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ABSTRACT 

Tantalum thin film resistors have been reactively 

sputtered in oxygen and nitrogen simultaneously. The films 

4


studied had resistivities ranging from 4o0..l(,.)t.-cm to 3 x 10 

"<.-A-cm. The corresponding ~CR values ranged from -50 ppm/°C 

to -2,000 ppm/°C. Conductance-temperature measurements show 

that electrical conduction in discontinuous films of metallic 
0 

islands (typically 100 A) largely surrounded by regions of 
0 

Ta o5 (typically 50 A) may be due to a tunneling mechanism2

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 

thermal annealing. The number of unstable sites surrounding 

each defect is found to be ~ 4o Thermal recovery of the 

conductance proceeds in two main stages: Stage A (34•K to 

150°K) is attributed to close-pair or correlated recombination; 

Stag~ 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 

• 
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continuous, polycrystalline films of Ta2o5, 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 islands. 

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 decrease 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 aeceptor defects since 

unequal concentrations of these defects can be expected to annihilctte 

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 

mechanism 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• 

•
iv 



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 a~tributed to the expected greater influence 

of metallic recovery on the an~ealing of the film TCR relative 

to the annealing of the film conductance. 

v 
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INTRODUCTION 


1.1 Gene:rql_ 

Due to their small physical size, precision, and lone 

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 trim.med 

very simply to within about 0.1% of the desired value. This 

trimming process is very important since untrimmed sputtered 

films generally deviate from the desired resistance value by 

several percent. An anditional reason for employing tantalum 

as the basic film material is that anodically formed Ta2o5 
is a relatively good dielectric, making the production of thin 

film capacitors completely compatible with the production of 

tantalum thin film resistors. 

One of the ma.in applications of thin film resistors 

is as feedback e1ements for active devices. In this applica­

tion, the characteristics of the circuit become relatively 

independent of the characteristics of the active devices, but 

the sens:l tivi ty of the clrcu:l t to changes in the f osdbac:k net-~ 
1

work ·may a.pp:coach un:tty • Thus, if a circuit is to bo usec1 in 

a radiati.on environment~ suc~1 as occurs in a sa.tel1i te, it :l.s 
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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 
2+100 ppm/°C to -lOO ppm/°C. Marcus has employed electron 

berun evaporation to deposit undoped Ta films which approach 

bulk Ta in properties (l3.,6M.-0.-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 

manufacture. Marcus and Quigley 3 have found that films 

deposited on very clean substrates without the deliberate addi­

tion of reactive eases may have a~-type crystal structure 
>+ 

• 

The resistivity of these films is about 200A..A-cm and the TCR 

falls within the range of +100 ppm/°C to -100 ppm/°C 5. 
6Gerstenberg and Calb:lck have shown that the resistivity of 

sputtered films may be increased to about 300..M..A.-cro by the 

addition of reactive ni trog<:m to the sputtering gas. The TCR 

of about ~100 ppm/"C has been attr:i.bnted to the formation of a 
6

nitride compound. These authors have also demonstrated that 

the resistivity of the films r.'.lay be increased further by 

rea:ctiVe sputtering in oxygen. These filns have resis tivi ti.es 
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as high as 10,000.a...ll..~cm, but the corresponding TCR is as large 

as -1, 500 ppm/,,C., These electrical parameters have been 

accounted for· by the formation of regions of Ta2o5 within the 

film. Krikorian and Sneed 7 ha.ve reported that, if the partial 

pressure of reactive oxygen is sufficiently high, films of 

insulating Ta2o5 are formed. These films have been found to 
14

have resistivities as high as 10 ..u...n.-cm and TCR values as 

large as -3,500 ppm/°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 suitable 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 rea-ctively sputtered. with oxygen should be 

consideredo However, these films would have the disadvnntage 

of a very large negative TCR value. 

Consideration of those results suggests that, if Ta 

films were roactively sputtered in oxygen o.nd ni trogcn simul­

taneously, the resulting films might have a relatively high 

resistivity and a relatively small TCR. The films used in the 

p1·esent investigation were sputtered tn this fashion, and aro 

suitable for use as resistors since they possess values of 

resisti vi·~y and TCH :tntermodiate between films reactively 

sputto:ccd j.n oxygen. on1y and those reactivoly sputtered in 

nitrogen only. 

http:10,000.a...ll
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1. 3 RarU_si._:cj.on D~sl\l.fil".e tn Thin Film$. 

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
16 2duced a resistance increase of 0.02;;& .at 10 n/cm • Merkle and 

Singer lO investigated the effects of 2 MeV;). -particle irradia­

tion on films of annealed Au, Cu, and Al~ These films ranged 
0 	 0 

in thickness from 2,000 A to 7,000 A and were irradiated at 

4.2 
0 

K., The increase in resistance with fluence was attributed 

to 	atomic displacements within the films. Ivanovskii and 
11

Radzhabov have studied the effects of 2 keV argon ion bom­

bardment on Ti films of i,ooo A• thickness. These films were 

thermally annealed and degassed prior to irradiatj_on. The 
16 . . 	 2

resistance increase of 1. 3% at a fluence of 1. 5 x 10 ions/cm 

was attributed to carrier impurity scattering caused by argon 

ions deposited within the film. Navinsek and Carter 12 have 

" irradiated Ag, Au, Ti, and W films of 500 A thickness with 

argon ions of energy 250 eV to 4 koV. There we.re three distinct 

regions of resistance change with fluence. For values of fluence 

io15 2 ., · I 	 f d d1 ess t h an 	5 x ions cm , the resistance of the ilms ecrease • 

This resistance decrease was attributed to the removal of 

• 
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adsorbed gases on the surface of the film, thus changing the 

effect of the surface on carrier scat;toringo For fluence 

values between 5 x io15 ion~/cm2 and 4 x io16 ions/cm2 the 

resistance increase was ascribed to "bulk11 damage within the 

film. For higher values of fluence, the resistance increased 

catastrophically due to sputtering of the film. The failure 
11of Ivanovskii and Radzhavov 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 l3 found that the irradiation of Ag 
0 0 

films of thickness 150 A to 4oo 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 radiation-produced changes in tho 

reflection coefficient for carriers striking the film surface .. 

The subsequent resistance increase was ascribed to bulk damage 

and sputtering effects. 

Although various typGs of films havo been irradiated 

by different types of pai>ticles, no clear picture of irradia­

tion effects on any given type of film emerges. Reports in 

the literature on the effects of irradiation of thin films 

do not generally consider the films from tbe point of view of 

an electrical device., The exeeption to this is the w'Ork of 
a 

Rrunsr~y / on neutron irra.diat:ton. of tantalum films.. However, 

he did not consider the eff ccts of var;y-:tng any of the para­

meters usually associated with thtn film resistor manufe.cture, 
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e.g., the effect of varying the dopant concentration. Neither 

did Ramsay consider the effect of heat treating tho films prior 

to irradiation. This heat treatment process is generally 

deemed to be a necessary step in the manufacture of stable 

tantalum thin film resistors 14. 

In order to completely che.racterize the behaviour of 

thin film resistors in a radiation environment, it is necessary 

to know the effects of radiation damage on the film TCR. 

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

resistors to io16n/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 damage level used in 

the investigation, since the corresponding conductance increase 

of the films was only 0.02%. 

1.4 :J:1]1e Pre9ont Invest_i&1..,t;!.Q,Q. 

This thesis considers the permanent effects of low 

energy (150 keV) proton radiation dam2ge on the conductance 

and TCR of rea:ctivoly sputtered tantalum thin film resistors. 

This type of radiation was chosen in order to simulate a space 

radiati.on environment. Although the electron flux density 

exceeds- the proton flllX c1.cnf3ity in spa.ce 1 5, the electrons are 

generally of :l.nsufficient energy to cause a signiflcant ai:10unt 

of dai.'Ilagc ln the r0s:i.stors., The damager concentration produced 

by a giv(~;i.1 fl-i.:rnnce of heavy ions r,ia,y exceed that caused b.Y the 

same flucnce of proton;J, bt:i.t since the flux density of heavy 

http:radiati.on
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ions is much less than that of protons in outer space 1 5, 
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 rea~tively 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 consi.ders the effects of room 

temperature radiation damage on the device conductance for 

fluences up to 1016 p/cm2 (this fluence corresponds to a 

minimum of about three years in outer space). On the basis 

of these results, a model is proposed to explain the ob::;erved 

increase in film conductance with fluence. Low temperature 

damage and recovery mechanisms are descussed in Chapter v. 
These results are used as a bo:sis for a discussion of hj_gh 

fluence (2 x 1018 p/cm2) room temperature damage results 

considered in Ch8.pter VI. Followi.ng this discussion of radia.­

tioD.·00enhanced conduction mechanisms within the films, the 

effects of radiatlon c!~;;:;rn.ge on fjlm TCR are consldered in 

Chapter VII. Tho thc-:isis concludes with a sun1mary of tl--..e cxperl­

mental result~; and proposed con.ductj.on mechanlsrns in Chapter VIII. 

T-'i-e 'lO"lr a.'011e -"·01~ ....l.t"i"' t'b,.'""J' -- 1· (" 01···l 0 -·Ln·:-l si·nce the,,J., t' .1. >. • 'J,, .. •.!. ,-, -'-'•>-~> ,; . •·b·"O·~ . ; 

li teraturo docs not cont:nin any referenc:es either to tho 

http:con.ductj.on
http:c!~;;:;rn.ge
http:Followi.ng
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deposition of discontinuous Ta films by reactive sputtering 

in oxygen and nitrogen simultaneously, or to radiation damage 

in such a film structure. The eight publications which have 
16resulted from this thesis characterize the film structure 

and conductance mechanisms in discontinuous films both before 
17 21

and after irradiat1on - , as well as describing an IC cur­

rent integrator 22 and a cryogenic system 23 which is particu­

larly suitable for radiation damage experiments. 
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EXPERIMENTAL EQUIPMENT 

2.1 Accelerator 

The basic accelerator consisted of a Texas Nuclear 

Corporation model 9509 Cockroft-Walton accelerator for which 

the maximum available accelerating voltage was 150 kv. A 

magnetic beam-switching system w~s 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 1)0 kv. The complete system could produce 

. an analyzed proton beam· of 300 Aamp at 150 keV energy. Unless 

otherwise stated, all experimental results were obtained at a 

beam current density of 10,.t(.amp/cm2 at 150 keV. 

The vacuum system for the accelerator and beam transport 

system consists of two oil diffusion pumps with their associated 

cold traps. One pump is located at the grounded end of the 

accelerator tube, while the second 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 

arrangement·, reduces the hydrocarbon layer on the resistors suf­

ficiently that the conductance change produced by this layer at 

the highest fluence used (2 x io18 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 iol8_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 

stage is 107, providing a maximum input resistance of 10 ohms; 

this occurs on the io-8 and io-9 ranges. The 709 operational 

amplifier of the second stage operates as a linear amplifier, 

the gain of which depends on the_selected input rang~. 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, the 710 comparator trigger~, placing a lo;ical 0 

on the J *input of the SN7470 flip-flop. Since the Kf input 

is permanently grounded, the next clock pulse sets Q to 1, 

causing the reset current to flow into 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* inp~t of 

the flip-flop. The next positive going clock pulse will then 

reset Qtoo, switching off the reset current•. It should be 

noted that the exact level at which the discriminator trigger5 

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: 
-1

{full scale current reading) x 10 sec. 

Clock pulses are obtained by squaring the 60 hertz 

AC line voltage. The frequency stability of the line is better 
24than 0.• 1% • The sine wave is initially squared by means of 

the 710 comparator. This signal is then passed through two 

SN74oO gates to provide less than 150 nsec rise time to tri.gger 

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 f1·om 

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 control is adjusted until a zero 

meter i·aading is obtained. The offset adjustment of both 709' s 

is adjusted initially, and then remains fixed. 

The chopper stabilized SP65A amplifier has an offset 
-11 

current of 10 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 s~age with a unit 

having a higher offset current. An amplifier having less gain 

could also be used if a highe.r input resistance were tolerable. 

As constructed, the measured accuracy of the integrator 

is within 15'6. 11his accuracy could b~ 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 clock frequency, 

permitting current integration over shorter periods of time 

than is presently possible. 

The two SN7lto0 speed-up gates may be eliminated if the 

SN7470 flip-flop is 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 capacitor 

by a fixed current for a fixed time has an advantage over the 

capacitor shorting method of Hakansson 25 in that the accuracy 

attainable with the present instrwnent may be improved simply 

by increasing the accuracy of the clock. The ~ccuracy 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 VcE(Sat.) of the reset transistor may 

vary with temperature, but the effect of this variation on 

the over-all accura'Cy will be small since the transistor satura­

tion voltage is of the order of o. 5% of the res·et 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 obtained from a regulated, temperature 
26compensated power supply • 
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2.3 Room Temperature. Target Assen1bly 

During irradiation, 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 

contacts which were attached to the Faraday cage. In order to 

reduce secondary emission, a suppressor electrode immediately 

preceded the t2r·er~t assembly. Lack of substrate charging during 

irradiation was indicated by a continuous luminescence of the 

substrate• 

The average t~perature of the films increased by 

6 :t 2°K during irradiation by a 15 A.amp/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 111thermal equilibrium't: 

conductance a~ measured two minutes later, and the measured 

TCR value for the irra'di ated film. It should be noted that 

this value represents the increase in the average temperature~ 

of the film in contra~t to the possibly laTger instantaneous 

"temperature" increase around a proton track. This measured 

value of average temperature· increa-se is in agreement with 

the calculated 27 va1ue of 3°K. 

2~4 Cryogenic Equipment 

The equipment fo:i; the low temperature radiation damage 

studies· consisted basically of a Malaker Corp. Mark VII-C 

Cryomite cryogenic cooler which operates on a Stirling cycle. 

This unit is self contained in a cylindric~1 asse.!!lbly which is 
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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-Corning 

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 temperatUl'e 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 i.ncreases with beam current as 

shown in Fig. 2-4. 

For isochronal annealing experiments, a cryogenic 

system should produce "squarett: temperature pulses. Fig. 2-5 

gives actual recorder traces of temperature cycles for various 

annealing levels. During warm-up the last 2°K are obtained in 

36 seconds~ whereas on the cool-down side of the pulse the 



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, 11. 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 24 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 pres~nt 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 
28to cryostat systems , with a total cool-down time of about 

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 more 

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 _Electricaj., 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 dono 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 des·ignated 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 Nl30 multiple beam 

interferometer. 
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REACTIVELY SPUTTERED TANTALID1 THIN FILM RESISTORS 


3.1 General 


This chapter describes the deposition of tantalum thin 

film resistors by reactive sputtering in OA7gen 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 mechanisms 

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 ~x,Rerimental Procedure 

3.2.1 . DC Sriu:!L.t.erJne and Device Fabri_cation 

The films were-deposited onto American Lava No. 743 

glazed ceram:i.c 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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such 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 o~ 

sputtering undoped tantalum onto the glazed surface of the sub­

strate. This film was then thermally oxidized 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 4oo0 c. The reactive partial pressures 

of nitrogen and oxygen for a cross-section of substrates studied 
D 

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 film. Two patterns 

were used; a straight line pattern of 50 squares and zig-zag 

pattern of 1 7000 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 

refe~red to as non heat treated. 

• 
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Table 3-1 


CROSS-SECTION OF REACTIVE PARTIAL PRESSURES OF OXYGEN AND 


NITROGEN USED IN DC SPUTTERING OF TANTALUM THIN F'ILMS 


Reactive Dopant Partial Pressure 


x 10i5 torr 


Substrate No. Nitrogen Oxygen 


1 .7 0 

2 .3 .3 

3 .7 4.3 

4 .7 .6 

5 .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 .5 3.0 

12 1.0 1.0 

13 .7 .3 

14 .4 .4 

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 

"standard" 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 io-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 beat treated. 

3. 2. 3 Electron M;i.cro~ 

Structural and compositional features of the films 

were examined by means of bright and dark field electron micro­

graphs, as well as electron diffraction patterns. A Philips 

EM300 electron microscope, operated at 100 kv was used for 

these investigations. The films were prepared for observation 
• 0 

by sputtering onto substrates onto which 50 A 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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Ta film with it. This double film was then placed on a 300 

mesh microscope grid, at which time the parlodion film was 

dissolved in isoamyl acetate. The Ta film was then ready for 

observation at room t~~perature as well as during in situ heat­

ing in the microscope at 500°C. 

3.3 Experimental Results 

3.3.1 Electron Mtcroscom 

Figure 3-1 illustrates the results obtained from electron 

microscopy experiments on films sputtered in a reactive partial 

pressure of 1.5 x io-5 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 ft.Jl-cm :!: 10% and -136 ppm/°C :t 10%. 

Figures 3-1 a, 3-1 b, and 3-1 c show an electron diffraction 

pattern, a dark field micrograph, and a bright field micrograph 

for a film which had been heated at 5oo•c for ten minutes in 

the electron microscope. The electron diffraction pattern con­

t ai ns rings· correspond"ing t o met allic Ta1.0 29 (Table 3-2), r~ 	 i ngs 

corresponding to inter-planar 	spacing d equal to 3.35 A and 2.17 A 
30

which are attributed to Ta o , and a ring corresponding to 
0 

d =2.66 A which could be 
2
due 

5 	
to either TaN 31 (d =2.66 A) or 

5' • 
~-Ta (d = 2.67 A). Since reactive sputtering of Ta in nitrogen 

inhibits 14 the formation of ~-Ta, it is assumed that the phase 

which is detected in the film is TaN rather than t1'-Ta. With the 

exception of the rings corresponding to crystalline Ta2o5, there 

was no chan.ge in the electron diff!'action pattern during heat 
• 

treatment; how·ever, the diffraction pattern obtained from non heat 

treated films did not contain the Ta2o5 rings, but instead showed 



(a) 

( b) 

(c) 

Figure 3-1 

Electron microscope results for a heat treated Ta film reactively 

sputtered in a partial pressure of 1.5 x lo-5 torr oxygen and 

1.5 x lo-5 torr nitrogen: (a) electron diffraction pattern; 

(b) dark field micrograph obtained from the Ta4o 011 diffraction 

ring; and (c) bright field micrograph. 
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J'able 3-2 

COMPARISON OF ELECTRON DIFFRACTION PATTERN OF FIGURE 3-1 WITH 

THE STANDARD Ta4o ELECTRON DIFFRACTION PATTERN 

h k 1 Measured d-spacing (A) Standard d-spacing (A) 

011 2.26 2.29 

200 1.81 1.80 

002 1.57 1. 59 

211 1.42 1.42 

112 1.31 1.33 

220, 202 1.19 1.19 

222 0.98 0.97 

123 Q.88 o.87 

evidence of a diffuse ring which disappeared after the film had 

been heat treated at 5oo•c for ten minutes. The dark field micro­

graph of Fj.g. 3-1 b was obtained from the 011 metallic Ta40 dif­

fraction ring. Thus, the spots on the micrograph correspond to 

islands of metallic Ta4o. The magnification of all micrographs 

is 310,000. The average island size for heat treated films is 
0 

measured to be about 70 A. The bright field micrograph of Fig. 

3-1 c also illustrates the island structure. The inter-island 
0 

gap regions are estimated to be about 35 A. These regions are 

assumed to consist of the crystalline Ta2o5• The corresponding 

dimensions for non heat treated films (micrographs not shown) 
0 0 

are 4o A for the islands and 20 A for the gaps. As· will be dis·· 

cussed in section 3.4.1, the gap material for non hE·~t treated 

films is ~.Jnorphous Ta2o5.. This structure is summarized in Table 3-3. 



Table 3-3 

SUl\1MARY OF THE S.TRUCTURE OF SELECTED TANTALUM FILMS REACTIVELY SPUTTERED IN 

OXYGEN PLUS NITROGEN 

Average Average
Island Size Gap Size Average Average 

Non Heat Non Heat Island Size Gap Size 
Ree:tctive Treat~d Treated Heat Tre~ted Heat TreAted Island Gap 

Partial Pressure Film (A) Film (1l) Film (A) Film ( ') Material Material 

1.5 x 

1.5 x 

10-5 torr N
2 

10-5 torr o2 

plus 
40 20 70 35 

Ta40 + 

TaN 
Ta2o

5 

65 x 10­
-65 :x: 10 

torr N2 plus 

torr o2 
70 35 100 50 Ta(O,N) Ta

2
o 

5 

1 

1 

:x: 

x 

-610 
-610 

torr N2 plus 

torr o2 
300 200 400 300 Ta(O,N) Ta 2o

5 

-51 x 10 torr N2 plus 

3 :x: 10-5 torr o2 

7 x 10-6 torr N2 plus 

4.3 x lo-5 torr o2 

35 20 50 35 

Continuous, polycrystalline Ta2o5 

Ta
4
o Ta2o5 

I\) 

'° 
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For films sputtered in a reactive partiaJ. pressure of 
-6 -65 x 10 torr OA""Ygen and 5 x 10 torr nitrogen, the average 

resistivity and TCR for films deposited onto a carbon parting 

layer is 405-"".1t-cm±10% and -50 ppm/° C ! 10%. The electron 

diffraction pattern of non heat treated films (not shown) cor­

responds to BCC Ta 32 of lattice constant a = 3.34 A. The
0 

calculated and measured inter-planar spacings for this struc­

ture are compared in Table 3-4. 

f'able 3-4 

ANALYSIS OF TANTALUM ELECTRON DIFFRACTION PATTERN BASED ON A 


0 

BCC LATTICE WfTH a
0 

::. 3.34 A 

0 0 

h k 1 Measured d-spacing (A) Calculated d-spacing (A) 

110 2.38 2.37 

200 1.66 1.67 

211 1.38 1.38 

220 1.20 1.19 

310 1.07 1.06 

222 0.91 0.96 

In addition to these tantalum rings, the diffraction pattern 

for non heat treated films appeaz·s to contain a diffuse ring. 

After heat treatment of the films at 500°C for fifteen minutes, . ~ 

rings corresponding to inter-plm1c-\r spacings of 2. 59 A and l~ 85 A 

were- observed. These are attributeel. to Ta2o5 3o ~ 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, 
0 0 

the island and gap regions are estimated to be 70 A and 35 A 

respectively. For heat treated films the corresponding dimen­
0 0 

sions are 100 A and 50 A. 

For films sputtered in a reactive partial pressure of 
-6 -61 x 10 torr oxygen and 1 x 10 torr nitrogen, the average 

resistivity and TCR for films sputtered onto a carbon parting 

layer is 390.M-P-cm t:10% and -50 ppm/°C ! 10%. Electron dif­

fraction patterns indicate that the films are composed of 
0 

BCC Ta of lattice constant a =3. 31 A. For non heat treated
0 

films the diffraction pattern appenrs to contain an additional 

diffuse ring which disappears during heat treatment. After the 

films had been heat treated at 500°c for fifteen minutes, 
,. 

rings corresponding to inter-planar spacings of 2.59 A and 

1.85 Aappeared. These are attributed to Ta205 30• Heat 

treatment does not produce any change in the BCC Ta diffraction 

pattern. Dark field and bright field micrographs illustrate 

that the fil::ns 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, 
0 

the island regions and gap regions are estimated to be 300 A 
0 

a.'!d 200 A respectj.vely. For heat treated films the correspond­
0 • 

ing dimensions are l+oO A and 300 A. From Table 3-3 it may be 

seen that as the total reactive partial pressure increases, for 

equal partial pressures of reactive oxygen and nitrogen, the 
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dimensions of both the islands and gaps decrease. 

The average resistivity and TCR for films reactively 

sputtered in partial pressures of 1 x 10- 5 torr nitrogen and 

3 x 10-5 torr oxygen and deposited on a carbon parting layer 

are 580-".A -cm :t 10% and -190 ppm/" C :t 10%. Electron diffraction 
29experiments show that the films are composed of Ta40 • 

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 

0 302.17 A. These rings are attributed to Ta Electron2o5 • 

diffraction patterns of non heat treated films do not contain 

these rings but inst·ead appear to contain a diffuse ring which 

disappears during heat treatment. Bright and dark field micro-
o

graphs show the films to consist of islands of about 35 A 
0

surrounded by gap regions of about 20 A for non heat treated films. 
0 

For heat treated films the corresponding dimensions are 50 A 
0 

and 35 A respectively. 

Figure 3-2 illustrates an electron diffraction pattern 

and a bright field micrograph for a heat treated film reactively 

sputtered in a partial pressure of 4.3 x io- 5 torr oxygen and 
. -6 

7 x 10 torr nitrogen. The electron diffraction pattern 

corresponds.to Ta2o5 
30• This film does not possess an island 

structure but is a continuous, polycrystalline film, having an 
0 

average grain size of about 1, 500 A. Although the large TCR 

3of -2 x io ppo/°C for this film renders it relatively useless 

as a device, this film i1ill be significant- in the interpretation 

of radiation damage experiments. 

http:corresponds.to


(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. 




3.3.2 Jll.e£tr1.c.a).. Conductivity and TCR of Non Heat Treated Fil_~ 

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· investiga·ted. 

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' 

beine 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 film TCR corresponding to different 

reactive nitrogen partial pressures, the reactive oxygen partial 

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 c 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.o x 10-J 
~ 

torr, 
. 

the film resistivity is 690A.-Jt-cm:!: 15% as 

a rat.io o:f nitrogen to oxygen reactive pa1'tial pressures varies 

from 3:1 to 1:12. The TCR varies- by a factor of three over 

this range of reactive partial pressures • 

• 
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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 l0- 5 torr 
TCR Resistivity 

Nitrogen Oxygen ppm/°C ,,M..n..-cm 

0.7 0 - 50 4oo 

0.7 o.6 - 70 500 

0.7 2.6 -150 l,ooo 

Table 3-5' b 

ROOM TEMPERATURE RESISTIVITY AND TCR OF NON HEAT TREATED 

FILMS AS A FUNCTION OF REACTIVE NITHOGEN PARTIAL PRES&'URE, 

· THE REACTIVE OXYGEN PARTIAL PRESSURE BEING CONSTANT 

Reactive Partial Pressure 

x io-5 torr 

Nitrogen Oxygen 

TCR 

ppm/°C 

Resistivity 

.M...n. -cm 

------· ------­
1.0 leO -150 24o 

2.,0 1.0 -100 330 
3.0 1.0 - 60 800 
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Table 3- 2...£. 

ROOM TEMPERATURE RESISTIVITY AND TCR OF NON HEAT TREATED 

FIL..~S AS A FUNCTION OF REACTIVE OXYGEN AND 

REACTIVE NITROGEN PARTIAL PRESSURES, THE TOTAL REACTIVE 

PARTIAL PRESSURE BEING CONSTANT 

Reactive Partial Pressure 

x 10-5 torr 
TCR Resistivity 

Nitrogen Oxygen ppm/°C .,.M....n.-cm 

3.0 1.0 - 60 800 

2.0 2.0 - 97 '100 

1.0 3.0 -170 630 

0.3 3.7 -168 630 

Figure 3-4 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. 'l'he 

conductance ha.s two components, corresponding to activation 
-4 5energies of 7.0 x 10 ev and 3.4 x 10- ev. In Fig. 3-5, the 

cond~ctance of a film is plotted as a function of the square of 

the absolute temperature. As will be discussed in section 3.i.1-.3, 

a comparison of Figures 3-lt and 3-5 will provide a basis for 

comments on the electrical conduct:i~1 mechanisms which occur in 

the thin films. 
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Arrhenius plot of film conductance, for a film sputtered in a total ex:> 

reactive partial pressure of 4.o x io- 5 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 0 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
-6ment procedure was then repeated in vacuum of 10 torr for 

different resistors from the same substrate. The measured thermal 

activatj_on energy for this process j_s 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 fj.fteen
•

minutes. 
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3.4 Discus$ion 

3.4.1 Film Stru,!j;~ 

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 and Schwartz 33. 

Electron diffraction patterns obtained from heat treated 

films sputtered in a "total" reactive partial pressure of 
6

2 x 10- torr, 1 x 10-5 torr, 3 x 10-5' torr,and 4 x io-5 torr 

show that these films consist of metallic Ta or metallic 

Ta40 (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 heat treated films (as shown by the disappearance of diffuse 

rings in the diffraction patt:erns and the appearance of rings 

corresponding to crystalline Ta2o5) agrees with those values 34 

for crystallization of amorphous Ta2o5 indicates that the non 

heat treated films contain amorphous Ta2o5• Further evidence 

for assuming the amorphous material to be Ta2o5 is the fact 

that, when the heat treatment temperature was reduced by 50° C, 

no c1:ystallization occurred 35. Pawell and Campbell 36 and 

Calvert and Draper 37 have found '11a O films crystallized i.n
2 5 

a.ir to be c1·ystallographically identical to Ta2o5 films crystal­

lized in vacuum. Thus, it is suggested that the crystallization 

process which is observed to occur in the present films duri.ng 



in situ heating in the electron microscope also occurs in the 


films during heat treatment in air. 


The electron microgr~phs are consistent with a film 

structure consisting of metallic islands largely surrounded by 

Ta2o5• For non heat treated films the inter-island Ta o is
2 5 

amorphous, while for heat treated films this oxide is crystal­

line. Due to the fineness of the microstructure, it is expected 

·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 insulating inter-island region) is similar to 

that usually associated with cermet 
. 

(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 oxygen 
6only 5, , it has been found that the films consisted of a uniform 

structure of Ta plus oxygen in solid solution. For reactive 

-5 
oxygen partial pressures :i.n excess of about 3 x 10 torr, the 

4o 
films consisted of a uniform layer of amorphous Ta o There•2 5 
was no evidence of either an island formation or of the presence 

of sub-oxides~ Similarly, for Ta films reactively sputtered in 

nitrogen only 5, 6, there has been no discrete island stru.cture 

reported.. However, Coyne and Tauber 41 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 42 have found a linear rela­

tionship between the lattice parameter of bulk Ta and the oxygen 

dopant concentration. According to their measurements, a lattice 
0 

parameter of 3.31 A 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 A43 

of the lattice expansion produced by the same concentration of 

oxygen, it is estimated that the total dopant concentration (02tN2) 

-6within the islands for a reactive partial pressure of 1 x 10 
-6torr oxygen and l x 10 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 partial pressure of 5 x 10-6 torr oxygen and 5 x io-6 

torr nitrogen. 

3.4. 2 Effects of Heat rr:_reatment on FiJ,.m Structu..r.~ 

The observed kinetics for the conductance change of 

the films during heat treatment 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-

a.nee change had a thermal activation energy of 1.3 ev. Steidel 
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44and Gerstenberg have found that the thermal oxidation rate 

of thin films of BCC Ta, Ta2N, e.nd porous t-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 Ta2o5• The agreement of the 

present experimental observations with these results suggests 

that the conductance change which occurs during 

heat treatment in air is due to the formation of a surface 

layer of Ta2o5 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 of the occurrence of a competing 

mechanism was investigated by repeating the heat treatment pro­
-6cedure in a vacuum of 10 torr. The conductance change pro­

duced by heat treatment in vacuum at 500° C is a factor of sixty 

less than 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 

treatnrnnt of the films. Since the heat treatment temperature 

is much too low for degassing of the metallic islands to occur l+ 5, 

it is proposed that th.is competing mechanism is a crystallization 



1+7 


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 ma.y dissolve within 

the metallic islands 37. 

3. l+. 3 Electri.G.M. Conduction Mechanisms 

Before discussing the electrical conduction mechanisms 

operative in the Ta-Ta2o5-Ta micro-structure of the thin films, 

it may be worthwhile to briefly consider the conduction mechanisms 

which have been found to occur experimentally in bulk Ta-Ta205 

diodes. Conduction between bulk Ta and an anodized Ta2o~ ' .I 

surface oxide has been found to be limited by ~chottky emission 
. l 6

rather than by a Poole-Frenkle mechanism 1- • Standley and 

Maissel 1+7 have studied electrical conduction in Ta-Ta2o5 
thin film diodes prepared by anodizing a sputtered Ta film. 

These experimental results were consistent with a Schottky 
0 

mechanism, although for oxide thiclrnesses of the order of 100 A 

or less there was evidence of a tunneling mechanism.. The 

experimental thermal actj_vation energy for Schottky emission 

was 1 eY. This is in agreement with the 1.1 ev potential 

h i t t T T 0 . t ~ 1+8barri er whi ch has been f ound ~o ex s a a- 5 in er~aces •a2 

In the case of the present thin films, the exneril'.?lental 

conductance-ter1perature curves of Figures 3·~1+ and 3-5 will form 

the basis of the discussion. Henrickson et al t1-9 have found 

that in co-spntterea. Ta-·Al.2o3 cer1;iet films a libulkn tunneling 

mechmisrn between metallic r;rains will account for the ob~.;erved. 
• 

temperature dependence of the conductivity. Although tile tunneling 

probability is tem.pe.rature independent, the tunneling current will 
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increase slightly with temperature due to the increase in carrier 

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 

:~~1 =l + 3.4 x 10-
6 

T
2 

(3-1) 

where g(O) is the film conductance at 0°K. Since equation (3-1) 

is simply the first two terms of a series expansion, the validity 

of the equation is subject to the condition T « io3 °K~ The graph 

of g(T) vs T
2 

shown in Fig. 3-5 is definitely nonlinear up to the 

maximum measured temperature of 4oo° K. Thus, it appears that 

this tunneling mechanism is not responsible for the observed results. 

The Arrhenius plot of Fig. 3-4 suggests that the film con­

ductance has two components, having activation energies of 7.0 x 

io-4 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 51-, the activation energy for a Schottky limited 

mechanism would be essentially given by the Ta-Ta2o5 potential 

barrier of 1.1 ev 48 • Since this value exceeds the experimentally 

obtained value by several orders of magnitude, it is concluded 

that conduction does not occur by means of a Schottky mechanism. 

For a film possessing an island structure, Neugebauer 

and Webb 52 have proposed a model which suggests that, due to 

an activated tunneling mechanism, the conductance should vary 

with tempere.ture according to the law 

g = g0 exp(-E/kT) (3-2) 



where E is a thermal activation energy and g is proportional to
0 

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 Agap of Ta o5 is calculated to be 5.9 x 10-3 ev. The
2

discrepancy between the calcula.ted activation energy of 

5.9 x 10-3 ev and the experimental value of 7.0 x io-4 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 pres-en9e of two 

activation energies, but, in view of the fact that the factor 

of twenty difference in the measured activation energies is 

inconsistent wlth 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 

conductance of a thin film may be due to the change in tunneling 

probability witb temperature resulting from the change in the 

carrier distribu-cion function witb temperature. If this mechanism 

were responsible for the observed second component at temp0ratures 
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in excess of 200
0 
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(lng)/d(l/T), would 

be 1.1 x l0-3 K at 200°K. According to the therma11y activated 

tunneling model of Neugebauer and Webb, the slope of the 

Arrhenius plot is calculated to be 11°K. The experimentally 
53observed slope is 1.5°K. Since the mechanism proposed by Hill 

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 postulated 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 mechanism, 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 Figure 3-4. At low enough 



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. 

3.4.4 Effect of Simultaneous Doping with O;xygen 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 sma.1ler 

the magnitude of the film TCR. The 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 
6 pressure • This suggests that the role of nitrogen in deter­

mining film propertias 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 maximwn 

allowable TCH 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 of 700.4-A-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..«..A. -cm cannot generally be attained by reactive sputtering 

in nitrogen only. 

Tg,ble 3-Q 

COMPARISON OF Ta(O,N) FILM RESISTIVITY AND TCR WITH 


PREVIOUSLY PUBLISHED RESULTS 


Resistivity for TCR for 700 M.-A.-Cfil 

-100 ppm/°C TCR resistivity
Reference Dopant c~-cm) (ppm/.. C) 

This work o,N 700 	 -100 

Gerstenberg 0 200 -400 
6and Calbick N 250 
~McLean et al 	 0 230 -400 

N 250 

In orde1• to discuss these results, it is first neces­

sary to consider the manner 1.n which the Ta-0-N components can 

interact when deposited onto a substrate. The possible reac­

tions are: 
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1) formation of a Ta(O,N) solid solution; 

2) limited oxygen-nitrogen replacement 55; 
3) ternary oxy-nitride compound formation 55. 

The electron diffraction results indicate that for the case of 

a relatively low total reactive partial pressure (1 x io-5 torr 
-6or.2 x 10 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 

Ta40-TaN mixture. There was no indication of the formation of 

a tantalum oxy-nitride compound. These results indicate that 

as the nitrogen reactive paTtial pressure increases, 

the tantalum nitride content of the metallic islands increases• 

The bonding of a tantalum nitride compound is relative~y 

metallic, while that of a tantalum oxide compound is relatively 

ionic 55. On this basis, the nitride will have a gredter
' 

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 pressu~e 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 



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 obs8rved 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 1 s are being considered. 

3. 5 Summary 

Tantalum thin film resistors have been rea.ctively 

sputtered in oxygen and nitrogen simultaneously.. Electron 

microscopy has been used to demonstrate that the st~~cture of 

non heat treated resistors consists of metallic islands largely 

surrounded by amorphous Ta • The dopant concentration in2o5
the islands has been measured by electron diffraction. Heat 

treatment of these films in air enhances the island structure, 

as well as producin8 a stabilizing surface oxide. This procedure 

also produces a crystallization of the inter-island Ta •2o
5



55 

The discontinuous films have TCR values ranging from 

_,O ppm/°C to -900 ppm/°C. The corresponding resistivities 
4 ranges from 4o0A.Jt-cm to 3 x 10 ""..n. -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 t~~perature 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 FLUEl"\JCE, ROOM TFJ1PERATURE 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 1016 p/cm2• 

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 fo,rm of the percent conductance 

change;Ag/g
0 

, where g is the conductance of the unirradiated
0 

film, as a function of fluenc5¢• These curves will be referred 

to as <r-<P curves, where er is defined as t>.g/g0 • The radiation­
16 2produced conductance change at a fluence of 10 p/cm is 

investigated as a function of beam energy. From these results 

a basic model is postulated to explain the radiation-produced 

conductance change. 

4.2 Exp~riment~1._3esults 

4. 2.1 .Q.911ductance _Q]1.an.e~_s as a Fun~f Fl..1.!..®l!.Q 

Figure 4-1 shows the <r- ¢>curve for an air beat treated 

film sputtered in a reactive partial pressure of 2 x io-5 torr 

nitrogen and 2 x lo-5 torr oxygen. The percentage conductance 

56 
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increase is a linear function of fluence, up to the measured 

fluence of io16 p/cm2• The slope of this curve is 1.0%/1016 p/cm2• 

The slope is independent of beam current density over the 

measured range of O.l..t(.amp/cm2 to 15-'<-amp/cm2 • After irradia­

tion, the measured 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 <r- ¢> 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 io16 p/cm2• The slope of this curve is o.4%/1016 p/cm2 • 

Figure 4-2 shows the <r-p curve for a non-heat treated film 

sputtered in a reactive partial pressure of 2 x io-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 a-- rp curves for air 

heat treated films as a function of total reactive partial 

pressure for equal reactive oxygen and nitrogen partial pressures. 

Each poi.nt is an average of three or four individual experimental 

values. 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 



08 
x VACUUM HEAT TREATED / 

1·01 

I /I0 AIR HEAT TREATED 

' 

0·6 

-~ 0 .......... 


0·4 
b 

0·2 

cp 

2 3 4 5 6 7 8 9 10 

I~ r:. 
{IO~P/CM~) 

IJ\ 
co 

figure 4-1 

tS- ¢'curves for room temperature irradiation of films sputtered in a reactive partial 
pressure of 2 x io-5 torr nitrogen and 2 x io-5 torr oxygen. Heat treatment was carried 
out at 500°C, either in an air ambient or in a vacuum of 10-6 torr. 

00 



0·30--~~~~~~~~~~~~~~~~~~~~~~~~~---, 

0·25 

0·2 0 

-
~ O·I 5~ ~ 
b ' 

0· 10 

0·05 

0 0 2 3 4 5 6 7 8 9 10 

cp · (I 0
15 

P/C M
2 

) 

Figure 4-2 

~ a--¢ curve for room temperature irradiation of 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. 
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reactive partial pressure: for the former films the slope of 

the <r -<P curves decreases with increasing total reactive partial 

pressure, whereas for the latter films the slope of the <r-4> 

curves increases with increasing total reactive partial pressure. 

Figure 4-4 shows the slope of the 6"'-4' curves for air heat treated 

films as a function of reactive oxygen partial pressure, the 

reactive nitrogen partial pressure being kept constant at 

7 x 10-6 torr. The shape of this curve is qualitatively similar 

to that illustrating ~he slope of the u -¢ curves as a function 

of total reactive partial pressure. 

Table 4-1 shows the slope of the r:r-¢ 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 

pressures in the range of 7 x io-6 torr to 2 x io-5 torr, the 

slopes of the a- - ¢ curves' are the same within experimental error. 

For a reactive nitrogen partial pressure of greater than 2 x 

10-5 torr the slope of the~-¢ curve decreases. Table 4-2 

shows the slone of the <r- ¢>curves for air heat treated films 

as a function ·or reaetive oxygen and reactive nitrogen partial 

pressures, the total reactive Partial pressure being kept 

constant at 4 x 10-5 torr. From this table it is seen that th·e 

slope of. the a--¢> curve decreases as the reactive oxygen partial 

pressure increases relative to the reactive nitrogen partial 

pressuree 
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T~ble 4-1 

SLOPE OF THE () - <P CUHVES FOR FILMS HEAT TREATED IN AIR 


AS A FUNCTION OF REACTIVE NITROGEN PARTIAL PRESSURE 


THE REACTIVE OXYGEN PARTIAL PRESSURE BEING CONSTANT 


Rea:ctive Partial Pressure Average
Linear Slopex io-5 torr 
%/1016 p/cm2 

Nitrogen Oxygen ('!10%) 

.? 1 2.5 
1 1 2.5 

2 1 3.0 

3 1 1.4 

4 1 0.9 

Table 4-2 

SLOPE OF THE ~ - ¢ CURVES FOR FILMS HEAT TREATED IN AIR 

AS A FUNCTION OF REACTIVE OXYGEN AND NITROGEN PAR'l'ItJ., PRESSURES 

THE TOTAL REACTIVE PARTIAL PRESSURE BEING CONSTANT AT 4 x 10-5 TORR 

Reactive Partial Pressure Average
Linear Slopex io-5 torr 
~v1016 p/cm 2 

Nitrogen Oxygen (:t 10%) 

-------------------------·--~ 

3 l 1.4 
2 2 1.0 
1 3 o.8 

.3 3.7 0.5 
---------------- -·­
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4.2.2 Conductance Change a.s 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 1016 p/cm2 as a function of i ln130E, 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 4.3.2. 

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 exwnina­

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 

film had been irradiated to a fluence of io16 p/cm2• 

4. 3 D~JlSSiQil. 

4. 3.1. Cpnducta11ce Ch2J1ge a;;J FuqgllPn__o_f_£1µe_ng_g 

In Chapter III it was shown that the films consist of 

connected metallic islands largely surrounded by Ta205. 

Electrical conductlon through the fiJ.:ms at room ter.1perature was 
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Figure 4-6 


Electron microscope results for a film sputtered in a reactive 


partial pressure of 5 x 10-6 torr nitrogen and 5 x 10-6 torr 


oxygen after irradiation to io16 p/cm2: (a) bright field 


micrograph, and (b) electron diffraction pattern. 
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shovm to be consistent with a tunneling mechanism through the 

inter-island gaps. Penley 56 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 

<r = ~J C(x) gt(x) dx (4-1) 

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. Irradiation 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 fu1.iction 

of fluence. Averaged.over the inter-island regions of a film, 

the concentration of trapping levels within the gaps will be 

relatively independent of po sition x. Thus, from equation (>+-1), 

cr1s expected to increase linearly with C(¢), the concentration 

of initially unoccupied radiation-produced trapping levels, i.e., 
I 

0- =£" C(¢) (4-2) 
1 

where ~ = ifgt(x) dx is the percent conductance increase per 

unit defect concentration of unoccupied trapping levels. 

Ba-sed solely on geometrical considerations, the rate 

of enhancem.ent of the film conductance with fluence (the slope
• 

of the 6'"-p curves) should increase as the tunneling distance 

decreases 57 • On this basis, the slope of the c- ?-~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 

(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 thermall~ trapped. Under equilibrium 

conditions, the trapped carrier concentration is given by 58 

(4..4) 

where P is the probability of thermal ejection of a c ar1·i er from 

the trapping level, lJ
0 

is the capture cross-section for the le-v-el, 

and n is the concentration of free carriers hav'ing velocity v. 

The concentration of radiation~produced defect levels is given 

by (see Appendix B) 

(4-5) 

where a-d is the displacement cross-section, ,; is the average 

number of secondary knock-ons per primary knock-on, ¢ is the 

fluence, f(t:/>) i.s a function of magnitude equal to or less than 



unity which accounts for a nonlinear production of stable radiation­

produced defects with increasing fluence, Na is the concentration of 

atoms within the target. Combining equations (4-2), (l+-3), 

(4-4), and (4-5), the value of er is' given by 

(4-6) 


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-produced defects. In this 

case, f(t/>) will not be equal to unity, resulting in nonlinearG""-r/Jcurves, 

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 er - ¢ cnrves 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. 

a0Heat treatment of Ta205 in vacuum ·will produce greater 

concentration of oxygen vacancies within the oxide than for 

Ta2o
5 

heat treated in air 37. Since these oxygen vacancies act 

as donor defects 59, the equilibrium free carrier concentration 

withi.n the oxide will b·e greater for vacuum heat treated fi.lms 

than for air heat treated films. Therefore, according to 

expression (4-6), the slope of the v - rp curves will be less for 

vacu.um heat treated films than for a~r heat treated films., This 
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is in agreement with the experimental observations. 

Heat treatment of the Ta-Ta o5 interface is known to
2

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 increa~es as the gap dimensions decrease and, therefore, 

according to expression (4-6), the slope of the(J"'"-¢>curves 

decreases as the gap dimensions decreaseo 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 <r-¢ 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. 4-4 shows a qualita­

tive similarity in the manner in which the slope of the() - ct> 

curves vary i;dth 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 

pressureo Table 4-1 shows that the slope of the a- - ¢ curves- for 

a fi~ed reactive oxygen partial pressure is approximately 

independent of the reactive nitrogen partial pressure, for 
5reactive nitrogen partial pressu~es of 2 x 10- torr or lesse 

These observations connote that, for.total reactive partial 
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pressures of less than 2 x io-5 torr, the observed decrease in 

the slope of the <r - c/> curves with decreasing totaJ. 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 causes. 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,ooo A. 

On the basis of wide angle Rutherford scattering, the hydrogen 

ion concentration in the films is calculated to 1018 ioas/cm3• 

In section 4.3.2 it will be shovm experimentally that this 

impla.ntation is not responsible for the observed results. 

In Chapter III it was shown that heat treatment of a film 

in. air· at 500° C produces a layer of Ta2o5 on the surface of the 

film, in addi tion to producing a crystalli zation of the tnt er­

i sland Ta2o5• Consideration of the following mechanisms suggests 

that radiation effects within this surface oxide a.re not the 

dominant mechanisms responsible for the linear er-¢ curves. 
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1) Sputtering of the Surface Oxide 

Chemisorption of a gas on a metallic surface has been 
62shown 61 , 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 Ta o5 was obtained by using the2
63sputtering theory of Sigmund to extrapolate the experimental 

sputtering coefficient obtained by Nghi and Kelly 64 for Kr on 

Ta2o • The maximum conductance increase due to sputtering at 

1016 
5
p/cm2 is calculated to be 2 x'io-4%. The fact that the 

experimental conductance change is a factor of 5 x 103 greater 

than the calculated maximum conductance change due to sputter­

ing suggests that sputtering is not responsible for the observed 

a--~ curves. 

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

Although j,t has been shown that the electronic conduc­

tivity of metallic oxide films does increase on irradiation 65, 

no qu.anti tative data is available for radiation enhanced con­

ductivity in Ta2o5, and, thus, it is not possible to calculate 

the enhanced conductivity of the surface oxide. However, a 

consideration of the <r-¢ results for vacuum heat treated films 

suggests that this effect is not the dominant mechanism 
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responsible for the er - </> results. As will be discussed in 

section 4.3.2, the rate of damage production with energy is 

proportional to ~ ln130E 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--ct> 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 <r -4> 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. In 

previous investigations 9-l3 of radiation da.mage in thin films 

(discussed in Chapter I), the films possessed a continuous 

structure and would not be expected to exhibit a conductance 

increase due to the mechanism proposed here. 
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4.3.2 Conductance Cha.np,;e as a _Function of Beam Energy; 

Strictly speaking, the displacement cross-section for 

Ta o5 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 •t:correct'' procedure will be approxi­

mated by assuming an average monatomic target 2ifr62• Then the 

damage concentration produced in the linear portion of the <r - </> 

curve may be approximated by equation (4-6) with f(f) equal to 

unity. 

For proton energies in excess of 4 keV, the proton­
8 .. 

· tantalum collisions are calculated to be of the Rutherford 

type. Similarly, for proton energies in excess of 1 keV the 

proton-oxygen collisions are expected to be of the Rutherford 
I 

type. If the proton energy exceeds these minimum va1JeS', the 
8conductance increase a-- (equation (4-6)) is given by 

(4-7) 

where M1 and M2 are the masses of the incident and target 

atoms, Ed is the displacement threshold energy, and E is the 

instantaneous proton energy in the film. In equation (4-6) 

the effective Rutherford damage cross-section~.od is given by 

, where~ is a constant. Taking 66 Ed to be 

50 eV, the conductance increas-e at a fixed fluence should depend 

8 

http:cross-section~.od
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linearly on ~ ln 130E, where E is in units of 105 eV. As 

illustrated in Fig. 4-5, the <J - i ln 130E curve is linear 

for beam energies in the range 150 keV to 50 keV. Henceforth, 

this curve will be referred to as the u(E) curve. It should 

be noted that although the data of Fig. 4-5 are consistent 

with the Rutherford law, these data do not 1t:prove" that the> 

Rutherford law holds due to the small range of energy available 

in this experiment. Even though there is some uncertainty 

as to the numerical value of Ed' this uncertainty will have a 

relatively small effect on the results since the l term is the 
E 

dominant term in equation (4-7). 


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


of theo--;>curve to the slope of thelf'(E) curve is given by 


§lope ofa- - ~curve ,. ln 130 E (4-8)
slope of cr{E curve E <f 

For 150 keV proton irradiation, the slope of the <J -P curve is· 

3%/1016 p/cm2• Thus, the calculated slope of the o(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 Ci(E) results suggest that the 6'"--¢results are not 

caused by hydrogen ion implantation of the film or by protons 

ba~k-scattered from the substrate. Since the mean projected 

range of the protons decreases60 , and the back-scattering 

coefficient increases 67, with decreasing proton energy, the 

~(E) curve would concave upward if either of these mechani~s 


controlled the conductance change produced by irradiation. 
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The nonlinearity in theo-(E) curve at energies'. below 50 keV 


is attributed to the onset of screened coulomb collisions 8 


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


4.4 §ummarY 

The effeet of room temperature proton irradiation on 

Ta.thin film resistors has been discussed for fluences up to 

1016 p/cm2• For films which had been previously heat treated, 

irradiation of the films caused a linear increase in conduc­

tance of the films. Several mechanisms were considered as 

being possible for producing the linear conductance increase: 

sputtering, hydrogen ion implantation, radiation-produced defect 

. levels ~~thin the surface oxide layer, and an enhanced tunnel­

ing mechanism via radiation-produced defect levels within the 

inter-island crystalline oxide regions. All except the last 

mechanism were found to be incompatible with the obseJvation~. 
I 

The rate of conductance change with fluence, considered as a 

function of total reactive partial pressure, was a maximum for 

a total reactive partial pressure of about 2 x io-5 torr. The 

nonlinear conductance increase observed for non heat treated 

films may be a~counted for by the fact that the ra:diation­

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 IR.RADIATION AND ISOCHRONAL .ANNEALING EXPERIMENTS 

5.1 General 

This chapter considers the e~fects of proton irradiation 

on the conductance of non heat treated, air heat treated, and 

vacuum heat treated films maintained at 30°K durine bombard­

ment. Low temperature er- r/J curves obtained for films sputtered 

in a reactive partial ·pressure of 2 x 10-5 torr nitrogen and 
-5 . 

2 x 10 torr oxygen are compared with those curves presented 

in Chapte1~ IV for identical films which were maintained at room 
16 2 

ta~perature during irradiation 	to 10 p/cm • In order to study 

radiation damage parameters of Ta2o5, ~-; curves have been obtained 
18 2for fluences up to 2 x 10 p/cm for air heat treated and non 

heat treated films sputtered in a reactive partial pressure of 
-5 -51 x 10 torr nitrogen and 3 x 	10 torr oxygen. 

16 2
After irradiation to io p/cm , isochronal annealing 

experiments were performed on films sputtered in a reactive 

partial pressure of 1 x io··5 torr nitrogen and 3 x io- 5 torr 

oxygen. Electron microscopy shows these films to consist of 

islands of metallic Ta40 largely surrounded by Ta2o5• Annealing 

experiments were also carried out on films which were sputtered 
-6

in a reactive partial pressure of 1 x 10 torr nitrogen and 
-6

1 x 10 torr oxygen. These· films C(i)nsist of islands of Ta 

77 
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largely surrounded by Ta205. Films sputtered in a reactive 
5 -6partial pressure of 3 x 10- torr nitrogen and 1 x 10 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 Ta2o5 film sputtered in a reactive partial 
-6 	 4 -5pressure of 7 x 10 torr nitrogen and .3 x 10 torr oxygen 

are presented for comparison. 

5.2 	 Y.zperJmental Results 

5.2.l J2.a.mage Re_sults 

Figure 5-1 illustrates ~-~ curves up to a fluence 

io16 p/cm2 for devices sputtered in a reactive partial pressure 

of 2 x io- 5 torr nitrogen and 2 x 10-5 torr oxygen. The d""- ~ 
curves are linear over this fluence range for air heat treated, 

vacuum heat treated and non heat treated films. There is no 

significant difference in the results for air heat treated and 

vacuum heat treated films. The slope of the ~-~ curve for non 

heat treated films is about one~·third that of the heat treated 

fj_lms. On cessation of irradiation~ the films ren1ained at 26°K 

for 1~1/2 hours. Any anneal:i.ng which occurred during this 

period produced a conductance change of less than the experi­

mental accuracy of 0.01%. 

Figure 	5-2 shows the o-- ~ curve (marked X) extended to 
25 x io17 p/cm for a non heat treated film wh:i.ch was sputtered 

http:anneal:i.ng
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reactive partial pressure of 2 x 10-5 torr nitrogen and 2 ~ io-5 torr oxygen. 
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in a reactive partial pressure of 1 x io-5 torr nitrogen and 

3 x io-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 Re§'Ults 

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 5-~ illustrates an integral isochronal anneal­

ing curve for an air heat treated film sputtered in a total 

rea~tive partial pressure of 1 x 10-5 torr nitrogen and 3 x io- 5 

torr oxygen after irradiation to 1016 p/cm2• This curve was 

obtained using temperature incra~ents of 5°K, each temperature 

level being maintained for ten minutes. All conductance 

measure~ents were made at 26°Ko 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 anneal:tng temperature. The criterion 

used in drawing a curve through the points of the dtffer0ntial 

spectrum is that a recovery peak is considered to occur only 

if either 1) the difference in the rate of recovery between two 
• 

successive expe:rir.wntal points forming a peak is much greater 
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l 

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 

x io-5 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.ee, 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 2>+0°K. 

Figure 5-6 shows a differential annealing curve for a 

non heat treated film from the same substrate after irradia.tion 

to 5 x 1017 p/cm
2

• This annealing spectrum, which is quali­

tatively similar in shape to th.at obtained from non heat treated 
16 2

films after irradiation to 10 p/cm , can be considered to 

consist of Stage A and Stage B. Neither stage possesses any 

substructure.. Between these stages the difforential annealing 

spectrwn does not app1·oach zero, indicating a possible overle.p 

of stages. 
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Figure 5-7 illustrates the annealing results obtained 

for an air heat treated film sputtered in a reactive partial 
-6 -6 pressure of l x 10 torr nitrogen and l x 10 torr oxygen 

16 2
after irradiation to 10 p/cm • Stage A recovery is clearly 

evident in the differential annealing spectrum. Although there 

is evidence of a small, narrow recovery peak centered at 200°K, 

Stage B recovery consists primarily of a large, broad peak 

centered at 280°K. Recovery in this broad peak is incomplete 

at 300°K. The a~ount 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 tamperature region produces a 

conductance increase. 

Figure 5-8 depicts a differential annealing curve for 

an air heat treated film sputtered in a reactive partial pressure 

of 7 x io-6 torr nitrogen and ~.3 x 10-5 torr oxygen. In 

contrast to the films considered previously, the amount of 

annealing occurring during Stage A recovery greatly exceeds that 

occurring during Stage B recovery. 

Figure 5-9 shows a differential annealing curve for an 

air heat treated film sputtered in a reactive partial pressure 
5 -6of 3 x 10- torr nitrogen and 1 x 10 torr oxygen.. Stage A is 

well .resolved, ·whereas the recovery corresponding to Stage B 

is incomplete at 300°K., A negative annealing peak is centered 

at 260°1c, 

• 
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5. 3.1 Damage R'?.filklt.s 

In Chapter IV the increase in conductance with fluence 

which 	occurs during room temperature irradiation of films for 
16 2fluences up to 10 p/cm was attributed to an enhanced tunnel­

ing mechanism, the magnitude of which increases linearly with 

defect concentration. For air heat treated and vacuwn heat 

treated films, the defect concentration is a linear !'unction 

of fluence, resulting in linear r-~ curves. The greater slope 

of the r-~ 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. At 

sufficiently low irradiation temperatures, these donors will not 

be ionized, suggesting that the slope of the r-it> ctu·ves 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 

enhanced conduction model. 

The nonlinearity which was discussed in Chapter IV for 

room temperature irradiations of io16 p/cm2 for non heat treated. 

films was attrj_buted to a nonlinear rate of defect production 

·with fluence due to the trapping of mobile r8.diation-procluced 

defects.. The r-ip curve for identical films is linear for 
16 2

irracU.ation to 10 p/cm at 30° K, il\ldica.ting that radiation­
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produced defects are not mobile at this temperature. The 

difference in slope of the ~-• curves for heat treated and 

non heat treated films suggests that proton irradiation may 

introduce different defect. levels in amorphous Ta2o5 and 

crystalline Ta205• 

For low temperature irradiation of films to fluences 
16 2in excess of 10 p/cm , 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 will be nonlinear and the rate of 

change of conductance with fluence will be given by (see Appendix B) 

( 5-1) 

where ~d is the primary displacement cross-section, ~ is the 

number of displacements per primary knock-on, S is the percent 

conductance increase per fractional defect concentration, and m :i.s 

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 ~-~ curve (d~/d~) as a function of ~ for non 

heat treated and air heat treated films respectively. A 

linear relation between d~/d~ and ~ indicates that spontaneous 

recombination and possibly close-pair thermal annealing do 

occur. during irradiation. 

The number of' unstable sites surrounding each defect 
-18 2can be obtained from the measured value of 2. 4 x 10 cm 

• 
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for m'\l~d, the slope of the d¢"/d4> versus tr curve for non heat 

treated films. Assuming a random target, the effective 
8

Rutherford damage cross-section, v~d' is caiculated to be 
22 x io-l9 cm • Thus, the value of m for amorphous Ta205 is 

calcu.la.ted to be 12. For the crystalline oxide of air heat 
8 

treated films, ~~d is expected to be equal to or less than 
2the calculated value of 2 x 10-l9 cm • The experimental value 

-19 2
of 7.3 x 10 cm for the slope of the linear portion of the 

d~/d~ versus ~ curve produces a value of m equal to or greater 

than ~ for crystalline Ta205. These values of m for Ta2o5
68 

are comparable with the value of 20 for s102 • 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

tlon between defects and adjacent lattice atoms during the 

irradiation of nonmetals. The fact the.t the dcr/d~ versus er 

curve is initially linear for non heat treated films consist­

ing of amorphous Ta2o5 in the inter-island regions suggests 

that the nonlinearity which is initially observed for air heat 
69

treated films may be due to collj.sion sequences (focused 01· not) 

whj.ch are expected to occur over the ve:ry small (--50 °A) dj_stances 

involved in the crystalline Ta205, provided this oxide has a 

sufficiently small defect cqncentJ·ation., As the fluence 

increases, the concentration of radiation-produced defects 

becomes sufficient to inh:lbit this additional mechan5. sm. When 

this occurs, the dcr/dd/ versus <1. curve is expected to tecone 

linear .. 



5. 3. 2 Aqn_ealing g_e.sul t!.S 

The fact that an annealing 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 to radia.tion­

produced defects and not due to mechanical effects within the 

films. 

For air heat treated films sputtered in reactive partial 
-6 -6pressures of 1 x 10 torr nitrogen and 1 x 10 

1 x io-5 torr nitrogen and 3 x 10-5 torr oxygen, 

torr nitrogen and 4.3 x 

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 c~.lculated 8 to be 5.6 times the number of primary 

oxygen defects in the inter-island Ta2o • The two stages in
5

the recovery spectra could result either by tantalum defects 

and oxygen defects recombining at their respective centers in 

different temperature ranges, or by ta..'1.talwn defects recombining 

simultaneously with oxygen defects at one type of center in 

Stage A and at a different type of center in Stage B. Tho fact 

that, in filrns sputtered in reactive partial pressures of 

7 x lo-6 tor·r nitrogen and >+.3 x 10-5' torr 0A.7gen (continuous 
0

polycrystalline Ta205 films of grain size about 1, 500 A) the 

percent damage annealed in Stage A greatly exceeds that of 
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Stage B, whereas 	for films sputtered in reactive partial 

10-6 10-6pressures of 1 x torr nitrogen and 1 x 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 
0 

of dimensions of the order of 100 A) approximately equal amounts 

of damage anne~l 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 to 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 

temperatures for all the heat treated films studied. The la.ck 

of St.age A substructure for non heat treated films suggests 

tha.t Stage A recovery for these films consists of a number of 

close-pair peaks which overlap, resulting in an apparent single 

broad peak. Such a process may be tke result of the large 



degree of disorder which exists in the amorphous oxide. 

Assuming first order kinetics 71 for uncorrelated 

recombination of defects at the gap-island interface during 

Stage B annealing, the activation energy for the recovery peak 

situated at 230°K for films sputtered in a reactive partial 

pressure of 1 x io- 5 torr nitrogen and 3 x io-5 torr oxygen is 
72

calculated to be 0.73 eV for a pre-exponential frequency 

factor 7o of io15 sec-l and for defect migration from the 
0 

center of the gaps to the interface (20 A). The width of a 

single recombination peak at this temperature is calculated 7o 

to be 21°K. The observed peak will be due to a superposition 

of a number of such single peaks since the distance a defect 

must migrate for annihilation to occur at the interface depends 

on the initial location of the defect within the gap. For a 
0

lower limit of 3 A (approximate inter-atomic distance) and an 
0 

upper limit of 35 A (gap size) for the migration distance, 

the corresponding temperature 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 ~6°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 peal:-:. The 

discrepancy between the calculated and observed widths may be 

due to: 

1) an incorrect pre-exponeatial frequency factor; 

2) the fact that the temperature of 230°K nn:.y not 
" 
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0 

correspond to 20 A migration; and 

3) the fact that the upper limit for the diffusion 
0 

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 sputtered in a reactive partial pressure of 
-5 -51 x 10 torr nitrogen and 3 x 10 torr oxygen than for films 

-6sputtered in a reactive partial pressure of 1 x 10 torr 
-6

nitrogen and 1 x 10 torr oxygen since the gap dimensions are 

smaller for 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 d1 and d2 for these 

films respectively then, for d1/d2 « 1, the peak annealing 

temperatures T1 and T2 are related by 73 

2
ln (d1/d2) (5-2) 

fo1~ a process having migration energy E. For the films being 

considered, electron microscopy shows· that d1/d2 -::::: O.l. Then 
0

for T1 = 230 K and E =0.73 eV, T2 is calculated to be 279°K. 

This is j_n agreement with the observed peak temperature of 

280°K for films reactively sputtered in l x io-6 torr nitrogen 
-6and 1 x 10 torr oxygen. 



The small, relatively narrow recovery peak which occurs 

at 200°K in Stage 	B for films sputtered in a reactive partial 

-6 -6
pressure of 1 x 10 	 torr nitrogen and 1 x 10 torr oxygen, as 

well as the recovery occurring between 150°K and 300°K for 

-6
films sputtered in a 	reactive partial pressure of 7 x 10 torr 


-5
nitrogen and 4. 3 x 10 torr oxygen, may be due to a mechanism 

such as the release of radiation-produced defects from traps 

or to uncorrelated recombination of radiation-produced vacancies 

and interstitials. For films sputtered in 1 x io-5 torr 

nitrogen and 3 x 10-5 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 
-6·Of l x 10 torr, the annealing spectrum appears to contain 

74
negative recovery 	peaks at 170°K and 260°K. Burger et al 

have found that ten-minute isochronal annealing of bulk Ta 


io17
irradiated to 7 x nvt has an annealing peak at 170°K. 

Doping the Ta with Ool atomic percent oxygen produced annealing 

peaks at 170°K and 250°K. Myhrra and DeFord 75 have found that 

ten-minute isochronal anneals on bulk Ta irradiated with 2.2 

MeV electrons produced an annealinr; peak at 167°Ko Ten-ndnute 
76isochronal annealing of both pu:re Ta and Ta doped w1. th O.1 

atomi_c percent oxygen after irradiation with 3 MeV electrons 

has been found to 	produce recovery pealrn at 170°K and 275°K .. 

The correspondence of the negative annealing peak found in 

films reactively sputtered in 1 x io;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 io-5 torr 

nitrogen and 1 x io-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 observed in films sputtered in a reactive partial 

pressure of 1 x 10-5 torr nitrogen and 3 x io-5 torr oxygen 

since electron microscope examj.nation shows that the metallic 

structure is not BCC Ta in these films. 

Proton irradiation of reactively sputtered air heat 

treated and vacuum beat treated tantalum films at 30°K produces 

a linear increase in conductanco with fluence, for fluences 
2equal to or less than io16 p/cm • The fact that the conductance 

increase is the sa.me for both types of heat treated films suggests 

that thG oxygen vacancy dono1·s ui th:tn the Ta2o inter-island5 
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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 Ta2o5• 

Low temperature irradiation of non heat treated films consist­

ing of amorphous Ta2o5 in the inter-island regions produces a 

linear increase in conductance with fluence, for fluences 
16 2equal to or less than 10 p/cm • 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 which occurs for identical 

films during room tffinperature irradiation is due to a trapping 

of mobile radiation-produced defects during irradiation. 

For fluences greater than 1016 p/cm2, the nonlinear conductance 

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 sites surrounding each defect was 

found to be equal to or greater than 4 for crystalline Ta2o5 
and equal to 12 for amorphous Ta_2o5• 

Annealing of the damage proceeds in two stages: Stage A 

(34°K to 15o~K) is attributed to close-pair or correlated recom­

bination, and Stage B (150°K to about 300°K) is attributed to 

uncor1·clated annihilation of defects at the gap-island interface. 

Negative annealing peaks at 160°K and 260°K indicate that 

metallic conduction occu~cs in the films consisting of islands 

of BCC Ta. The present experiments cannot dlrectly demonst.r0-te 
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metallic conduction in films consisting of islands of metallic 

Ta~O. 



VI 


HIGH FLUENCE, ROOM TEMPERATURE RADIATION DAMAGE 


6.1- Genera,l 


This chapter considers IT-¢ measurements obtained at 
18 2 

room temperature for films irradiated to 2 x 10 p/cm • 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 da~age the films 

at a temperature where uncorrelateQ. defect annihilation at 

gap-island interfaces is expected to occur during irradiation, 

thus attempting to verify the defect recovery model proposed 

in Chapter V; and 3) to investigate further the observation 

made in Chapter III, that the slope of the a- - <b curves decreases 

with decreasing total reactive partial pressure, for total 
5reactive partial pressures less than 2 x 10- torr. 

In order to attain these objectives, films possessing 

three distinct types of structure have been investigated: 

1) films which were sputtered in a reactive partial 
-5 -5 pressure of 1.5 x 10 torr nitrogen and 1.5 x 10 

torr oxygen and are co111posed of metallic Ta40 

islands largely surrounded by Ta2o5• These fil:rls 

were irradiatetl in order to investigate whether or 

102 
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not the er - <P curves· obtained at room temperature 

are characte1•istic of those expected for the recom­

bination of mobile defects at gap-island interfaces 

during irradiation; 

2) polycrystalline Ta2o5 films sputtered in a reactive 
-6partial pressure of 7 x 10 torr nitrogen and 4.3 

x 10-5 torr oxygen. Since these films do not 

possess any gap-island interfaces, the <r - ·tfJ 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 
-6 -63 x 10 torr nitrogen and 3 x 10 torr oxygen. 

These films were used to investigate the observed 

decrease in slope of the er -r/J curves with decreasing 

total reactive partial pressure, for total reactive 
-5partial pressures less than 2 x 10 torr. 

6 • 2 · l?Z~S>..J:i.m.r~n.t al..Jte_filJ]J!Jl 

Figux·e 6-1 illustrates the conductance change a- at room 

temperature as a function of flu.once for an air heat treated 
-6film sputtered in a reactive partial pressure at 3 x 10 tor:c 

-6nitrogen and 3 x 10 torr oxygen" The conductance initially 
16 2increases 	with flu_ence for fluences up to 3 x 10 p/cm e For 

greater· values of fluonc:<:.~, the conductance decreases slightly 
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with fluence until quasi-saturation occurs at 4 x io17 p/cm2• At 

5.3 	x io17 p/cm2 the conductance decreases drastically, approaching 
2apparent saturation at 2 x 1018 p/cm • The small conductance 

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 

less than 2 x 10-5 torr. 

The ()-rp curve for an air heat treated film sputtered 

in a reactive partial pressure of 1.5' x 10-5 torr nitrogen and 

l.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/cm2• 
16 2 17 2For the range 10 p/cm to 7 x 10 p/cm the conductance 

increase is a nonlinear function of 	fluence. At 7 x io17 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 films sputtered in equal 

reactive partial pressures of OX-fgen and nitrogen, for total 

reactive par·tial pressures of 2 x 10-5 torr and greater. The 

(]'"_</>curve for films sputtered i.n a reactive partial pressure 

of 1 x 10-5 torr nitrogen and 3 x 10-5 tori~ oxygen also has th:ts 

characteristic she.pe. Figure 6~-2 Rlso illustrates the er - ¢> 

curve for a. non 	heat treated resistor from the sane substrate. 

The shape of this curve is que.litatirely similar to that 

obtained for the air heat trea.tod resistor. Fivire 6-3 
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illustrates the magnitucle of the total conductance decrease 

(the difference bet·ween the ma:Ximum 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 

this conductance decrease begins, as a function of total 

reactive partial pressure. 

Figure 6->+ shows the a- - ¢ curve for an air heat treated 

film sputtered in a reactive partial pressure of 7 x 10-6 torr 

nitrogen and 4.3 x 10-5 torr oxygen. The conductance increases 

nonlinearly with fluence, approaching apparent saturation at 

2 x 1018 p/cm2 • No radiation-produced conductance decrease 

is observed. 

6. 3 Di.s..c1-!§ sion 

6. 3.1 9ond31gt.a,nc~ Increas,g 

6.3.1 a Films Sputtered in a Reactive Partial E.ressure of 
1. 5 x io- 5 Torr Nitrogen and 1. 5 x io-:> Torr Oxygen 

In Chapter V it was shown that, for discontinuous 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, radia.tion­

produced defects may be free to diffuse to these sinks 
77 

g di ion. A er-o ima o~ Cdurin irra. at . nord f -magnitUfie~ est• t e ~ t' 

the effective sink concentration due to the interface, may be 

obtained from the ratio of the nun1be11 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) 
and the magnitude of th:i. s decrease (marked t:.) ~ as a function 
of tot2J.. rt::active partial pressure for equal partial p.rossuros 
of reactive oxygen e.nd nitrogen. 
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<f'"-¢'curve for 286°K irradiation of a polycrystalline Ta2o5 film which was sputtered in a 

rea~tive p~rtial pressure of 7 x io-6 torr nitrogen and lr.3 x lo-5 torr oxygen. 
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interface to the number of lattice sites within the gap. For 

where 8.o For 20 A gaps, Ct /V 3 x 10 

a cylindrical gap of radius r and length 1, 

2 r _l. 
C -ac; aot""' ~~""--~~~ (6-1) 

r21/a 3 
0 

0 -1 
is the lattice constant. • 

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 defect concentration will 

be a nonlinear function of fluence. In this case, d¢/dc, the 

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

(6-2) 


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

crd is the displacera.ent cross-section, ,,,J is the 

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

the ratio of the capture cross-sections of unsaturable traps 

to vacancies (assuming interstitial migration). Figure 6-5 

shows the <J-¢> results for the non heat treated film of Fig. 6-2 

replotted as d¢>/dc:r vs er. As shown by equation ( 6-2), the 

resulting linear relationship demonstrates that the experimcnta.l 

results are consistent with defect migration to the interface 

du1·ing irradiation. 
-1

The intercept at er::: 0, given by {b",..>ffd) , is estimated 
18 2

to be 10- cm • As discussed in Chapter V,. ,.Jud, the effective 

Rutherford danrnge cross-section is CEJlculated to be 2 x 10-J.9 cm2• 
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Thus, &' is estimated to be 2. 5 %/at-% defects. The slope of 
-1 -1

the dst>/dcr vs~ curve is given by (b.P<rd) (S"qtCt) • Using a 
-1Ct value of 3 x 10 , qt 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 

were responsible for the observed nonlinearity of the LT-¢> curve, 

the slope of the o-<f. curve, da-/d¢1, would be a linear function 

ofcr. The curve dO-/d<fJ vsa- 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 c9nductance increase with 

fluence. 

Figure 6-6 illustrates the reciprocal slope of the 6" - ¢> 

curve (d¢/do) as a function of er for an air heat treated film 

which was sputtered in a reactive partial pressure of 1.5 x 

10-5' torr nitrogen and 1. 5 x 10-5' torr oxygen. The d<P/dcr vs er 

curve is initially nonlinear, but it becomes linear for er >3%. 

The linear portion of the d~/d~ vs ~ curve suggests that the 

nonlinearity of the <l-¢ curve may be due to defect migration to 

unsatur·a.ble traps. Replotting the ()_¢'curve as d<r/d 4' vs er 

produces a nonlinear curve over the complete range of experi­

mental points (Fig. 6-6), illustrating that the nonlinearity of 

the conductance increase w.tth 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 er less than 

3% the nonlinearity of the d~/d~ vs ~ curve suggests that a mechan­

ism in addition to defect diffusion to the gap-island interface 

may be occurring at low values of fluence 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 Ta2o •
5

6.3.1 	b Films sguttered in a Reactive Partial Pressure of 
7 x io- Torr Nitrogen ..and 4. 3 x lo-5 Torr Oxygen 

Figure 	6-7 shows the (f"- d> curve for a film sputtered in 
-6 a reactive partial pressure of 7 x 10 torr nitrogen and 

4.3 x 10-5 torr oxygen replotted as the reciprocal slope of 

the <J- ¢1 curve ( dtP/da) as a function of q-. The nonlinearity of 

the d¢/d~ vs a- curve indicates that migration of defects to 

unsaturable traps during irradiation is not the dominant 

mechanism responsible for the nonlinearity of the conductance 

increase with fluence (the a-- if curve). Since this film consists 
0 	 0 

of 1,500 A grains of Ta2o5, rather than small (50-100 A) regions 

of Ta2o5, the lack of recombination at unsaturable traps in 

this film is consistent with the proposed model, i.e., in 

isle.nd-structure films, recombination of defects occurs at 

unsaturable centers at the ga.p-island interface during irradia­

tion .. 

The absence of gap-island interfaces in this film 

suggests that the mechanism responsi21e for the nonlinearity 
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of the o -	 r/> curve may be a combination of spontaneous recombina­

tion and 	close-pair thermal annea.ling, since saturation of 

damage is expected to occur ultimately by this mechanism. The 

lfnearity of the &r/d¢> vs a- curve shown in Fig. 6-7 indicates 

that these mechonisms do occur. The slope of the du/d<P vs a­
2 . 1 •3 x 10'"'18 cm giving. . a val f m equa~., t o 7 fcurve is 	 , ue o or 

f 

Ta2o5 irradiated at room temperature. This value of m is 

greater 	than the value of 4 found for low temperature jrradia­

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-pair thermal recombination 

which is 	expected to occur at the higher temperature than at 

the lower temperature. 

6.3.1 	c Films SDuttered in a Reactive Partial Pressure of 
3 x 10-0 Torr Nitrogen and 3 x io-6 Torr Oxygen 

This section will consider the conductance changes 

which occur for fluences less than 5.3 x io17 p/cm2 • The 

large 	 conductance decrease occurring for fluences greater than 
17 25.3 x 10 p/cm ·will be considered in section 6.3.2. 

As discussed in Chapter v, the radiation-produced change 

in the conductance of the films consists of two components: 

an increase in conductance due to enhanced tunneling and a 

concurrent decrease in conductance due to damage in the connected 

metallic islands. ~l.1hus, it is proposecl that the ob.served 

initial increase in the u- <f~ curve for films sputtered in a 

r0::ict:tve 	pa:rtial pressure of 3 x io-6 
• 

torr nitrogen and 3 x io-6 
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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 2 


tance decrease due to metallic damage. At 3 x io p/cm

the conductance increase due to the tunneling mechanism becomes 

smaller than the conductance decrease due to metallic drunage, 

,producing the observed decrease in the a- - ¢>curve up to 5. 3 x 

101? p/cm2• 

This model is consistent with the data presented 

previously in Chapter IV where it was shown that the conduc­

tance increase at 10
16 

p/cm2 decreases with decreasing total 

reactive partial pressures, for total reactive partial pressures 
-5of 1 x 10 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 Ta4o. Using a value of 

resistivity increase of 5A-...ia-cm per atomic-% defect concentra­
42

tion and assuming a value of m = 500 for BCC Ta 8, the 

2
conductivity decrease at 1016 p/cm due to damage 	within metal­

-5 1lie :regions of the film is calculated to be 8 x 10 (.t.w'<.~cm)- , 

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

agreement with the observed conductivity increase 	due to the 

en...~anced tunn0ling mechanism, and may serve to reduce the net 
16 2

observed conductivity increase at 10 p/cm • 

Assuming dR, the increase in resistivity per unit 

defect concent1·ation, to be approximately independent of the 

oxygen dop?.J1.t concentration for BCC Ta, the r2.diation-prodtlCE,d 
"' 
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2conductance decrease (-dcr : dR/R ) per unit defect concentra­

tion increases as the dopant concentration within tlle islands, 

and thus R, the resistivity of the islands, decreases. This 

may account for the observation that the slope of the o- cf; 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 the er - </> curves during irradiation to 

2 x 1018 p;·cm 
2 

for films sputtered i n a to tal reac t ive partiei 

pressure greater than 2 x 10- J torr may be due to the large 

value of R possessed by the non BCC Ta islands of these films, 

i.e., metallic drunage is expected to occur in these films, but 

the magnitude of the resulting conductance change is insuffi­

cient to significantly affect the conductance change which is 

attributed to the enhanced tunneling mechanism. 

6. 3. 2 fQ.n.~1.p,ctC]J!.Q.fr Dep:i;:_~ 

For both heat treated and non heat treated films 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 

roor:i temperature, as well as the lack of a r~.diatlon-procluced 

conductance dec1·ea.se 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 '11a2o5, ther•9by in.c1·0asing the 

height of the tunneJ.:tng barrier and reducing the tunnellng 

probability. 

http:dec1�ea.se
http:fQ.n.~1.p,ctC]J!.Q.fr
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Before discussing the room temperature radiation­

produced conductance decrease, it may be instructive to con­

sider the significance of the fact tha~ a similar conductance 

decrease is not observed for irradiation at 30°K. As discussed 

in Chapter v, only close-pair annihilation of defects occurs 

during these low temperature irradiations, and since one member 

of the stable vacancy-interstitial pairs will act as a donor 
79while 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-prodnced conductance change is proportional 

to the concentration of radiation-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

ent values of mobility and different capture cross-sections at 

recombination centers, perfect compensation is not expected to 

occu.:r during room temperature irradiation" This lack of com­
. 

pensation will result in a radiation-induced shift in the 

Fermi lev(~l. An. excess of radiation-produced acceptor 
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levels+ relative to radiation-produced donor levels would cause 

a lowering of the Fermi level, with a resultant increase in the 

tunneling barrier and a decrease in the magnitude of the conduc­

tance. 

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

baTrier is given by 

(6-3) 


where Ne is the density of states in the conduction band, isV0 

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(tj>). This 

equation is plotted in Fig. 6-8 for Nc =V =1 and bC(¢) in
0 

relative units. From this Figure it may be seen that the height 

of the tunneling barrier will be independent of the concentration 

of uncompensated radi.ation-produced acceptors until this concen­

tration approaches that of the non-stoichiometric oxygen vacancy 

donors. At this point the height; of the tunneling barrier will 

suddenly increase with increasing fluence, accounting for the 

observed threshold fluence for the radiation-.produced conductance 

decrease., 

This threshold f1uence will increase as the concentra­

tion of non-stoichiometric oxygen vacancy dono:rs increases. 

--...-------~---·----------·-----·--·-~-·-------

+In analogy '\'fl th metals, the surviv:i.ng defects may be oxygen 
vacancies <:i.nd tantalum vacancies.. Although oxygen vacancies are 
normally expected to act as donor defects and tantaJ.urn vacancies 
as acceptor· defects, it cannot be intrinsica.lly deterrai.ncd whether 
donor or acceptor defects should predominate in the present case 
since this '1nor·mal 11 situation does not necessarily aPJJly to oxides 
for large defect concentrations h such as exist as a result of 
j,1'radi_ati on to f'lnEmccs greater than 5 x 10 ' 7 plcm • 
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The observed increase in the threshold fluence with increasing 

total reactive par~ial pressure is in agreement 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 metallic islands. The 

·apparent saturation of the threshold fluence for films sputtered 
-5in total reactive partial pressures less than 2 x 10 torr 

suggests that the diffusion distance for oxygen atoms during 

the fifteen-minute heat treatment at 500°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 reactive partial pressure. 

The observed increase in the total conductance decrease 

with increasing total reactive partial pressure is in agreement 

with the proposed model since, as the total reactive partial 

pressure increases the average non-stoichiometric oxygen 

vacancy concentration will incrca·se, 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, ci.s the total rea.ctlve partial pressure increasesc 

For island-structurEJ filns which have been .irradiated 
18 2 18 2 

to between 1.5 x 10 p/cm and 2 x 10 p/cm at 300 
K~ about 

20% of the dam.age recovex•s during isochronal annoaJ5ng experi­

ments carried out to a. maxirrmrn teraperature of 300
0 

K; i .. e.; a 
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le.rge conductance decrease, analogous to that observed during 

room temperature irradiation of different resistors from the 

same substrate, does not occur. This suggests that, after low 

temperature irradiation, sufficient.close-pair recombination 

occurs during the heating of the film that the defect concen­

tration availe.ble 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. 

81
Thus, the film conductance g may be approximated by (see Appendix 

C) 

g = g + g (6-4)
t m 

where gt and gm are the components due to the tunneling mechanism 


and the metallic conduction mechanism respectively. To within a 

-1factor of e , the tunneling probability is proportional to 


1/2 8 
exp (-dB ), where dis the width of the gapo Assuming 

m = 500 for .the islands, damage within the islands w:i.11 effec­

io17 2
t 1ve. 1y sat urat eat a fluence of 1 x pcmI ; i.e.,· gm wi·11 b e 

constant in the fluence range where the radiation-produced con­

ductance decrease occurs. Thus, from equation (6-~-), 

-dBl/2 
. g = gle + gm ( 6- 5) 

where gt is given by the first term on the right hand side of 

the equation" 

From equation (6-2), for a tunneling distance of d = 2r 

in A, and for <r =b' C(¢), 

10c<q) > ;-:, ,1_~__1sr .q_ (6-6) 
. Vd­



124 


16for¢>) 5 x 10 p/cm2 • Substituting equation (6.-6) into equation 
112

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

gives 

(6-7) 


where A is a constant. According to equation ( 6-7), a plot of' 

ln (~1/2 d~/d¢) vs ¢1/2 should yield a straight line. The experi­

~Antal points for a film sputtered in a reactive partial pressure 

of 1. 5 x io- 5 torr nitrogen. and 1. 5 x 10-5 torr oxYgen 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 
-6in films sputtered in a reactive partial nressure of ? x 10 

torr nitrogen and 4.3 x io- 5 torr oxygen is consistent with 

the proposed modelc The annealing'studies of Chapter Vindicate 

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-pair or correlated recombina­

tion occurs mainly. Room temperature irradiation 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 0 4 fuJfilill...gJ:Y 

This chapter has considered changes in film conductance 

during roo~ te:nperature irradiation for fluenccs up to 2 x io18 

p/cm2 .. Three different types of film structures were j_nvestjgatea.: 
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1) films composed of Tal+O islands largely surrouµded by Ta2o5; 

2) films composed of BCC Ta islands largely surrounded by 

Ta2o5; and 3) polycrystalline films of Ta2o5. 

For films composed of Tal+O islands largely surrounded 

by Ta
2

o5, the nonlinearity of the conductance tncrease 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 Tal+O islands 

is attributed 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 Tal+O. 

For fluences exceeding a tl}reshold 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, 

a.s a result of unequal concentrations of stable rad.iation­

produced donors and acceptors. Uneaual 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 nonlinoari ty of the er-¢ curves for continuous~ 

polycrystalline Ta2o5 films is attribu.ted to a nonlineal" ~:ate 

of defect production with fluence ns a result of the orcurrence 

of spontaneous recombination and close..,.palr thermal Bnnf,£iling. 

The absence of <l -¢ curves which are characteristic of de~ect 
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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 III) 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 

acceptors- a situation which is postulated to occur in the 

absence of defect recombination at gap-island interfaces. 
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EFFECTS OF RADIATION DAMAGE ON FITJ1 TCR 


7.1 General 


This chapter concludes the investigation of radiation 

damage on reactively sputtered tantalwn 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 
18 2 

up to 2 x 10 p/crn • In addition to the "useful" temperature 

range of 303°K to lto3°K for resistor operation, TCR measure­

ments were also performed over the range 33° K to l,.tf-° 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 Jfx.P..erimeµj~2J ~~ult§. 

Figure 7-1 shows a plot of the percentage change in 

film conductance as a function of temperature for an air heat 

treated film sputtered in a reactive partiu.1 pressure of 
-5 -52 x 10 torr nitrogen and 2 x 10 torr oxygen, both fol' an 

unirr.a.dia.tcd film and for the same film after irrad:tatl.on to 
18 2

2 x 10 p/cm • For the unirradinted film tho conductance 

increases as a linear function of tempernture ove1• the range 
0 t> ~ 

30 C to 130 c. The TCR is -86 ppm/0 
1,;, where the TCR,cl, is 

J.28 
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defined by 

(7-1) 


where g(30°C) is the film conductance at 30~C. The value of 

g( 30° C) is unchanged by heating the unirra.diated film to 130°c. 
18 2

After irradiation to 2 x 10 p/cm , the conductance 

increases as a linear function of temperature over the range 

30°c to l00°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 shmm. 

in Fig. 7-1, the TCR has increased to -196 ppm/°C from -86 ppm/0 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...t<.mhos. After completion of 

the TCR measuraments, the conductance at 30°c had decreased by 

o. 28 Amho. For all island-structure fj.lms investigated, thd 

conductance decrease at room t~~perature following a post­

irradiation TCR run was equal to the difference between the 

actual conductance at 130°C and the value obtained by extrapolat­

ing the linear portion of the post-irradiation TCR curvo~ This 

former quantity will be referred to as the post~irradi[iti0n TCR 

conductance decrc::i.se., Heatj.ng the films to 130°C does not 

produce any obrrervable chanee i.n the slope of the l:ln.ea:c po:rtj.on 

http:po:rtj.on
http:Heatj.ng
http:decrc::i.se
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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 l00°C) 

as a function of fluence for an air heat treated film sputtered 

a ive part·aii l0- 5 torri n react . pressure of 2 x Ill•trogen and 

2 x 10-5 torr oxygen. This TCR ratio increases rapidly with 

fluence, for fluences less than 7 x io17 p/cm2• For larger 

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 1.1.o K. The unirradiated film"T'"f" 

has a TCR of -65 ppm/ 0 0 over this temperature range. For 

fluences less than 6 x io17 p/cm2 this TCR ratio increases with 

fluence. For larger fluences this ratio decreases, becoming 

less than unity for fluences in excess of about 6 x io17 p/cm2• 

Figure 7-3 shows the post-irradiation TCR conductance 

decrease measured at 3o"c, as a function of flu.ence 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. For fluences 

of 2o5 x 1017 p/cm2 or less there is no change in the room 

temper·ature con<luctance following a post-irradiation TCR run. 

For larger fluences the post-irradiation TCR conductance decrease 

increases rapidly with fluence., reaching apparent saturation at 

2.11- x 1018 p/cm2 • Fj.gure 7-lr- illustrates the post·"irradiation 

18 2
TCR conductance decrease at 2 x 10 p/c.:n. as a function of 
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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, ten-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 

·44°K as a function of annealing temperature, for a film which 

was sputtered in a reactive partial pressure of 1 x 10-5 torr 

io18nitrogen and 3 x 10-5 torr oxygen and irradiated to 2 x 

2p/cm • 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 l50°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. 

As discussed in Chapter III, the measured conductance 

of the films consists of two components, that due to tunneling 

and that due to metallic coriduct:l.on v1.e. connected metalltc 

islands .. Thus, the film conductance g may be approxj_;int-;ed by 

(7-2) 

where g1 and g2 are constants, E is thG a.ctivation cnel'eY f'or 
• 

83 
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the activated tunneling component,o( m is the TCR of the metal­

lic component, and t 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 

(7-3) 

for ..<mT <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 i·egions, 

i.e., the effect on film conductance of damage in the metallic 

islands is very much less than the effect of damage within the 

oxide regions. In terms of the present notation, this. m0ans 

that Y = '({(<p) increases with fluence. Hm-rever, a comparison 

of equations (7-2) and (7-3) shows that the ratio of the effect 

on film TCR of radiation-produced damage in the islands to 

damage in the gaps is increased by a factor of cJ.. mkT2/E relative 

to the ra.tio of the effect on film conducta~ 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 relative to radiation-produced changes in the 

tunneling component of TCRe Since E depends on the geometr·ica.l 

• 
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structure of the film, E is expected to be independent of 

fluence. This was verified previously stnce the enhanced con­

ductance could be accounted for over three orders of magnitude 

influence by~(~). If E were a function of fluence, this 

would not occur. Thus, from (7-3), the dependence of TCR on 

fluence may be written 

(7-4) 


where 

E 
-E/kT

A= _rs1e___ 

kT2 

and 

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

long as damage occurs within the islands. Assuming the nu...fjb2r 

of unstable sites 8 surrounding each defect to be 500, th:ls 

damage is expected to saturate at about 1017 p/cn/. Since much 

larger fluences (2 x io18 p/cm2 ) are employed in the present 

case, c<m is considered to be constant for purposes of discussing 

the che.nge in film TCR during irradj_ation. 

For fluences less than that corresponding to the threshold 

for the conductaJJ.ce decrease, the enhanced conductance j_s 

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

defects through which enhanced tunnelirig c<m occuJ:. Thus 

http:conductaJJ.ce
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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 

Since€ C(¢) .( 1, the numerator of the second term of equation 

( 7-6) w:i.11 be a greater function of fluence than the denominator 

of that term. Since €C(¢) increases with fluence, 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 described 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 

~JiD- oe (J - r~))f A~{¢} - BJ (7-7)
el.. (o) g(¢) ( l - ~(¢) 

In this region, g(¢) and X(¢) decrease with¢. Thus, the term 

[1 - 't(¢)]/g(¢1) increases with increasing fluence, while 

p~~~) - B decreases with increasing fluence. The net 

resti_lt of tho:.:;e t'\m terms is that, for flu.onces in excess of 

t.he threshold for the radtation-prodaced conductance decrease, 

the TC£{ ratio j_ncreasos very sloirly with fluence. Physj_c<:il1y, 
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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 attributed 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 necative. This postulate 

was verified experimentally by measuring the film TCR at low 

temperatures (33°K to h4°K) o owing room empera ure irra ia­f 11 . t t . d' 

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 radiation-produced conductance decrease, 

the TCR ratio does become less than unity, giving additional 

evidence for the proposed model., At sufficiently low tempc1·a­

tur es· the TCR ratio would be expected to become negative, i.e., 

the fj_lm TCR should b1:~come powitive., The fa.ct that. this is 

not observed :i.s attributed to the infl.hili ty of the present 

equipment to attain sufficiently low tempe:t'atures .. 

r 



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 from 33°K 

to 44° K than when measured from 303° K to 373° K. In the former 

case, the smaller proportion of the negative TCR component 

prod1:1ces 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 would be a 

function of ta~perature 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 
48

of the height of the tunneling barrier, or about 1 ev. The 

fact that this temperature dependence is not observed in 

irradiated films indicates that 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:1 freo carriers \fould be captured. by the donor 

levels rather than by the radiation~~produced defe::c:t levels as 

the fi1m.s are cooled; i. e~, the free carrier concentration is 

doterm::l.ned principally by the oxygen vacancy donor concentra•» 

tion, ·wtth a small perturbation occurring du.e to the presence 
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of radiation··produced defects. During this cooling process, 

any carriers initially trapped in the raQiation-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 Nonline~r TCR Regioq 

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 t~~perature 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 decrease, 

the decrease produced by heating may 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 i.rJ.ter­

face between 100°C and 130°C. This would produce an excess of 

acceptor defects, ·with a resultant shift in the Fermi level. 

Since the magnitude of the thermally-produced conduc­

tance decrease depends on the concentration of radiation­

produced donor defects which can migrate to the gap-island 

j_nterface during a post-irradiation TCR run, the magrdtudE! of 

the conductance decrease is expected to increase as the gap 

size decreases. As shoi:·rn by electron microscopy, the dlmens:i.or13 

of the gap regions decrease as the total reactive partial 
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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. 

?.3.3 TCR Annealtug 

The difference in the conductance recovery and the TCR 

recovery as a function of temperature indicates that different 

recovery mechanisms 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 ~4°K. 

As da111age 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 wj_th relatively 

little recovery for higher temperatures (150°K to 300°K) is 

generally characterj. stic of dan1D.ge recovery in metals 8 and 

is in. agreement with the proposed model of a metal.lie conduc­

tion mechanism and a tunneling conduction mechEmisra acting 

concurrently. 

• 

http:dan1D.ge


7. 4 summ.?-..r.z 

Following irradiation at 286°K, the film TCR, as 

measured from 303°K to 373°K, becomes more negative v:ith 

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. radiatj_on 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. Ho·wever, when 

the fj_lms are heated from 373°K to 4o3° K, a threshold fluence 

exists, above which the conductance measured at 303°K decreases 

after the films have been heated. This conductance decrease 

is attributed 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 radic.tion-produced accE:ptors equals the ini.tial con­

centration of ionized donors. 

Following irradiati.on at 286°K, the film TCR was also 

measuJ'ed over the range 33° K to 44"K as a functj.on of fluence. 

These low temperature 'l'CH measure1rrents 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 

http:functj.on
http:irradiati.on
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with fluence is qualitatively similar to the variation of film 

conductance with fluence, again suggesting that the radia.tion­

produced chanee in film TCR is the result of a change in the 

proportion of the film TCR which is due to the tunneling mech­

anism: for fluences less than the threshold value for the 

radiation-produced conductance decrease, the film TCR becomes 

more negative due to an increase in the proportion of the 

tunneling mechanism rela.tive 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 become less 

negative when measured in the vicinity 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 lf4"K anneals much more rapidly f1·om 50DK to 150°K 

than from 150°K to 300° K. This is attributed to an annealing 

of radiation-produced defects within interconnected metallic 

islands as well as within the gap oxide regions. 
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CONCLUSIONS 

Due to their high resistivity and low TCR, reactively 

sputtered Ta films are used extensively as resistive elements 

in microelectronic circuitry. In many applications, where 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 wa-s undertaK:en in 

an att~npt to fill this void. 

The films were prepared by reactive sputtering in 

oxygen and nitrogen simultaneously. Results of electrcn micro­

scope j.nvestigations are consistent with a film structure 
0 

consisting of connected metallic islands (typically 100 A) 
0 

largely surrounded by Ta2o5 (typically 50 A),, This oxide, 

initially amorphous for as-deposited films, crystallizes during 
• 0

heat treatment of the films at 500 c.. Conductance measu:r.ements 

as a .function of temperature are in agreement with this struc­

ture, suggesting that conduct:i.on occurs by activated j_nter­

island tunn0ling (having a negative te:npernture coefflcient of 

resistivity) acting concu.r·rently ·with metallic conduction via 

http:conduct:i.on


connected islands (having a positive temperature coefficient 

of resistivity). F:lect~eon microscopy shows that heat treated 
-6 

films reactively sputtered in a partial pressure of 7 x 10 

-5torr nitrogen and 4.3 x 10 torr oxygen consist of polycrys­

talline Ta o • Although the resistivity of these films is2 5
relatively high ( 4 x 104.A..n.-cm), the large TCR (-2,000 ppm/°C) 

generally prohibits these films from being used as resistors. 

However, these films are significant for the interpretation of 

radiation-damage experiments since they do not contain a large 

concentration of gap-island interfaces. 
16 2

Results of room teraperature irradiations to 10 p/cm 

are used as the basis for a model which is proposed to explain 

the conductance increase observed after irradiation of dis{!on­

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 oxideo 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 (sputterlng of 

the surface oxide, hydrogen-ion implantation, and radiation­

produced defect levels within the surface oxide), but these 

were ·round to be incompatible with experimental observations. 

Low te:nperature ( 30" K) d2nw.ge and isochronal anneal­

ing experiments were performed tn order to provide furthe:r 
• 
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insight into the daniage mechanisms, thus forming a basis for 

the understanding of high fluence (2 x 1018 p/cm2) room temper­

ature damage results. F'or n.on 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 sta-ges: the 101.v temperature stage {34° K to 

150°K) is attributed to close-pair or correlated recombination, 

and the second stage (150°K to 300°K) is attributed to the 

misration of defects to sinks at the gap-island interface. 

This thermal migration of defects to the gap-island 

interfaue accounts for the linear increase in inverse damage. 
rate with increasing damage concentration which is observed 

of about 6 x 10 p/cm the conductance decreases function 

for non heat treated films during room temperature irradiation 

for fluences in excess of io16 p/cm • 
2 

For fluences in excess 
17 2 , as a 

of fluence, approaching apparent saturation at about 2 x 10 18 

p/cm2 • This decrease in conductance is attributed to an increa~e 

in the height of the tunneling barrier as the result of a 

radiation-produced shift in the Fermi level. This shift is 

asc:ribed to the production of unequal conc0ntrations of stable 

donor and acceptor defects as the result of annihilatlon of 

unequ_al concentrations of dono:r de:fects and acceptor defects 

a.t gap·~island interfaces during irradiation.. 



The negative TCR (measured from 3o•c to loo·c) of the 

unirradiated films becomes increasingly negative as the result 

of irradiation. This is ascribed to an increase in the pro­

portion of the gap conduction mechanism of negative TCR relative 

to the metallic conduction mechanism of positive TCR. 

Since the resistivity and TCR of these films changes 

by typically l percent at a fluence of 1016 p/cm2 , the films 

are relatively suitable for use as resistors in a radiation 
8>+environment. In comparison, the gain of bipolar transistors 

will fall to unity at fluences which 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 

circuit properties are relatively independent of the propertie~ 

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 wlll be effectively 

attenuated by almost any material surrounding the films and, thus, 

should not produce a significant amount of damage. In contrast 

to this, conventional bulk devices require a considerable amount 

of shielding since high energy radiation may possibly be stopped• 
within the devj.ces, thus causing a considerable an1ount of damage. 
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APPENDIX A 

THE RELATIONSHIP BETWEEN THE CHANGE IN FILM CONDUCTANCE DUE TO 

ENHANCED TUNNELING AND THE RADIATION-PRODUCED DEFECT CONCE.L"'fTRATION 

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. l and Island No. 2, is given 

by 56 

(A-1) 

where e is the electronic charge, T(E_x) is the transmission 

coefficient for carriers of energy Ex in the tunneling direction, 

N1(F'X)dEx given by 

N1(Ex)dEx : vxdPx~ f 1g1dPydPz (A-2) 

is the number of electrons per unit area per unit time in the 

energy range Ex to Ex + dE_x which are available to tunnel through 

the barrier, where r1 is the Fermi function for metal 1 having a 

density of states g1 , and Vx • dE;x/dPx is the x-directed velocity 

component of a carrier having momentum Px• The net current 

betwe.en islands, given by the difference of the component currents 

in each direction, is 

(A-3) 

http:betwe.en
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Taking metal No. 1 as the reference level for an applied voltage 

v, 
= [ 1 +- exp( E-?t) /kTJ-l (A-l+)f 1 

where~ is the Fermi level and E is the carrier energy, and 

(A-5) 

Assuming free-electron metals and small applied voltages, 

substitution of equations (A-4) and (A-5) into (A-3) gives 56 

(A-6) 

__ __Fenley 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 e~hanced current for a 

trap located at position x is given by 

where Tt(Ex) is the transmission coefficient of 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~ is a function of Ex 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 concentratlon of traps. This total current 
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may be written 56 

Jtotal(V) = J(V) +JC(x) Jt(V) dx (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, gtotal' is given by 

=~Jtotal 
dV 

= g+f C(x)gt(x)cix (A-9) 

where g, the initial conductance before enhancement is given by 

(A-10) 

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

at position x is given by 

From equation (A-8), the value of o- defined as gtotal - g 
g

is given by 

(A-12) 
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APPENDIX B 

DEFECT CONCENTRATION AS A FUNCTION OF FLUENCE 

As the fluence ¢ increases by dp, the increase in the 

concentration of radiation-produced interstitial-vacancy pairs, 

dCd, is given by 8 

(B-1) 

where Na i.s the atomic concentration, o d is the displacement 

cross-section, and v is the average number of secondary knock­

ons per primary knock-on. The increase in the concentration 

of stabl~ defects is given by 

(B-2) 

where 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 er is given by er =~ 1Nd where b 1 
/ -1

(= ~ (1-tPc>cnv) ) (see equation (4-6) is the effective percent 

conductance change per unit defect concentration, i.e., f> 1 
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) 

(B-3) 
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For sufficiently low fluences f(¢) may equal unity, in which 

case 

(B-l+) 

Now consider some specific cases where f(~) is not unity. 

1. SDontaneous RecQmbination 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 

1-v pairs produced by the irradiation, but not necessairly as 

stable defects, be dCd. Then dCd new interstitials may come 

to rest on a fractional concentration of either mNv unstable 

sites or (1-mNv) stable sites, where Nv is the fractional 

vacancy concentration. Thus, the fraction of intersti.tials 

formed on stable sites is (1-mNv), and dN1 , the increase in 

the fractional concentration of stable interstitials is 

(B-5) 

Slnce defects can recombine only by mutual annihilation at low 

temperatures, Ni= Nv =Nd and equation (B-l+) becomes 

(B-6) 

where ~ is the percent conductance increase per fractional 

defect concentration. 
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2. ~~combinst1Qn 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. 
m

If N1 , Nt' 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 

(B-7) 

and the rate of production of stable vacancies is given by 

(B-8) 

where~= ~It is the proton flux density, rv the capture 

cross-section of the vacancies, rt 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 j_rradiation 

temperature, stationary conditions can be assumed 78 , i.e., 

d.N1m/dt = O. Thus, solving 78 equation (B-7) and (B-8) gives 

(B-9) 

where qt = rtlrv and ~ is the percent conductance increase per 

fractional defect concentration. 
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APPENDIX C 

FUNCTIONAL DEPENDENCES OF li'ILM CONDUCTANCE 

This Appendix summarizes the various functional 

dependences of film conductance which are discussed in the 

text of the thesis. 

Conductance Eauation 

As shown experimentally in section 3.4.1, electrical 

conduction in the films can be considered to occur by a 

tunneling mechanism and a metallic conduction mechanism 

operating in parallel. If these mechanisms are independent, 

the film conductance g may be approximated by 81 

(C-1) 

where gt and gm 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. 

f~perature Dependepce 

The experimental results show the tunneling component 

to possess an activation energy E. The metallic component is 

expected to possess a metallic TCR cl m, giving a temperature 

dependent film conductance 83 

(C-2) 
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Pependence on Defect Concentration 

For fluences less than the threshold for the radiation-

produced conductance decrease, the film conductance may be 

approximated by 

(C-3) 

where c1(¢) is the fractional concentration of empty radiation-produced 

trapping levels within the gap oxide regions, c2(¢) is the fractional 

concentration of radiation-produced defects within the metallic 

islands, Rm is the resistance of the islands, o is the percent 

conductance increase per fractional defect concentration within 

the gap regions, andf is the percent resistance increase per 

fractional defect concentration within the islands. 

Pepend~.nce on Tunnel Barrier 

The tunneling portion of the film conductance is 

proportional to the tunneling coefficient which may be 

approximated 82 by exp(-d.Bt), where d is the tunneling distance 
0 

in A and B is the barrier height in eV. Thus, 

http:exp(-d.Bt
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