact that energy loss within the film has
been neglected.

The 6 (E) results suggest that the 6- #results are not
caused by hydrogen ion implantation of the film or by protons
back~-scattered from the substrate. Since the mean projected

range of the protons decreaseséo

y and the back-scattering
coefficient increases 67, with decreasing proton energy, the
0 (E) curve would concave upward if either of these mechanisms

controlled the conductance change produced by irradiation.
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The nonlinearity in the ¢ (E) curve at energies below 50 keV
is attributed td the onset of screened coulomb collisions 8

as the beam energy is degraded in passing through the film,

4,4 Summary

The effect of room temperature proton irradiation on
Ta thin film resistors has been discussed for fluences up to
1016 p/cmz. For films which had been previously heat treated,
irradiation of the films caused a linear increase iﬁ conduc-
tance of the films, Several mechanisms were considered as
being possible for producing the linear conductance increase:
sputtering, hydrogen ion impiantation, radiation-produced defect
. levels within the surface oxide layer, and an enhanced tunnel-
ing mechanism via radiation-produced defect levels within the
'inter-islandverystalline oxide regions., All except the last
mechanism were found to be incompatible with the obsepvations;
The rate of conductance change with fluence, considered as a
function of total reactive partial preséure, was a maximum for
a total reactive partial pressure of about 2 x 10'5 torr. The
nonlinear conductance increase observed for non heat treated
films may be accounted for by the fact that the radiatién-
produced defect concentration is a nonlinear function of fluence;
The damage rate with fluence, as a function of proton energy,
was also discussed. For beam energies in the range of 50 keV

to 150 keV, the Rutherford damage law was followed.
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LOW TEMPERATURE IRRADIATION AND ISOCHRONAL ANNEALING EXPERIMENTS

5.1 General

This chapter considers the effects of proton irradiation.
on the conductance of non heat treated, air heat treated, and
vacuum heat treated films maintained at 30°K during bombard-
ment, Low temperaturecn-&curves obtalned for films sputtered
in a reactive partial pressure of 2 x 10'5 torr nitrogen and
2 x 10~5 torr oxyéen are compared with those curves presented
in Chapter IV for identical films which were maintained at room
temperature during irradiation to lO16 p/cmz. In order to: study
radiation damage parameters of Ta205, ¢-4 curves have been obtained
for fluences up to 2 x 1018 p/cm2 for air heat treated and non
heat treated films sputtered in a reactive partial pressure of
lx 10°5 torr nitrogen and 3 x 10“5 torr oxygen.

After irradiation to 1016 p/cmz, isochronal annealing
experiments were performed on films sputtered in a reactive

5

partial pressure of 1 x 10"5 torr nitrogen and 3 x 10 ° torr
oxygen. Flectron mleroscopy shows these films to consist of
islaqqs of metallic Tauo largely surrounded by Ta205. Annealing
experiments were also carried out on films which were sputtered
in a reactive partial pressure of 1 x 10-6 torr nitrogen and

-6 .
1l x 10 torr oxygen. These films censist of islands of Ta

77
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largely surrounded by Ta205. Films sputtered in a reactive
partial pressure of 3 x 1077 torr nitrogen and 1 x 10-6 torr

- oxygen were not investigated by means of electron microscopy,
but, as discussed in Chapter III,the islands of this film are
expected to consist of BCC Ta, This postulate was checked by
comparing the annealing spectrum obtained from this film

with the known annealing spectrum for BCC Ta. Annealing results
for a continuous TaZOS film sputtered in a reactive partial

6

pressure of 7 x 107 torr nitrogen and 4.3 x 10-5 torr oxygen

are presented for comparison.

5.2 Experimental Results

5.2.1 Damage Results

Figure 5-1 illustrates ¢-4é curves up to a fluence

1016 p/Cm2 for devices sputtered in a reactive partial pressure

5

of 2 x 10 7 torr nitrogen and 2 x 10~7 torr oxygen. The ¢=¢
curves are linear over this fluence range for air heat treated,
vacaum heat treated and non heat treated films. There is no
significant difference in the results for air heat treated and
vacuuam heat treated films, The slope of the oc-¢ curve for non
heat treated films is about one-third that of the heat treated
films, On cessation of irradiation, the films remained at 26°K
for 1-1/2 hcurs. Any annealing which occurred during this
reriod produced a conductance change of less than the experi-
mental accuracy of 0,01%.

Figure 5-2 shows the ¢-¢$ curve (marked X) extended to

17

5 x 10 p/cm2 for a non heat treated film which was sputtered
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in a reactive partial pressure of 1 x 10'5 torr nitrogen and
3 x 10_5 torr oxygen., The film conductance increases contin-
uously with fluence and appears to be approaching saturation.
Figure 5-3 illustrates a similar curve (marked X) for an air

heat treated film from the same substrate.

5.2.2 Annealing Results
In order to verify that the temperature cycling during

annealing did not affect the electrical conductance of the
films, an unirradiated film was cycled through the annealing
process. This cycling process did not produce any measurable
change in the film conductance, either at room temperature or
at the base temperature.

Figure S5-I illustrates an integral isochronal anneal=-
ing curve for an air heat treated film sputtered in a total
5

reactive partial pressure of 1 x .'LO"5 torr nitrogen and 3 x 10~
16

torr oxygen after irradiation to 10 p/cm2. This curve was
obtained using temperature increments of 5°K, each temperature
level being maintained for ten minutes. All conductance
neasurements were made at 26°K., The corresponding differential
annealing curve shown in Fig. 5-5 was obtained by plotting the
slope of the integral curve between successive experimental
points as a function of annealing temperature., The criterion
used in drawing a curve through the points of the differcntial
spectrum is that a recovery peak is considered to occur only
if either 1) the difference in the rate of recovery between two

successive experimental points forming & peak is much greater
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than the experimental error, or 2) three or more points occur
consecutively on the rising and falling edges of the peak.
. Figure 5-5 shows that the recovery of damage in an air heat
treated film sputtered in a reactive partial pressure of
1 x 10~7 torr nitrogen and 3 x 10"5 torr oxygen occurs in two
main stages extending from 34°K to 150°K and from 150°K to
300°K. These stages will be called Stage A and Stage B respec-
tively. ©Stage A contains some substructure while Stage B con-
sists primarily of a broad peak centered at about 230°K. The
amount of damage which recovers in Stage A is approximately
equal to that which recovers in Stage B, The annealing spec-
trum for vacuum heat treated films (not shown) from the same
substrate is qualitatively similar to that obtained for air
heat treated films, i.e., the spectrum is composed of Stage A
which possesses some substructure and a broad, relatively
structureless Stage B. The peak of Stage B occurs at 2L0°K,
Figure 5-6 shows a differentisl anhealing curve for a
non heat treated film from the same substrate after irradiation
to 5 x 1017 p/cmz. This annealing spectrum, which is quali-~
tatively similar in shape to that obtained from non heat treated
films after irradiation to 1016 p/cm2, can be considered to
consist of Stage A and Stage B. Neither stage possesses any
substructure. Between these stages the differential annealing
spectrum does not approach zero, indicating a possible overlep

of stages.
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Figure 5-7 illustrates the annealing results obtalned
for an air heat treated film sputtered in a reactive partial
pressure of 1 x 10-6 torr nitrogen and 1 x II.O-6 torr oxygen
after irradiation to 1016 p/cm2. Stage A recovery is clearly
evident in the differential annealing spectrum. Although there
is evidencé of a small, narrow recovery peak centered at 200°K,
Stage B recovery consists primarily of a large, broad peak
centered at 230°K. Recovery in this broad peak is incomplete
at 300°K, The amount of damage which recovers in Stage A is
approximately equal to that which recovers in Stage B. The
annealing spectrum suggests that negative annealing occurs at
170°K, i.e., annealing in this temperature region produces a
conductance lncrease,

Figure 5-8 depicts a differential annealing curve for
an air heat.treated film sputtered in a reactive partial pressure

6 5

of 7 x 107° torr nitrogen and 4.3 x 10 ° torr oxygen. In
contrast to the films considered previously, the amount of
annealing occurring during Stage A recovery greatly exceeds that
oceurring during Stage B recovery.

Figure 5-9 shows a differential annealing curve for an
‘air heat treated film sputtered in a reactive partial pressure
of 3 x 10"5 torr nitrogen and 1 x 10"'6 torr oxygen. Stage A is
well resolved, whereas the recovery corresponding to Stage B
is incomplete at 300°K. A negative annealing peak 1s centered

at 260°K,
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5.3 Discussion

5.3.1 Damage Results

In Chapter IV the increase in conductance with fluence
which occurs during room temperature irradiation of films for
fluences up to 1016 p/cm2 was attributed to an enhanced tunnel=-
ing mechanism, the magnitude of which increases linearly with
defect concentration. For air heat treated and vacuum heat
treated films, the defect concentration is a linear function
of fluence, resulting in linear ¢-¢ curves., The greater siope
of the r-4¢ curves for air heat treated films relative to
vacuum heat treated films was attributed to a greater suppres-
sion of tunneling in the latter case as a result of a larger
proportion of radiation-produced defects being filled thermally
by carriers originating in ionized oxygen vacancy donors. A%
sufficiently low irradiation temperatures, these donors will not
be ionized, suggesting that the slope of the ¢-¢ curves should
be the same for air heat treated and vacuum heat treated films,
The present low temperature experimental results show that this
does occur, providing additional evidence for the proposed
evhanced conduction model.,

The nonlinearity which was discussed in Chapter IV for
room temperature irradiations of 1016 p/cm2 for non heat treated
films was attributed to a nonlinear rate of defect production
with fluence due to the trapping of mobile radiation-produced
defects. The ¢=4 curve for i1dentical films is linear for

16

irradiation to 10 p/cm2 at 30°K, irdicating that radiation-
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produced defects are nof mobile at this temperature. The
difference in slope of the r-¢ curves for heat treated and
non heat treated films suggests that proteon irradiation may
introduce different defect levels ih amorphous Ta205 and
crystalline Ta205.

For low temperature irradiation of films to fluences
in excess of 1016 p/cm2, the defect concentration may not be a
linear function of fluence due to a combination of close-pair
thermal annealing and spontaneous recombination 8. If this
is occurring, the ¢-¢ curve wil% be nonlinear and the rate of
change of conductance with fluence will be given by (see Appendix B)

%% = § urd(l - %I) (5-1)
where o3 1s the primary displacement cross-section, v is the
number of displacements per primary knock-on, 8 is the percent
conductance increase per fractional defect concentration, and m is
the number of unstable sites surrounding each defect. Figure
5-2 and Fig. 5-3 show the experimental results replotted with
the slope of the ¢-4 curve (de/dé) as a function of ¢ for non
heat treated and alr heat treated films respectively. A
linear relation between d¢/d$ and ¢ indicates that spontanecus
recombination and possibly close-pair thermal annealling do
occur during irradiation.

The mumber of unstable sites surrounding each defect

can be obtained from the measured value of 2.4 x 10"18 em®
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for mve,, the slope of the de/db versus ¢ curve for non heat
treated films., Assuming a random target, the effective

- Rutherford damage cross-section, vey, is calculated 8 to be

2 x 2077 cn®, Thus, the value of m for amorphous TayOg is
calculzated to be 12, For the crystalline oxide of air heat

treated films, Vo is expected to be equal to or less than

the calculated value of 2 x 10~19 cm2. The experimental value

of 7.3 x lO_19 cm2 for the slope of the linear portion of the

de/d¢é versus ¢ curve produces a value of m equal to or greater
than 4 for crystalline Tay0z. These values ogam for Ta205

are comparable with the value of 20 for 8102 « The fact that

the value of m is much less than the 300 to 500 usually obtained
for metals 8 suggests the possibility of electronic bond forma-
tion between defects and adjacent lattice atoms during the
irradiation of nonmetals., The fact that the d¢/d¢ versus o

curve is inltislly linear for non heat treated films consist-

ing of amorphous Ta205 in the lnter-island regions suggests

that the nonlinearity which is initially observed for air heat
treated films may be due to collision seguences (focuged or not) 69
whiéh are expected to occur over the very small (“50°A) distances
involved in the crystalline Ta205, provided this oxide has a
sufficiently small decfect concentration. As the fluence
increases, the concentration of rediation-~produced defects
becomes sufficient to inhibit this 2dditional mechanism, Vhen

this ocecurs, the de/dé versus ¢ curve is expected to bLeconme

iinear,
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5.3.2 Annealing Results

The fact that an anneallng cycle did not produce any

change in the conductance of unirradiated films indicates that

any thermal stresses which may exist in the film due to the film-
substrate interface 39 do not affect the defect structure of
the films, Thus, conductance changes measured during the
annealing of irradiated films are assumed to be due tq radiation-
produced defects and not due to mechanical effects within the
films,

For air heat treated films sputtered in>reactive partlal
pressures of 1 x 10"6 torr nitrogen and 1 x 10"6 torr oxygen,
1 x 107 torr nitrogen and 3 x 1077 torr oxygen, and 7 x 10"6
torr nitrogen and 4,3 x 10~5 torr oxygen, the annealing spectra
contain two main stages in the range of 34°K to 300°K., On the
basis of Rutherford scattering, the number of primary tantalum
defects is calculated 8 to be 5.6 times the number of primary
oxygen defects in the inter-island Ta205. The two stages in
the recovery gpectra could result either by tantalum defects
and oxygen defects recombining at their respective centers in
different temperature ranges, or by tantalum defects recombining
simultaneously with oxygen defects at one type of center in
Stage A and at a different type of center in Stage B, The fact
that, in films sputtered in reactive partial pressures of

5

7 x lO"6 torr nitrogen and %.3 x 10" 7 torr oxygen (continuous
polycrystalline Ta205 films of grain size about 1,500 3) the

percent damage annealed in Stage A greatly exceeds that of
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Sﬁage B, whereas for films sputtered in reactive partial
pressures of 1 x 10"6 torr nitrogen and 1 x 10"6 torr oxygen

as well as films sputtered in 1 x 10_"5 torr nitrogen and |

3 x 10"5 torr oxygen (films which possess an island structure
of dimensions of the order of 100 3) approximately equal amounts
of damage anneal in each stage, indicates that Stage A consists
of close-pair or correlated annihilation of defects while Stage
B is primarily due to long range uncorrelated migration of
defects to sinks at the gap-island interface.

The order of the annealing process could not be deter-
mined accurately by isothermal annealing experiments due to the
small conductance change occurring during annealing at any
given temperature. However, assuming first order kinetics on
the basis of close-pair recombination in Stage A, the activation
energy is calculated to be 0.30 eV for a typical recovery peak
centered at 110°K. The width of a single close-pair recovery
peak at this temperature is calculated 70 to be 5°K. This value
indicates that Stage A should be composed of a number of sub-
stages. This is found {0 occur experimentally for heat treated
films although, due to the large errors involved, it is diffi-
cult to state with certainty that sub-stages occur at the same
tenperatures for all the heat treated films studied. The lack
of Stage A substructure for non heat treated films suggests
that Stage A recovery for these films consists of a number of
close-pair pesks wvhich overlap, resulting in an apparent single

broad peak. Such a process nay be tke result of the large
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degree of disorder which exists in the amorphous oxide.

71 for uncorrelated

Assuming first order kinetics
recombination of defects at the gap-island interface during
Stage B annealing, the activation eﬁergy for the recovery peak
situated at 230°K for films sputtered in'a reactive partial
5

pressure of 1 x 10 ° torr nitrogen and 3 x 1077 torr oxygen is

2
calculated 7 to be 0,73 eV for a pre-exponential frequency

70 of 1017 sec™ and for defect migration from the

factor
center of the gaps to the interface (20 A). The width of a
single recombination peak at this temperature is calculated 70
to be 21°K. The observed peak will be due to a superposition
of a number of such single peaks since the dlstance a defect
must migrate for annihilation to occur at the interface depends
on the initial location of the defect within the gap. For a
lower limit of 3 A (approximate inter-atomic distance) and an
upper limit of 3% i (gap size) for the migration distance,
the corresponding teuperature range for the location of these
single peaks about 230°K is calculated to be 25°K., This
suggests that a total peak width of about 46°K should be
observed. Although this value is less than the observed width
(about 70°K), these calculations illustrate that annihilation
at the gap-island interface will produce a wide peak. The
discrepancy between the calculated and observed widths may be
due tﬁ: |

1) an incorrect preéexponential frequency factor;

2) the fact that the tempergture of 230°K may not
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correspond to 20 A migration; and

3) the fact that the upper iimit for the diffusion
distance may exceed 35 A since defects may not
diffuse to the interface via the shortest possible
path,

The proposed model will account for the observation
that the main Stage B recovery peak occurs at a lower tempera-
ture for films sputbtered in a reactive partial pressure of
1 x 10"5 torr nitrogen and 3 x 10_5 torr oxygen than for films
sputtered in a reactive partial pressure of 1 x 10'6 torr
nitrogen and 1 x 10-6 torr oxygen since the gap dimensions are
smaller fér the former films than for the latter., If the
migration distances for defects produced at the center of the
gaps and recombining at the interface are dl and d2 for these
films respectively then, for d;/d, << 1, the peak annealing
temperatures Tl and T2 are related by 73

1n (dl/d2)2 ==~ Bl -1 | (5-2)

k ‘17 T
foir a process having migration energy E, For the films being
considered, electron microscopy shows that dj/dp = 0.1l. Then
for T) = 230°K and E = 0,73 eV, T, is calculated to be 279°K,
This is in agreement with the observed peak temperature of
280°K for films reactively sputtered in 1 x 10'6 torr nitrogen

and 1 x 10'6 torr oxygen.
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The small, relatively narrow recovery peak which occurs
at 200°K in Stage B for films sputtered in a reactive partial
pressure of 1 x 10-6 torr nitrogen and 1 x 10"6 torr oxygen, as
well as the recovery occurring between 150°K and 300°K for
films sputtered in a reactive partial pressure of 7 x ILO"6 torr
nitrogen and 4,3 x 10-5 torr oxygen, may be due to a mechanism
such as the release of radiation-produced defects from traps
or to uncorrelated recomblination of radiation-produced vacancies
and interstitials. For films sputtered in 1 x 10"5 torr
nitrogen and 3 x 10~ torr oxygen, this secondary recovery peak
may’not be resolvable from the broad peak which is attributed
to recombination at the gap-island interface.

For films sputtered in a reactive oxygen partial pressure
of 1 x 10'6 torr, the annealing spectrum appears to contain
negative recovery peaks at 170°K and 260°K. Burger et al 7
have found that ten-minute isochronal annealing of bulk Ta
irradiated to 7 x 1017 nvt has an annealing peak at 170°K.

Doping the Ta with 0.1 atomic percent oxygen produced annealing

75

peaks at 170°K and 250°K. Myhrra and DeFord have found that
ten-minute isochronal anneals on bulk Ta irradiated with 2.2
MeV electrons produced an annealing peak at 167°K. Ten-ninute
isochronal annealing 76 of both pure Ta and Ta doped with 0,1
atom;c percent oxygen after irradiation with 3 MeV electrons
has been found to produce recovery peaks at 170°K and 275°K.,
The correspondsnce of the negative annealing pesk found in

films reactively sputtered in 1 x 10?6 torr nitrogen and 1 x
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10-6 torr oxygen (for which electron microscopy indicates the
islands are composed of BCC Ta) with that peak found for bulk

. Ta strengthens the previously proposed (Chapter III) conduc-
tion model that tunneling through the oxide gaps acts in
competition with metallic conduction via connected islands.

The agreement of the 260°K negative recovery peak in films
sputtered in a reactive partial pressure of 3 x 10'5 torr
nitrogen and 1 x 10"6 torr oxygen with a corresponding recovery
peak in bulk BCC Ta reinforces the argument presented in
Chapter III that the crystal structure of the islands is largely
determined by the amount of reactive oxygen in the sputtering
system, rather than by the amount of reactive nitrogen. The
apparent absence of a positive, broad Stage B recovery peak in
this film may be due to the cancellation of this peak by the
observed negative recovery peak, These negative peaks are not
expected to be obgserved in films sputtered in a reactive partial
pressure of 1 X 10'5 torr nitrogen and 3 x 10-5 torr oxygen
since electron microscope examination shows that the metallic

structure is not BCC Ta in these films.

5.% Summary

Proton irradiation of reactively sputtered air heat
treated and vacuum heat treated tantalum films at 30°K produces
a linear increase in conductance with fluence, for fluences
equal to or less than 1016 p/cmz. The fact that the conductance
increase is the seme for both types of heat treated films suggests

that the oxygen vacancy donors within the Tazog inter-island
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regions are not ionized at 30°K and, therefore, do not inhibit
the enhanced tunneling mechanism by a thermal filling of
radiation-produced defects by free carriers within the Ta205.
Low temperature irradiation of non heat treated films consist-
ing of amorphous Ta205 in the inter-island regions produces a
linear increase in conductance with fluence, for fluences
equal to or less than 1016 p/cmz. Since radiation-produced
defects are not expected to undergo any long range migration
at 30°K, this observed linearity indicates that the nonlinear
conductance increase with fluence vhich occurs for identical
films during room temperature irradiation is due to & trapping
of mobile radiation-produced defects during irradiation.

2, the nonlinear conductance

For fluences greater than 1016 p/cn
increase with fluence is attributed to a nonlinear increase in
the defect concentration with fluence as a result of a combina-
tion of spontaneous recombination and close-pair thermal anneal-
ing. The number of unstable slites surrounding each defect was
found to be equal to or greater than 4 for crystalline Ta205
and equal to 12 for amorphous Tay0s.

Annealing of the damage proceeds in two stages: Stage A
(34°K to 150°K) is attributed to close-pair or correlated recom-
bination, and Stage B (150°K to about 300°K) is attributed to
uncorrelated annihilation of defects at the gap-island interface.
Negative annealing pealre at 160°K and 260°K indicate that
metallic conduction occurs 1In the films consisting of islands

of BCC Ta., The present experiments cannot directly demonstrate
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metallic conduction in films consisting of islands of metallic

Tah_o.



VI

HIGH FLUENCE, ROOM TEMPERATURE RADIATION DAMAGE

6.1 Ceneral

This chapter considers ¢ -¢ measurements obtained at
room temperature for films irradiated to 2 x 1018 p/cmz. The
motivation for extending the results of Chapter IV to higher
values of fluence is: 1) to investigate the effects of high
fluence, room temperature proton irradiation on circuit
properties of the thin film resistors; 2) to damage the films
at a temperature wvhere uncorrelated defect annihilation at
gap-island interfaces is ekpected to occur during irradiation,
thus attempting to verify the defect fecovery model proposed
in Chapter V; and 3) to investigate further the observation
made in Chapter III, that the slope of the 0-¢ curves decreases
with decreasing total reactive partial pressure, for total
reactive partial pressures less than 2 x 10-5 torr,

In order to attain these objectives, films possessing
three distinct types of structure have been investigated:

1) filums which were sputtered in a reactive partial

pressure of 1.5 x 10—5 torr nitrogen and 1.5 x 10-5

torr oxygen and are composed of metallic Ta40
islands largely surrounded by Ta205. These films

were irradiated in order to investigate whether or

102
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not thed - ¢ curves obtained at room temperature
are characteristic of those expected for the recom-
bination of mobile defects at gap-island interfaces
during irradiation;

2) polycrystalline Ta205 films sputtered in a reactive
partial pressure of 7 x 10-6 torr nitrogen and 4,3
x 10"5 torr oxygen. Since these films do not
possess any gap-island interfaces, the ¢~ ¢ curves -
resulting from high fluence irradiation of these
films are not expected to be characteristic of
curves which result from defect recombination at
gap=-island interfaces during irradiation; and

3) films sputtered in a reactive partial pressure of
3 x 10-6 torr nitrogen and 3 x 10"6 torr oxygen.
These films were used to investigate the observed
decrcase in slope of the ¢-¢ curves with decreasing
total reactive partial pressure, for total reactive

5

partial pressures less than 2 x 10°°~ torr.

6.2 Exverimental Results

Figure 6-1 illustrates the conductance changeo at room
temperature as a function of flucnce for an air heat treated
film sputtered in a reactive partial pressure at 3 x 10"6 torr
nitrogen and 3 x 10"6 torr oxygen. The conductance initially

16

. . : 2
increases with fluvence for fluences up to 3 x 10 p/em . For

greater values of fluenée9 the conductance decreases slightly
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Fisure 6-1

o~ ¢ curve for a 286°K irradiation of a film sputtered in a reactive partial
pressure of 3 x 107" torr nitrogen and 3 x 107° torr oxygen. The

experimental values of ¢ have been magnified by a factor of 10 for fluences
equal to and less than 4 x 1017 p/cm2.
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with fluence until quesi-saturation occurs at 4 x 1017 p/cmz. At

5.3 X 1017 p/cm2 the conductance decreases drastically, approaching

18 p/cmg. The small conductance

apparent saturation at 2 x 10
increase at low fluences, followed by a small decrease in
conductance preceding a large radiation-produced conductance
decrease, is observed to occur for all films which were
reactively sputtered in equal reactive partial pressures of
oxygen and nitrogen, for total reactive partial pressures of

5

less than 2 x 10”7 torr.

The cc=¢ curve for an alr heat treated film sputtered

5

in a reactive partial pressure of 1.5 x 10 ° torr nitrogen and

1.5 x 10'5 torr oxygen is shown in Fig, 6-2., As discussed in
Chapter IV, this curve is linear for fluences up to 1016 p/cmz.
For the range 1016 p/cm2 to 7 x 1017 p/cm2 the conductance
increase is a nonlinear function of fluence. At 7 x 10°7 p/cm2,
the conductance begins to decrease nonlinearly with increasing
fluence, approaching apparent saturation at a conductance
value less than the pre-~irradiated value. This large conduc=-
tance increase followed by a rapid decrease in conductance
with fluence is characteristic of filus sputtered in equal
rcactive partial pressures of oxygen and nitrogen, for total

5

reactive partial pressures of 2 x 10 ° torr and greater, The
¢~ ¢ curve for films sputtered in a reactive partial pressure
of 1 x 10-5 torr nitrogen and 3 X 10"5 torr oxygen also has thig
characteristic shape. Figure 6-2 algo illustratés thee - ¢
curve for a non heat treated resistor from the ssme substrate.
The shape of this curve is quelitatiyely similar to that

obtained for the air heat trested resistor, Figure 6-3



o (o/o) |

° AR HEAT TREATED
16— X NON HEAT TREATED
24—
-32 l ! ] | | _ | l l
C ‘»»;2‘ 4 6 8 0] 12 4 16 18 20

b (10PCM?)

. Figore 6-2
6 -¢ curves for 286°K irradiation of air heat treated and non heat treated films
sputtered in a reactive partial pressure of 1.5 x 10'5 torr nitrogen and

1.9 x 10-5 torr oxyeen,
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illustratés the magnitude of the total conductance decrease
(the difference between the meximum enhanced conductance
and the conductance decrease at apparent saturation)
for air heat treated films as a function of total reactive
partial pressure, for equal partial pressures of reactive
oxygen and nitrogen., Figure 6-3 also shows the fluence at which
Jthis conductance decrease begins, as a function of total
reactive partial pressure.

Figure 6-4 shows theo -¢ curve for an air heat treated

6

film sputtered in a reactive partial pressure of 7 x 107~ torr

5

nitrogen and 4.3 x 10”7 torr oxygen. The conductance increases

nonlinearly with fluence, approaching apparent saturation at

2

2 x 1018 p/cn“., No radiation-produced conductance decrease

is observed,

6.3 Discussion

6.3.1 Conductance Increase

6.3.1 a Films Sputtered in a Reactive Partial gressure of
1.5 x 10~5 Torr Hitrogen and 1,5 x 10~° Torr Oxygen

In Chapter V it was shown that, for discentinuous films,
there is a broad annealing stage in the temperature range 150°K
to 300°K, This recovery stage was attributed to the migration
of radiation-produced defects to sinks at the gap-island interface.
During the present experiments, performed at 286 K, radiation=
prodgced defects may be free to diffuse to these sinks
during irradistion. An order-~of-magnitude estimate 7 of Ci,

the effective sink conceatration due to the interface, may be

obtained from the ratio of the numbers of lattice sites at the
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Curves illustrating the threshold fluence for the radiation-
produced conductance decrease occurring at 286°K (marked x)
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of total reactive partial pressure for egual partial pressures
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interface to the number of lattice sites within the gap. For
a cylindricel gap of radius r and length 1,

2 r _1
¢, ~___ % 8 = 2% : (6-1)

) r
r l/a03

where a, is the lattice constant. For 20 K gaps, Ct ~3 x 10-1.
-Due to this large concentration of sinks, they are expected to
behave as unsaturable traps. If defect migration to unsaturable
traps occurs during irradiation, the défect concentration will
be a nonlinear function of fluence. In this case, d¢/ds, the

reciprocal slope of the o-¢ curve is given by 78 (see Appendix B)

4o = g "
ac 570;:&(1 +£tht ) (6-2)

where § is the fractional conductance increase per fractionzl
defect concentration as a result of enhanced tunneling,

94 is the displacement cross-section, #is the

number of secondary knock-ons per primary knock-on, and 4 is

the ratio of the capture cross-sections of unsaturable traps
to vacancies (assuming interstitial migration). Figure 6-5
shows the ¢ -¢ results for the non heat treated film of Fig, 6-2
replotted as d¢/de vse, As shown by equation (6-2), the
resulting linear relationshilp demonstrates that the experimontal
results are consistent with defect migration to the interface
during irradistion.

" The intercept at 0" = 0, given by (gpda)-l, is estimated

to be 10«18 cmz. As discussed in Chapter V, #0;, the effective

3 A "].g
Rutherford damage cross-section is cplculated to be 2 x 10 7 cmg.
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Grarh showing the ¢ - ¢ curve for the non heat treated film of Fig. 6-2 (sputtered
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| Thus, § is estimated to' be 2.5 %/at-% defects, The slope of
the dg¢/do vs o curve is given by (suo‘d)—l(Stht)ul. Using a
C, value of 3 x 10'1, q; is calculated to be 0.046.

An alternate mechanism which might be responsible for
the nonlinear increase in conductance with fluence is a com-
bination of spontaneous recombination and close~pair thermal
annealing. As was discussed in Chapter V, if this mechanism
wvere responsible for the observed nonlinearity of theo - curve,
the slope of the ¢-¢ curve, do/d¢, would be a linear function
ofo"., The curve d°/dp vsc is shown in Fig. 6-5. The non-
linearity of this curve indicates that spontaneous recombination
and close-pair annealing is not the dominant mechanism respons-
ible for the nonlinearity of the conductance increase with
fluence.

Figure 6-6 illustrates the reciprocal slope of theo -
curve (d¢/ds) as a function of ¢ for an air heat treated film
which was sputtered in a reactive partial pressure of 1.5 X

-5 5

10 ° torr nitrogen and 1.5 x 10~ ° torr oxygen. The d&/dc vs o
curve is initially nonlinear, but it becomes linear for o ) 3%.
The linear portion of the d¢/dec vs ¢ curve suggests that the
nonlinearity of the ¢-¢ curve may be due to defect migration to
unsaturable traps. Replotting the 6-¢ curve as d5/de¢ vs
produces a nonlinear curve over the complete range of experi-
mental points (Fig. 6-6), illustrating that the nonlinearity of
the conductance increase with fluence in air heat treated

island-structure films is not due to spontaneous recombination
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or close-pair thermal annealing. For values of 0 less than
3% the nonlinearity of the dé/dr vs « curve suggests that a mechan-
ism in addition to defect diffusionrto the gap-island interface
may be occurring at low values of fiuence in air heat treated
films, As discussed in section 5.3.1 in connection with low
temperature irradiation experiments, this additional mechanism
may involve the propagation of collision sequences 69 in crystal-
line Ta265‘
6.3.1 b Films ?guttered in a Reactive Partial Pressure of
7 x 10~° Torr Nitrogen and 4,3 x 10-5 Torr Oxygen

Figure 6-7 shows the 0"~ @ curve for a film sputtered in
a reactive partial pressure of 7 x 10.6 torr nitrogen and
4,3 x lO"5 torr oxygen replotted as the reciprocal slope of
the 6 - ¢ curve (d®/ds) as a function of¢, The nonlinearity of
the d¢/do vs o~ curve indicates that migration of defects to
unsaturable traps during irradiatioin is not the dominant
mechanism responsible for the nonlinearity of the conductance
increase with fluence (the ¢ - ¢ curve)., Since this film consists
of 1,500 A grains of Ta205, rather than small (50-100 K) regions
of Ta205, the lack of recombination at unsaturable traps in
this film is consistent with the proposed model, i.e., in |
islend-structure films, recombination of defects occurs at
unsaturable centers at the gap-island interface during irradia-
tion;

The absence of gap-island interfaces in this film

suggests that the mechanism responsible for the nonlinearity
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Graph showlng theos -¢ curve for the alr heat treated film of Fig. 6-3 (sputtered in a

reactive partial pressure of 7 x 106 torr nitrogen and 4.3 x 10-2 torr oxygen) replotﬁed
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of théG‘-qbcurve may be a combination of spontaneous recombina-
tion and close-pair thermal annesling, since saturation of
damage 1s expected to occur ultimately by this mechanism, The
linearity of the &/d# vsd curve shown in Fig., 6-7 indicates
that these mechanisms do occur. The slope of the d¢/de vs T
curve is 1.3 x lO“18 cmz, giving a value of m equal to 7 for
’Ta205 irradiated at room temperature., This value of m is
gréater than the value of 4% found for low temperature irradia-
tions, This indicates that the size of the unstable zone is
greater at room temperature than at low temperatures, possibly
due to a greater amount of close-palr thermal recombination

wvhich is expected to occur at the higher temperature than at

the lower temperature.

6.3.1 ¢ Films Sguttered in a Reactive Partial Pressure of
3 x 107 Torr Nitrogen and 3 x 107" Torr Oxygen

This gection will consider the conductance changes
which occur for fluences less than 5.3 x lO17 p/cmz. The
large conductance decrease occurring for fluences greater than
5.3 x 1017 p/cm2 will be considered in section 6.3.2.

As discussed in Chapter V, the radiation-produced change
in the conductence of the films consists of two components: |
an increase in conductancs due to enhanced tunieling and a
concurrent decrease in conductance due to damage in the connected

metailic islands. Thusg, it is proposed that the obsgerved

initial increase in the ¢-¢ curve for films sputtered in a

6

5

reactive partial pressure of 3 x 107~ torr nitrogen and 3 x 10~
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torr oxygen (Fig, 6-1) is due to the difference between the
conductance increase due to enhanced tunneling and the conduc-

16 p/cm2

tance decrease due to metallic damage. At 3 x 10
the conductance increase due to the'tunneling mechanism becomes
smaller than the conductance decrease due to metallic damage,
'producing the observed decrease in thed -¢gcurve up to 5.3 x
1017 p/cmz.

This model is consistent with the data presented
previously in Chapter IV where it was shown that the conduc-
tance increase at lO16 p/cm2 decreases with decreasing total
reactive partial pressures, for total reactive partial pressures
of 1 x 10-5 torr or less. For these values of total reactive
partial pressure, the islands are composed of BCC Ta, in
contrast to larger values of total reactive partial pressures
where the islands consist largely of Tako. Using a value of
resistivity increase of 5«-R-cm per atomic-% defect concentra-
tion 42 and assuming a value of m = 500 for BCC Ta 8, the
conductivity decrease at 1016 p/cm2 due to damage within metal-

5 chm)-l,

or 3% of the film conductivity. This is in order-of-magnitude

lic reglons of the film is calculated to be 8 x 10

agreeaent with the observed conductivity increase due to the
enhanced tunneling mechanicm, and may serve to reduce the net
observed conductivity increase at 1016 p/cmz.

‘ Assumlipg dRy the increase in resistivity per unit
defect concentration, to be approximately independent of the

oxygen dopant concenbtration for BCC ?a, the radiation-produced
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conductance decrease (-do = ar/R%) per unit defect concentra-
tion increases ags the dopant concentration within the islands,
and thus R, the resistivity of the islands, decreases. This
may account for the observation that the slope of the 6-¢ curves
for films consisting of BCC Ta islands decreases as total
'reactiVe partial pressure decreases, and thus the island dopant
~concentration decreases. The absence of any apparent effect

of metallic damage on theo -¢ curves during irradiation to

2 x 1018 p/'cm2 for films sputtered in a tetal reactive partial

5

pressure greater than 2 x 10~ 7 torr may be due to the large
value of R possessed by the non BCC Ta islands of these films,
i.e., metallic damage is expected to occur in these films, but
the magnitude of the resulting conductance change 1s insuffi-
cient to significantly affect the conductance change which is

attributed to the enhanced tunneling mechanism,

6.3.2 Conductance Decrease

- For both heat treated and non heat treated filus con-
sisting of an island structure, the conductance abruptly decreases
with fluence when a given threshold fluence»is reached. As
will be discussed in the following paragraphs, the suddenness
of the onset of the conductance decrease for irradiation at
room teaperature, as well as the lack of a radiation-produced
conductance decrezse for irradiation at 30°K, suggests that
this decrease may be due to a radiation-~induced shift in the
Fermi level of the inter-island Tagos, thereby increasing the

height of the tunneling barrier and reduciug the tunneling

probability.
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Before discussing the room temperature radiatibn-
produced conductance decrease, it may be instructive to con-
sider the significance of the fact that a similar conductance
decrease is not observed for irradiétion at 30°K. As discussed
in Chapter V, only close~pair annihilation of defects occurs
(dﬁring these low temperature irradiations, and since one member
of the stable vacancy~interstitial pairs will act as a donor

79

while the other member acts as an acceptor '“, the concentra-
tion of radiation-produced donors will equal the concentration
of radiation-produced acceptors. If these donor levels are
higher in energy than the original Fermi level (which is
determined by the non-stoichiometric oxygen vacancy concentra-
tion) and the acceptor levels lower in energy than the original
Fermi level, the Fermi level will be independent of fluence,
Thus, the radiation-produced conductance change is proportional
to the concentration of radiatlion-produced defects via which
enhanced tunneling can occur.

During room temperature irradiation, defects are
mobile and probably annihilate at the gap-island interface,
Since vacancies and interstitials are expected to have differ-
enﬁ values of mobility and different capture cross-sections at
recombinatiocn centers, perfect compensation is not expected to
occur during room temperature irradiation., This lack of come-
pensation will result in & radiation-induced shift in the

Fermli level., An excess of radiation-produced acceptor
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levelst relative to radiation-produced donor levels would cause
a lovering of the Fermi levei, with a resultant increase in the
tunneling barrier and a decrease in the meagnitude of the conduc-
tance, |

The energy difference between the Fermi level and the
conduction band 79 and thus B, the height of the tunneling

barrier is given by

A N
- C
B = kT 1ln -V—oTbEm | (6“3) ,

wvhere N, is the density of states in the conduction band, V, is
the oxygen vacancy donor concentration, and bC(¢) is the concen-
tration of uncompensated radiation-produced acceptor levels which
exist at a radiation-produced defect concentration C(¢). This
equation is plotted in Fig, 6-8 for N, = V_ = 1 and bC($) in
relative units, From this Figure it may be seen that the height
of the tunneling barrier will be independent of the concentration
of uncompensated radiation-produced acceptors until this concen-
tration approsches that of the non-stoichiometric oxygen vacancy
donors., At this point the height of the tunneling barriér wiil
suddenly increase with increasing fluence, accounting for the
observed threshold fluence for the radiation-produced conductance
decrease.

This threshold fluence will increase as the concentra-

tion of non-stoichiometric oxygen vacancy donors increases,

*In analogy with metals, the surviving defects may be oxygen
vacanciecg and tantalum vacanclies, Although oxygen vacancies are
normally expected to act ag donor defects and tantalum vacancies
as acceptor defects, it cannot be intrinsicslly determined whether
donor or acceptor defects should predominate in the present case
since this "normal" situation dees not necessarily apply to oxides
for large defect concentrations ¢ such as exist as a result of
irrsdiation to fluences greazter than 5 x 107 p/em .
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Graph of the function ln {1/[1-bC($)]} as a function of bC(#).
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The'observed increase in the threshold fluence with increasing
total reactive partial pressure is in agreecment with the model
proposed in Chapter IV; i.e., as the dimensions of the oxide
regions decrease with increasing total reactive partial pres-
sure, the average non-stoichiometry of the oxide is inferred to

increase due to oxygen removal by the metéllic'isiands. The
«apparent saturation of the threshold fluence for films sputtered
in total reactive partial pressures less than 2 x 10~5 torr
suggests that the diffusion distance for oxygen atoms during

the fifteen-minute heat treaﬁment at SOO°C is very much less
than the gap size for these films so that the average non-
‘stoichiometry becomes relatively independent of gap size and,
thus, of total rezctive partial pressure.

The observed increase in the total conductance decrease
with increasing total reactive partial pressure is in agreenent
with the proposed model since, as the total reactive partial
pressure incregses the average non-stoichiometric oxygen
vacancy conéentration will increase, thus causing the tunneling
barrier of unirradiated films to decrease. A given radiation-
induced shift in the barrier height will have a greater effect
on the conductance as the initial barrier height decreases and,
thus, as the total reactive partial pressure incresases.

For island-structure films which have been irradiated
to between 1.5 X% 1018 p/cm2 and 2 X 1018 p/cm2 at 30°K, about
20% of the damage recovers during isochronal annealing experi-

L} (] . . & >
ments carried out to a maximum temperature of 300 K; i.e., a
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large conductance decrease, analogous to that observed during
room tenperature irradiation of different resistors from the
same substrate, does hot occur. This suggests that, after low
temperature irradiation, sufficient close-pair recombination
occurs during the heating of the film that the defect concen-
tration available for annihilation at gap-island interfaces .
is inadequate to produce a shift in the Fermi level,

As discussed in Chapter III, the measured film conduc-
tance consists of two components, that due to tunneling and that
due to metallic conduction via connected metallic islands.

Thus, the film concductance g may be approximated by 81 (see Appendix
C) _
= + -
g =gt g (6-4)

where &t and g, are the components due to the tunneling mechanism
znd the metallic conduction mechanism respectively. To within a

factor of e"1

s the tunneling probability is proportional to
1/2

exp (-dB / ), where 4 is the width of the gap. Assuming 8

m = 500 for the islands, damage within the islands will effec-

17 p/cmz; ice., g, will be

tively saturate at a fluence of 1 x 10
constant in the fluence range where the radiation-produced con-

ductance decrease occurs. Thus, from equation (6-k),
8 = ge + 8y (6-5)

where By is given by the first term on the right hand side of
the equaticn,
From equation (6-2), for a tunneling distance of 4 = 2r

in A, and for ¢ =6 C(®), ;

cle) # 3% 2070 Vp (6-6)
. va
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for#>75 x 10 p/cm2. Substituting equation (6-6) into equation

1/2
(6-3) and expanding B / by the binomial theorem, equation (6-5)

gives
dr = de = AFY/? exp(-¢1/?) (6-7)
é dé - |

feh

where A is a constant. According to e@uation (6-7), a plot of
1n (12 as/ae) vs 172 should yield a straight line. The experi-
mental points for a film sputtered in a reactive partial pressure
of 1.5 x 10"5 torr nitrogen and 1.5 x 10'5 torr oxvgen are plotted
in this fashion in Fig. 6-9, The resultant linear relationship
is in agreement with the proposed model. |

The absence of a radiation-produced conductance decrease

6

in films sputtered in a reactive partial vressure of 7 x 10°

5

torr nitrogen and 4,3 x 10" 7 torr oxygen is consistent with

the proposed model. The annealing studies of Chapter V indicate
that the absence of an island structure (and, thus, the lack of

a large concentration of sinks) inhibits long range, uncorrelated
defect annihilation; i.e., close-palr or correlated recombina-
tion occurs mainly. Room temperature irrediation of a continu-
ous film is, therefore, expected to produce equal concentrations
of stable donors and stable acceptors, and, thus, there is

neither a radiation-produced shift in the Fermi level nor an

associated conductance decrease,

6.4 Sunnary
This chapter has considered changes in film conductance
during room temperature irradiation for fluences up to 2 x 1018

p/cm2° Three different types of fi1lm structures were investigated:
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Figure 6-9
Graph of ln(¢%d¢/d¢) as a function of¢5%‘for fluences in excess
of the threshold value for the radiation-produced conductance
decrease. This film was sputtered 1n a reactive partial pressure
of 1.5 x 10~7 torr nitrogen and 1.5 x 10"5 torr oxygen.
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1) films composed of TaAO islands largely surrounded by Ta205;
2) films composed of BCC Ta islands largely surrounded by
Ta205; and 3) polycrystalline films of Ta205.

For films composed of Ta#O islands largely surrounded
by Ta205, the nonlinearity of the conductance igcrease with
fluence is attributed to a nonlinear rate of defect production
with fluence due to defect recombination at the gap-island
interface during irradiation., The fact that the magnitude
of the conductance increase for films consisting of BCC Ta
islands is less than that for films consisting of Taho islands
is attribﬁted to a greater relative effect of metallic damage
in the former films than in the latter films as a result of the
fact that the resistivity of BCC Ta is less than that of Tauo.

For fluences exceeding a threshold value, the conduc-
tance decreases to a value less than the pre-~irradiation value.
This decrease is attributed to a shift in the Fermi level of
the Ta205 and, thus, an increase in the tunneling barrier,
as a result of unequal concentrations of stable radiation-
produced donors and acceptors. Uneoual concentrations of
stable donors and acceptors are postulated to result from
unequal concentrations of donors and acceptors annihilating
at the gap-island interfaces during irradiation,

The nonlinearity of the@ -¢ curves for continuous.
polyerystalline Ta205 films is attributed to a nonlinear rate
of defect production with fluence as a result of the oceurrence
of spentancous recombination and close~palr thermal annealing,

The abszsence of ¢« curves which are characteristic of defect
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recombination at unsaturable traps is consistent with the
absence of gap~island interfaces in the films as has been
~indicated by electron microscopy (Chapter I1I) and by anneal-
ing experiments (Chapter V). Similarly, the absence of a
radiation~produced conductance decrease is compatible with
equal concentrations of stable radiation~-produced donors and
écceptors— a situation which is postulated to occur in the

absence of defect recombination at gap-island interfaces.



VII
EFFECTS OF RADIATION DAMAGE ON FITd TCR

7.1 General

This chapter concludes the investigation of radiation
damage on reactively sputtered tantalum thin film resistors
with a consideration of the changes in the film TCR which
result from 150 keV proton irradiation at 286°K for fluences
up to 2 x 1018 p/cmz. In addition to the "useful" temperature
range of 303°K to 403°K for resistor operation, TCR measure-
ments were also performed over the range 33°K to YW K in an
attempt to obtain information about the processes which affect
the film TCR., The use of this low temperature TCR range also
permitted a measurement of the TCR recovery following film

irradiation at 30°K.

7.2 Experimental Results

Figure 7-1 shows a plot of the percentage change in
filw conductance as a function of temperature for an air heat
treated film sputtered in a reactive partisl pressure of
2 x 10-5 torr nitrogen and 2 x 10-5 torr oxygen, both for an
unirradiated film and for the same film after irradiation to
2 X 1018 p/cm2. For the vnirradiated film the conrductance
increases as a linear function of temperature over the range

30°C to 130°C. The TCR is -85 ppm/°C, where the TCR,cl, is
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Curves showing the conductance increase as a function of temperature for a film
sputtered in a reactive partici pressure of 2 x 10"5 torr nitrogen and 2 x J.O'5
torr oxygen before irradiaticn (marked x), and after irradiaticn to 2.4 x 1018'
p/cm2 (marked o).
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defined by

dg | (7-1)

A = - J: i
2(30°C) arT

where g(30°C) is the film conductance at 30°C, The value of
g(30°C) is unchanged by heating the unirradiated film to 130°C.
After irradiation to 2 x lO18 p/cme, the conductance
increases as a linear function of temperature over the range
30°C to 100°C. From 100°C to 130°C the conductance increases,
but as a nonlinear function of temperature. Considering the
linear portion of the TCR curve for the irradiated film shown
in Fig. 7-1, the TCR has increased to =196 ppm/°C from -86 ppu/°c.
After the film had been maintained at 130°C for thirty minutes,
the difference between the conductance value obtained by
extrapolating the linear portion of the conductance vs tempera-
ture curve for the irradiated film to 130°C, and the measured
conductance value at 130°C, is 0.27.«mhos. After completion of
the TCR measurements, the conductance at 30°C had decreased by
0.28 .umho, For all island-structure films investigated, the
conductance decrease at room temperature following a post-
irradiation TCR run was equal to the difference between the
actual conductance at 130°C and the value obtained by extrapolate
ing the linear portion of the post-irradiation TCR curve. This
former quéntity will be referred to as the post-lirradiation TCI
conductance decrease. Heating the films to 130°C doee not

produce any observable change in the slope of the linear portion

€
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of the post-irradiation TCR curve.

Figure 7-2 shows the ratio of the post-irradiation
TCR (30°C to 100°C) to the pre-irradiation TCR (30°C to 100°C)
as a function of fluence for an air heat treated film sputtered
in a reactive partial pressure of 2 x 10—5 torr nitrogen and
2 x 1077 torr oxygen, This TCR ratio increases rapidly with

17 p/cmz. For larger

’fluence, for fluences less than 7 x 10
fluences, the TCR ratio increases relatively slowly with fluence.
This figure also shows the ratio of the post-irradiation TCR

to pre-irradiation TCR for air heat treated films as a function
of fluence for room temperature irradiation, where the TCR is
measured over the range 33°K to WK, The unirradiated film

has a TCR of -65 ppm/°C over this {emperature range. For
fluences less than 6 x 1017 p/cm? this TCR ratio increases with
fluence. For larger fluences this ratio decreases, becoming

17

less than unity for fluences in excess of about 6 x 10 p/cmz.

Figure 7-3 shows the post-irradiation TCR conductance
decrease measured at 30°C, as a function of fluence for an air

heat treated film sputtered in a reactive partial pressure of

5

2 x 10"5 torr nitrogen and 2 x 10”7 torr oxygen, For fluences

17

of 2.5 x 10 p/cm2 or less there is no change in the roon
temperature conductance fbllowing & post-irradiation TCR run.

For larger fluences the post-irradiation TCR conductance decrease
increases rapidly with fluence, reaching apparent saturation at

16

2.% x 10 p/cm2. Figure 7-% illustrates the post-irradiation

. 18 2
TCR concuctance decrease at 2 x 10 p/cn” as a function of
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Curves showing the ratio (post-irradiation TCR) to (pre-irradiation
TCR) as a function of fluence for films sputtered in a reactive
partial pressure of 2 x 10-7 torr nitrogen and 2 x 10"5 torr oxygen.
The TCR was measured over the temperature range 303°K to 373°K
(marked o), as well as from 33°K to W K (marked &),
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Figure 7-3

Curve showlng the variation with fluence of the percent
conductance decrease vhich occurs at 30°C after a post-
irradiation TCR run in which the films were maintained
.at 130°C for 30 minutes. This curve was obtained for
films sputtered in a reactive partial pressure of 2 x 10~
torr nitrogen and 2 x 105 lorr oxygen,
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total reactive partial pressure, for equal oxygen and nitrogen

reactive partial pressures. This conductance decrease becomes

smaller as the total reactive partial pressure decreases.
After irradiation at 30°K, ﬁen-minute isochronal

annealing experiments were carried out for temperature incre-

ments of 5°K, Figure 7-5 shows the TCR measured from 33°K to

LY4’K as a function of annealing temperature, for a film which

5

was sputtered in a reactive partial pressure of 1 x 10" 7 torr

5 torr oxygen and irradiated to 2 x 1018

nitrogen and 3 x 10~
p/cmg. The corresponding annealing results for the film
conductance are included for comparison, For the TCR case,
recovery occurs rapidly up to 150°K while from 150°K to 300°K
relatively little TCR recovery occurs., For this film, the
pre-irradiation TCR was ~100 ppm/°C., In contrast to the TCR

recovery, the conductance recovery rate is relatively indepen-

dent of annealing temperature.

7.3 Discussion

7.3.1 Linear TCR Region

As discussed in Chapter I1I, the measured conductance
of the films consists of two components, that due to tunneling
and that due to metallic conduction viaz connected metallic

83

islands. Thus, the film conductance g may be approximated by

g =Yg o BT (1292, (2t ) (7-2)

g

vhere 1 and g, are ccnstants, E 1s the activation cnergy for
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Curve showing the variation with total reactive partial pressure
of the percent conductance decrease (measured at 30°C) which
occurs after a post-irradiation TCR run in which the films are
mnaintained at 130°C for 30 minutes. These films were sputtered
in equal reactive partial pressures of oxygen and nitrogen.
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temperature after irradiation to 2 x 1018 p/cm2 at 34°K, This film was sputtered in a
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the activated tunneling component,X n 1s the TCR of the metal-
lic component, and ¥ is the fraction of the total conductance
due to the activated tunneling component.

From equations (7-1) and (7-2), the film TCR may be

written as

= -1 .._E..éx/gle-E/kT ~ol yBy (1=, T) (in] (7-3)

for £ ,T (1.

In Chapter IV it was shown that the radiation-produced
conductance increase for the film illustrated in Fig. 7-1 may
be accounted for by an increased tunneling component occurring
via radiation produced defect levels within the gap oxide regions,
i.e.y the effect on film conductance of damage in the metallic
islands 1s very much less than the effect of damage within the
oxide regions. In terms of the present notation, this means
that ¥ = ¥(¢) increases with fluence. However, a comparison
of equations (7-2) and (7-3) shows that the ratio of the effect
on film ICR of radiation-produced damage in the islands to
damage in the gaps 1s increased by a factor oftikag/E relative

to the ratio of the effect on film conductance of damage in the

islands to damage in the gaps. Since this factor is expected to
fall within the range of 10 to 100 for these discontinuous films,
radiation-produced changes in the metallic component of TCR may
not be negligible relétive te radiation-produced changes in the

tunneling component of TCR, Since E depends on the geometrical
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structure of the film, E is expected to be independent of
fluence. This was verified previously since the enhanced con-
ductance could be accounted for over three orders of magnitude
" in fluence by ¥(¢). If E were a function of fluence, this
would not occur. Thus, from (7-3), the dependence of ICR on

fluence may be written

L(@) = - g(%.).[wm . 1-(p) BJ (7-19)
where
_mge
KT2
and

It should be noted thata(m will be a function of fluence so

long as damage occurs within the islands. Assuming the numbsr

8 surrounding each defect to be 500, this

17

of unstable sites

damege ie expected to saturate at about 10 p/cmz. Siince much

ol8 p/cn?) are employed in the present

larger fluences (2 x 1
case,¢<m is considered to be constant for purposes of discussing
the change in film TCR during irradiation.

For fluences less than that corresponding to the threshold
for the conductance decrease, the enhanced conductance is

proportional to C(¢), the concentration of radistion-produced

defects through which enhanced tunneling cen occur. Thus

Y(#) =y [1+¢€ c(.rf»)J (7-5)
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where € is the ratio of the enhanced conductance per unit
defect concentration to the conductance of the unirradiated
film, Combining equations (7-4) and (7-5), the ratio of the
post-irradiation TCR to the pre-irradiation TCR as a function

of fluence is given by

4(9) = BE C(#) '
2() M vamvese) - B - vty (7Y

Since € C(#¢) { 1, the numerator of the second term of eguation
(7-6) will be a greater function of fluence than the denominator
of that term. Since €C(#) increases with fluenée, the TCR ratio
is expected to increase with fluence, as observed,

For fluences in excess of the threshold for the conduc-
tance decrease, ¥(#) is no longer éescribed by equation (7-5)
since, in this fluence range, the height of the tunneling
barrier, not defect levels within the barrier, account for the
radiation-produced conductance change. From equation (7-4),

the dependence of the TCR ratio on fluence is given by

d{g) o (L -¥(@)]2 A¥(#) - B (7-7)
A (o) g{p) 1 - ¥(®)

In this region, g(#) and ¥(@) decrease with@. Thus, the term

[} -¥(#)]/g(@) increases with increasing fluence, while
A Y(P)

1 ¥ (@Y
result of these two terms is that, for fluences in excess of

- B decreases with increasing fluence. The net

the threshold for the radiation-produced conductance decrease,

the TCR ratio increases very slowly with fluence. Physically,
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the small rate of change in the TCR ratio for fluences in
excess of the threshold for a radiation-produced conductance
decrease may be attriovuted to the fact that the decrease in
the proportion of the tunneling TCR'component relative to the
metallic TCR component is compensated for by a corresponding
decrease in the magnitude of the reference conductance.

On the basis of the proposed model, the TCR ratio as a
function of fluence, for fluences in excess of the threshold
for the radiation-produced conductance decrease, would be
expected to become less than unity if the proportion of the
metallic TCR component could be increased sufficiently relative
to the proportion of the tunneling component., If this occurred,
the radiation-produced conductance decrease may be sufficient
to allow the proportion of the metallic TCR component to become
large enough to make the film TCR less negative, This postulate
was verified experimentally by measuring the film TCR at low
temperatures (33°K to W’ K) following room temperature irradia-
tion since, as discussed in Chapter III, the proportion of the
metallic TCR component increases as the film temperature
decreases., Figure 7-2 shows that, for fluences in excess of
the threshold for the rédiation-produced conductance decrease,
the TCR ratio does become less than unity, giving additional
evidence for the proposed model. At sufficiently low tempera-
tureé the TCR ratio would be expected to become negative, i.e.,
the film TCR should become powitive, The fact that this is
not observed is attributed to the inability of the present

T
equipment to attain sufficiently low temperatures.
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The proposed model will also account for the observa-
tion that the magnitude of the TCR ratio for fluences less than
the threshold fluence for the radiation-produced conductance

decrease is smaller when the TCR ratio is measured fron 33°K
to W’ K than when measured from 303°K to 373°K. In the former
case, the smaller proportion of the negative TCR component
produces a smaller relative change in the film TCR than in the
latter case.

According to the model proposed in Chapter IV, the
enhanced tunneling mechanism in the films is inhibited by the
trapping of free carriers by radiation-produced defects, Thus,
it might be expected that the film conductance yould be a
function of temperature due to this mechanism if the fraction
of the radiation-produced defects which are thermally occupied
were a function of temperature., This temperature dependence
would be expected to possess an activation energy of the order
of the height of the tunneling barrier, or about H8 1 eve The
fact that this temperature dependence is not observed in
irrsdiated films indicates thal the carrier capture cross-
section of the radiation~produced defects is much smaller than
the capture cross-section of the oxygen vacancy donors. In
this case, the free carriers would be captured by the donor
levele rather then by the radiation-produced defect levels as
the films are cooled; i.e., the free carrier concentration is
determined principally by the oxygen vacancy donor concentra-

tion, with a small perturbation occurring dve to the presence
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of radiation-produced defects, During this cooling process,
any carriers initially trapped in the radiation-produced defect
levels would remain there., Thus, the fraction of thermally
filled radiation-produced defects and the resulting enhanced

conductance may be independent of temperature.

7.3.2 DNonlinear TCR Region

The permanent conductance decrease occurring in films
heated above 100°C as the result of a post-irradiation TCR run
is similar to that observed during room temperature conductance
measurements as a function of fluence in that there is a
threshold fluence above which this conductance decrease occurs.
Analogously to the radiation-produced conductance decresse,
the decrease produced by heating miy be due to an increase in
the height of the tunneling barrier resulting from a shift in
the Fermi level. In the present case, this would occur if
donor defects were able to annihilate at the gap-island inter-
face between 100°C and 130°C. This would produce an excess of
acceptor defects, with a resultant shift in the Ferml level,

Since the magnitude of the thermally-produced conduc-
tance decrease depends on the concentration of radiation-
produced donor defects which can nmigrate to the gap-island
interface during a post-irradiation TCR run, the nmagnitude of
the conductance decreasec is exnected to increase as the gap
size decreases. As shown by electron microscopy, the dimensions

of the gap regions decrease as the total reactive partial



3

pressure increases, Thus, the magnitude of the thermally-
produced conductance decrease is expected to increase as the
total reactive partial pressure increases. As shown in

Fig. 7-5, this is observed experimentally.

7.3.3 TCR Annealing

The difference in the conductance recovery and the TCR
recovery as a function of temperature indicates that different
recovery mechnanisms are dominant in these two cases. As dis-
cussed previously in Chapter V, the conductance recovery is
attributed mainly to the annihilation of defects produced within
the inter-island oxide regions., In contrast to this, anneal-
ing of defects in both the oxide regions and the metallic
island regions are expected to affect the TCR recovery.

As discussed previously in section 7.3.1, the metallic
island TCR is expected to contribute significantly to the film
TCR when this TCR is measured over the range 33°K to L4 K,

As damage within the islands anneals, the metallic island
contribution to the film TCR will become increasingly positive,
causing the film TCR to become less negative. The rapid TCR
recovery for temperatures below 150°K together with relatively
little recovery for higher temperatures (150 K to 300°K) is

8 and

generally characteristic of damage recovery in metals
ie in agreement with the proposed model of a metallic conduc-
tion mechanism and a tunneling conduction mechznism acting

concurrently.
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7.% Summery
Following irradiation at 286°K, the film TCR, as

measured from 303" K to 373°K, becomes more hegative with
increasing fluence., This is consistent with an increase in
the proportion of the tunneling component of negative TCR
relative to the metallic component of positive TCR as the
result of a radiation enhanced tunneling mechanism, The film
conductance is a reversible function of temperature in this
range, i.e., heating the films to 373°K does not produce any
change in the conductance’measured at 303°K. However, when
the films are heated from 373°K to 403" K, a threshold fluence
exists, above which the conductance measured at 303°K decreases
after the films have been heated. This conductance decrease
is atiributed to an increase in the height of the inter-island
tunneling barrier as a result of thermal annihilation of unequal
concentrations of radiation-produced donors and acceptors at
the gap-island interface. The threshold fluence corresponds
to that value of fluence at which the concentration of uncom-
pensated radietion-produced acceptors equals the initial con-
centration of ionized donors.

Following irradiation at 286°K, the film TCR was also
measured over the range 33°K to 44X as a function of fluence.
These low temperature TCR measuremnents were carried out in order
to increase the metallic contribution to the film TCR relative

to the tunneling contribution. The variation of the film TCR
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with fluence is qualitatively similar to the variation of film
conductance with fluence, agein suggesting that the radiation-
produced change in film TCR is the result of a change in the
proportion of the film TCR which is due to the tunneling mech-
anisms for fluences less than the threshold value for the
radiation-procduced conductance decrease, the film TCR becomes
more negative due to an increase in the proportion of the
tunneling mechanism relative to the metallic mechanism; for
fluences in excess of the threshold for the radiation-produced
conductance decrease, the film TCR becomes less,negative}due
to a smaller contribution of the negative tunneling TCR to the
film TCR. The fact that the film TCR does not bécome less
negative when measured in the viciqity of room temperature
indicates that, in this temperature range, the contribution
of the metallic TCR component to the film TCR is insufficient
to shift the film TCR toward a positive value.

Following irradiation at 30°K, the TCR as measured
from 33°K to YW°K anneals much more rapidly from 50°K to 150°K
than from 150°K to 300" XK. This is attributed to an annealing
of radiation-produced defects within interconnected metallic

islands as well as within the gap oxide regions,



VIII
CONCLUSIONS

Due to thelr high resistivity and low TCR, reactively
sputtered Ta films are used extensively as resistive elements
in microelectronic circuitry. In many applications, vhere a
circuit is operated in a radiation environment such as occurs
during space flight, the stability of a circuit may be critically
dependent on the stability of these resistors. The literature
does not contain any information concerning the effects of
radiation on‘the properties of reactively sputtered Ta thin
film resistors. The present investigation was undertaken in
an attempt to fill this void,

The films were prepared by reactive sputtering in
oxygen and nitrogen simultanheously. Results of electrcen micro-
scope investigations are consistent with a film structure
consisting of cobnected metallic islands (typically 100 L
largely surrounded by Ta205 (typically 50 L), This oxide,
initially amorphous for as-deposited films, crystallizes during
heat treatment of the films at 500 C. Conductance measurements
as a function of temperature are in agreement with thls struc-
ture, suggesting that conduction occurs by activated inter-
island tunveling (having a negative temperature coefficient of

resistivity) acting concurrently with metallic conduction via

146
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connected islands (having a positive temperature coefficient
of resistivity). Ilectron microscopy shows that heat treated
films reactively sputtered in a partial pressure of 7 x 10“6
torr nitrogen and 4.3 x 10-5 torr oxygen consist of polycrys-
talline Tagos. Although the resistivity of these films is
relatively high { 4 x 10hxun-cm), the large TCR (-2,000 ppm/°C)
generally prohibits these films from being used as reéistors.
However, these films are significant for the interpretation of
radiation-damage experiments since they do not contain a large
concentration of gap~island interfaces.

Results of room temperature irradiations to 1016 p/cm2
are used as the basis for a model which is proposed to explain
the conductance increase observed after irradiation of discon-
tinuous films by 150-keV protons. For heat treated films, the
linear conductance increase with fluence is attributed to an
enhanced tunneling current occurring via radiation-produced
defect levels within the inter-island oxide, The nonlinear
conductance increase observed for non heat treated films is
attributed to nonlinear defect production with fluence result-
ing from a trapping of radiation-produced defects. Other mech-
anisms of conductance increase were considered (sputtering of
the surface oxide, hydrogen~ion implantation, and radiation-
produced defect levels within the surface oxide), but these
were Tound to be incompatible with experimental observations,

Low témperature (30°K) demage end isochronal annesl-

ing experiments were performed in order to provide further
®
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insight into the damage mechanisms, thus forming a basis for

18 P/cmg) room temper-

the understanding of high fluence (2 x 10
ature damage results. For non heat treated films, the observed
linear decrease in damage rate with increasing damage concen-
tration at 30°K is attributed to the production of unstable
defects within the inter-island oxide due to a combination of
spontaneous recombination and thermal annealing. Recovery
occurs in two main stages: the low temperature stage (3K to
150°K) is attributed to close-pair or correlated recombination,
and the second stage (150°K to 300°K) is attributed to the
migration of defects to sinks at the gap-~island interface.

This thermal migration of defects to the gap-island
interface accounts for the linear ;ncrease in inverse damage
rate with increasing damage concentration which is observed
for non heat treated films during room temperature irradiation
for fluences in excess of 1O16 p/cmz. For fluences in excess
of about 6 x 1017 p/cmz, the conductance decfeaseS'as a function
of fluence, approaching apparent saturation at about 2 x 1018
p/cm2. This decrease in conductance is attributed to an increase
in the height of the tunneling barrier as the result of a
radiation-produced shift in the Fermi level, This shift is
ascribed to the production of unequal concentrations of stable
donor and acceptor defects as the result of annihilaticn of

unegval concentrations of donor defects and acceptor defects

at gapw-island interfaces during irradiation,
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The negative TCR (measured from 30°C to 100°C) of the
unirradiated films becomes increasingly negative as the result
of irradiation, This 1s ascribed to an increase in the pro-
portion of the gap conduction mechaﬁism of negative TCR relative
to the metallic conduction mechanism of positive TCR.

Since the resistivity and TCR of these films changes
by typically 1 percent at a fluence of 1016 p/cmz, the films
are relatively suitable for use as resistors in a radiation
environment, In comparison, the gain of bipolar transistors 8t
will fall to unity at fluences yhich are typically about two
orders of magnitude smaller., The use of these films as negative
feedback elements in conjunction with such transistors is a
simple and inexpensive method of reducing the radiation-
sensitivity of a circuit since, in this configuration, the
circult properties are relatively independent of the properties
of the transistor, but largely dependent on the properties of
the resistors.

An interesting and useful result of employing thin film
resistors is that massive shielding may not be required for
satisfactory circuit operation since high energy radiation will
simply pass through the films and produce little damage.
Potentially damaging low energy particles will be effectively
attennated by almost any material surrounding the films and, thus,
shoulé not produce a significant amount of damage. In contrast
to this, conventional bulk devices require a considerable amount
of shielding since high énergy radiation may possibly be‘stopped

within the devices, thus causing a considerable amount df damage.
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APPENDIX A

THE RELATIONSHIP BETWEEN THE CHANGE IN FILM CONDUCTANCE DUE TO
ENHANCED TUNNELING AND THE RADIATION-PRODUCED DEFECT CONCENTRATION

It has been shown experimentally in Chapter III that
electrical conduction in the present discontinuous films is
consistent with inter-island tunneling. The current transmitted
by tunneling in one direction through an oxide barrier between

two islands to be called Island No., 1 and Island No, 2, is given
by 56

Jy = e}T(Ex)Nl(Ex)dEx (A-1)

wvhere e is the electronic charge, T(E;) is the transmission

coefficient for carriers of energy_EX in the tunneling direction,

N;(Ey)dEy given by
N,(E.)dE, = v,dPy J' f187dPydP, (a-2)

is the number of electrons per unit area per unit time in the
energy range Ey to Ey + dEx which are available to tunnel through
the barrier, where f; is the Fermi function for metal 1 having a
density of states gy and vy = 4E,/dP; is the x-directed velocity
component of a carrier having momentum P,, The net current
between islands, given by the difference of the component currents

in each direction, is

J = ejT(EX)dEXJ(g(fl-fQ)dPysz (4-3)
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Taking metal No. 1 as the reference level for an applied voltage

v,

fi = [l +—exp(E-n)/kT]"1 ’ (A-k)
where 77 is the Fermi level and E is the carrier energy, and
£ =l:1 + exp(E-Q+eV)/kI]-l ‘ (A-5)

Assuming free-electron metals and small applied voltages,

substitution of equations (A-4) and (A-S) into (A-3) gives 56
3= .._ﬁ.%Y.JT(E )[1 + exp(E -ﬂ)/kTJ ~a (8-6)

... Penley 56 has shown theoretically that the presence
of an electronic trapping level in the oxide will enhance the
tunneling current through the oxide. He has shown that, in
analogy with equation (A-6), the net enhanced current for a

trep located at position x is given by

3% x) = ¥ime VA/T (B2 + exp(Eg- /x|t &Bx_ (4-7)
1+87T

vhere Tt(Ex) is the transmission coefficient ef a carrier through
the barrier via the trapping level, A is the effective cross-
sectional area of the trap, 7 is the time the carrier spends
in the trap, and 4 is a function of E, and the position of the
Fermi level.

If there are a number of traps in the barrier, the total

tunneling current through the barrier will depend on the distri-

bution as well as the concentration of traps. This total current
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>

may be written

Tyoraq(V) = IO+ j c(x) J8(V) ax (A-8)

where J(V) is the current through a barrier which does not
contain traps, and C(x) is the concentration of unoccupied
levels through which tunneling can occur. The total conductance

of the barrier, 8total® is given by

Etotal ~ Siggiél

g-+}'c(x)gt(x)dx | (A-9)

where g, the initial conductance before enhancement is given by

g = &ngé)fT(E&)[; +-exp(EX-q)/k$]‘l dE, (A-10)
03

and gt(x), the enhanced conductance per unit defect concentration

at position x is given by

_ Yime24 [t -1 gE '
gb(x) = ~;§§~—‘IT (x,B)[1 + exp(Ex-Qi] Ty (A-1D)

From equation (A-8), the value of o~ defined as Stotal = 8
g

is given by

o = % C(x) g¥(x) dx (A-12)
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APPENDIX B

DEFECT CONCENTRATION AS A FUNCTION OF FLUENCE

As the fluence ¢ increases by d¢, the increase in the
concentration of radiastion-produced interstitial-vacancy pairs,

dC4, is given by 8

dCq = N Y4 dp | (B-1)

where N, is the atomic concentration, Gy is the displacement
cross-section, and ¥ is the average number of secondary knock-
ons per primary knock-on., The increase in the concentration

of gtable defects is given by

dNg = £(p) dCq = N ¥y £(®) d¢ (B-2)

vhere f(¢) is a function of magnitude equal to or less than
unity that accounts for the fact that the concentration of
stable defects may not be a linear function of fluence. The
percent conductance change ¢ is given by 0 = &Ny vhere §4

(= 5,(1+P6&nv)-l) (see equation (4-6) is the effective percent
conductance change per unit defect concentration, lee.y 84
takes into account the fact that not all radiation-produced
trapping levels are unoccupied and thus available for conduc-

tance enhancement., Therefore, from equation (B=2)

ac/dp = §1°03N, £(®) (B-3)
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For sufficiently low fluences f(#) may equal unity, in which

case

T =5 KN, (B-})
Now consider some specific cases where f(#) is not unity.

l. Spontaneous Recombination and Close-pair Thermal Annealing

These mechanisms will occur at low irradiation temper-
atures if a newly-formed defect can be annihilated in the un-
stable zone of its anti-defect. Let the unstable zone contain
m lattice sites and let the increase in the concentration of
i-v pairs produced by the irradiation, but not necessairly as
stable defects, be dCy. Then dC; new interstitials may come
to rest on a fractional concentration of either mN, unstable
sites or (1l-mNy) stable sites, where N, is the fractional
vacancy concentration, Thus, the fraction of interstitials
formed on stable sites is (1-mNy), and dN;, the increase in

the fractional concentration of stable interstitials is
aN; = (1 - mN,) 9Cg (B-5)
Ng
Since defects can recombine only by mutual annihilation at low
temperatures,N; = Ny = Ng and equation (B-lIt) becomes

%g -_-suo-d( 1 - _n_lgg‘) | (B~6)

where ¢ is the percent conductance increase per fractional

defect concentration,
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2. Recombination at Unsaturable Traps

If long-range migration of defects (assumed to be
~interstitials) can occur during irradiation, these defects
may become trapped, producing a nonlinear increase in defect
concentration with fluence.

If Ni ’ t’ and Nv are the fractional concentrations
of migrating interstitials, of trapping sites, and of vacancies
respectively, the rate of production of migrating interstitials

is given by 78

AN, = Vg § - K(ryNy + r N N™ | (B-7)
at

and the rate of production of stable vacancies is given by

Wy - vrgd - Krghyh;™ (B-8)
dt

vhere ¢ = ¢/t is the proton flux density, r, the capture
cross-section of the vacancles, ri the capture cross-section
of the unsaturable traps, and K a constant proportional to the
diffusion coefficient for interstitials. If the migration
rate of interstitials is sufficiently rapid at the irradiation
temperature, stationary conditions can be assuméd 78, i.e.,

dNim/dt = 0, Thus, solving 78 equation (B-7) and (B-8) gives

(B~9)

Q.__
do A ( SqtNt

where ¢y = rt/rV and & is the percent conductance increase per

fractional defect concentration.
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APPENDIX C
FUNCTIONAL DEPENDENCES OF FILM CONDUCTANCE

This Appendix summarizes the various functional
dependences of film conductance which are discussed in the

text of the thesis.

Conductance Equation

As shown experimentally in section 3.4%.1, electrical
conduction in the films can be considered to occur by a
tunneiing mechanism and a metallic conduction mechanism
operating in parallel. If these mechanisms are independent,

the film conductance g may be approximated by 81

g = 8+ 8y | (C-1)

where gy and g, represent the summations of the conductance
over all gap regions and over all connected metallic islands.
This approximation is valid regardless of the density, size,

or composition of the islands and gaps.

Temperature Dependence

The experimental results show the tunneling component
to possess an activation energy E. The metallic component is
expected to possess a metallic TCR o, giving a temperature

dependent film conductance 83

g(T) = g1exp(-E/KT) + gy(1 - o T) (C-2)

for« T {1.
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Dependence on Defect Concentration
For fluences less than the threshold for the radiation-
produced conductance decrease, the film conductance may be

approximated by

g=g1+5 Cl(¢)] + (C-3)

Ry[1+ ; Co(#)]
where Cl(¢) is the}fractional concentration of empty radiation-produced
trapping levels within the gap oxide regions,~C2(¢) isvthe fractional
concentration of radiation-produced defects within the metallic
islands, Ry is the resistance of the islands, & is the percent
conductance increase per fractional defect concentration within

the gap regions, and /# is the percent resistance increase per

fractional defect concentration within the islands.

Dependence on Tunnel Barrier

The tunneling portion of the film conductance is
proportional to the tunneling coefficient which may be
approximated 82 by eXp(-dB%), where d is the tunneling distance
in 3 and B is the barrier height in eV. Thus,

g ='g2exp(—dB%)-+ & (C-k)
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