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SECTION 1.0

INTRODUCTION AND SUMMARY

This report describes results of an investigation of radiation effects
on semiconductor devices used in electro-optical sensor applications. Emphasis

is placed on determining the basic mechanisms of the interaction of radiation
with such devices with a view toward gair. ,g understanding of benefit to devel-
opers of radiation-tolerant devices. Secti',- 2.0 describes results of a study
of ionizing radiation effects on silicon MOS devices at cryoqenic temperatures.
In Section 3.0, findings of an investigation .)f the mechanisms of radiation
effects on extrinsic silicon detector materia) are presented. Section 4.0
describes results of a study of neutron- and ionizitig-radiation :fftcts on

charge-coupled devices. In Section 5.0, the topic of a neutron Jamage coeffi-

cient appropriate for' silicon depletion regions is addressed. The remainder

of the present section summarizes major findings reported In this document.

A study of ionizing radiation effects on silicon OS devices was per-

formed at temperatures ranging from 4 to 770 K. Emphasis was placed on corn-
paring behavior at 40K with that at 77 K for the purpose of Oetprmining whether
electron trapping is important at the lower termperature. Various experimental
techniques were employed to obtain appropriate, pre- and post-irradiation elec-
trical data nn the M0OS capacitors employed a'_s test vehiclesi Conventional C-V
measurement techniques are inapplicable at 40K because of carrier freeze-out.
it is therefore necessary to generate sufficient majcrity carriers to maintairn
charge neutrality as the silicon substrate is swept from accumulation to deple-
tion. This was accomplished here by two approaches: 1) use of optical excita-
tion; 2) use of the Co60 gamma rays employed for ir-adiation as a source of
carriers, thereby permitting C-V measurements durin bombardment. Comparison
C-V measurernants were made at 18-20°K using solely thermal excitation of car-
riers. It is the compelling conclusion of this w:ork that charge buildup at
40K in irradiated SiO2 films can be described exclusively in terms of hole

trapping since results observed at 770 K, which previously have been success-
fully modeled on this basis, are identical to the lower-temperature findings.
Strictly speaking, this conclusion should be modified to apply specifically to
the case of the wet oxides studied and to the particular irradiation conditions
employed (steady-state ionizing radiation--20 minute time scale--104 rads'Si)).
It remains a possibility that significant electron trapping my be observed or

+ I9



shorter time scales, and this issue should be addressed. We also raise the
possibility that electron trapping and transport in SiO2 may be dependent on

oxide processing conditions.

An investigation of the basic mechanisms of radiation effects on extrinsic
silicon detectors was initiated. Such devices are becoming technologically im-

portant because of their suitability for the fabrication of monolithic focal-
plane arrays to be utilized in infrared imaging applications. The work reported
here constitutes the beginning of an effort that will continue in a subsequent
program during 1979. We first provide a detailed background discussion of radi-
ation effects on extrinsic silicon. Experimental results obtained on neutron-
irradiated S':S, Si:Zn, and Si:Au are then presented. Hall measurements were

performed as a futhction of temperature before and after bombardment in order to
determine carrier removal rates. It was found that the introduction rate of

compensating defe'-ts depends strongly on the depth within the forbidden-gap of
the intrntional dopant level. Specifically, a donor level 0.19 eV from the

conduction band (sulfur) appears to be compensated nearly as effectively as a
shallow donor (arsenic). On the other hand, the carrier removal rate was found

to be considerably smaller for an acceptor level 0.31 eV from the valence band
(zinc). Interpretations of the data obtained to date are given, as are sug-
gestions for relevant future investigations in this area.

A detailed study of radiation effects on charge-coupILJ devices has been
performed, with emphasis placed on examining changes in dark current density
produced by bombardment with neutrons and with ionizing radiation. Devices

from two manufacturers were examined: CCDs and MOS capacitors from Hughes Air-
cr~af (HAC) and CCDs from Fairchild Semiconductors (CCD 311). The MOS capaci-
tors were used to obtain a neutron damage coefficient appropriate for describing
increases in the generation-center density in silicon depletion regions. Capac-
itors were also employed to obtain gamma-ray damage coefficients associated with

increases in surface generation velocity at the SiO2-Si interface. The rate of
increase in dark current density for neutron-irradiated CCDs was measured and
found to be very similar for HAC and Fairchild CCDs (3.5 x 10-11 nanoamps per
fission neutron for the Fairchild device). A discussion is presented which
indicates that a moc;rate reduction in the operating temperature of a CCD should

.J substantially reauce its sensitivity to the production of dark current by neutron
bombardment. The HAC CCDs studied were found to be quite sensitive to the effects

* 10
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of ionizing radiation when irradiated under power. Short-term annealing
measurements were performed in which dark current density in the CCD 311 was
monitored as a function of time following pulsed neutron bombardment. As an
example, at 20 sec after irradiation the dark current annealing factor was

S~1.7. This means that, at a given fluence, the neutron-induced increase in
L dark current density is a factor of 1.7 larger at 20 sec after bombardment

than it is at some much longer time (such as 30 minutes).

In the MOS capacitor studies mentioned above, a generation-lifetime dam-
age coefficient (Kg) was obtained that is appropriate for introduction of damage
in silicon depletion regions by neutron bombardment. The value obtained, 7.0
X 106 n-sec/cm2 , appears to apply for depletion regions in both n- and p-type

silicon at room temperature and also is a good value for use over a moderate
temperature range (-240 to -370°K, the range studied). We explored the possi-
bility that this damage coefficient might be useful for predicting the effects.
of neutron bombardment on silicon devices. We have found that leafage current
data obtained for various neutron-irradiated silicon devices, including rCDs,
PIN diodes, and JFETs, can be described reasonably well using a model which in-

corporates the unique value of Kg obtained in this investigation. Agreement
between calculations and experimental results is within a factor of - 2 in
most cases, which suggests that the calculational approach employed is suit-
able for making reasonably accurate estimates of neutron-induced increases in
dark current for silicon devices.

fL.
4
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SECTION 1.0O

IONIZING RADIATION EFFECTS ON MOS DEVICES AT CRYOGENIC TEMPERATURES

2.1 INTRODUCTION AND BACKGROUND

The transport properties of holes in silicon dioxide films grown oil sili-

con were the subject of study in our laboratory ")veral year% ao, a*d the "

mechanisms of transport a",e now reason~ably well Understood, at least to the

point where predictions can be made for the performance of MOS devices operated

at cryogenic temperatures. 4 ' 5 The hole conduction process was found to be gov-

erned by traps distributed in energy and space. This process was therefore

strongly thermally activated, so that near-permanent trapping of holes occurs

at low-to-moderate applied fields at cryogenic temperatures (77°K).

In the above studies, which were performed at 77°K or above, electrons

were found to be transported through the SiO2 films on a time scale short com-

pared to the experimental resolution (10 psec). Consequently, there oas no

evidence of trap-limited conduction for electrons. Moreover, previous studies

of electron transport through SiO films revealed that the electron mobility

was quite high for amorphous material (on the order of 20 cm2 /V-sec), and ex-
hibited a decrease with increasing temperature, which is consistent with domi-

nance by scattering processes rather than activaticn processes. It thus ap-

peared that electron t-ansport was of a fundamentally different character than

hole transport. Electrons are apparently governed by their intrinsic, or

scattering-limited, mobility whereas holes drift with their characteristic

scattering-limited mobility only on a time scale of nanoseconds before being

trapped. It is also possible, however, that trap-limited conduction of elec-

trons might manifest itself at temperatures low compared to the previous region

of measurement. If that is in fact the case, then opcration of devices at such

temperatures at which electrons are semipermanently trapped could serve as a

partial remedy for the problem of'positive charge buildup at cryogenic tempera-
4

tures. The compensation of trapped holes by trapped electrons could have
practical merit even if it were transient. In any case, the possibility of

such trapping in SiO2 films deserved examination.

To make it plausible that electron trapping at low temperatures might be

observable, it is worthwhile to discuss the hole conduction process qualitatively

in more detail. The trap-limited conduction process has been successfully

12
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modeled by two very different approaches. One is based on a multiple-trrping

picture, in which holes transported thiough an oxide film under the lnfluetica.

of an applied field incur a probability of being trapped in states wikh-are

distributed in energy within the band gap. The deeper states have lon•er de..

trapping tines, so that a given hole population which is suddenly introduced

progressively distributes itself in the deeper states, thus reducing the ap-

parent mobility with time, and giving rise to exceedingly "dispersive" trans-

port. The trap density of states which fits the data for the oxide studied in

detail in our laboratory is a simple one in which the density is an exponenti-

ally declining function of depth in energy from the band edge.7 Such a density

of states function has the virtue of being physically reasonable for a disord-

ered solid.

The alternative model for the description of hole transport is the purely

statistical stochastic transport model of Scher and Montroll, as applied to the

case of SiO2 films by McLean et al. 6 " 0  That model, referred to as Continuous

Time Random Walk (CTRW), does not presuppose a physical mechanism for the ori-

gin of the dispersion in carrier transport. In particular, it has been shown

to encompass the multiple-trapping model as a particular case under' certain

conditions.1 1 In general, however, the dispersion in transport can arise from

a number of possible mechanisms. A genieralized description has the advarcage

that all manner of observed dispersive transport processes can be treated

within the same framework, but one difficulty is that the parameters of such a

model are not easily associated with unique physical interpretations.

R. C. Hughes has likewise treated the hole transport problem in SiO2

films in terms of "-he CTRW model, and ascribed deviations from that model at

early times to the manifrestation of intrinsic hole mobility prior to trapping. 12

This intrinsic mobility is also found to be thermally activated, and to be rel-

atively small compared to electron mobility. The activation energy of about

[ 0.16 eV is taken tc, imply polaronic hopping motion. McLean et al. 9 observed

charge transport governed by activation energies of less than 0.1 eV at low

temperatures which were likewise interpreted in terms of polaron motion. The

higher temperature behavior is governed by activation energies similar to .those

observed in an oxide studied at Northrop3 ( 0.4 eV).

If it can be established that the hole transport data necessarily imply a

V .13
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spread in the density of states at the valence band edge of a certain magnitude,

then it is possible to argue that the same mechanisms give rise to a distribution

of states at the conduction band edge, although the width in energy may be differ-

ent. In thce multiple-trapping model of hole transport, the trap enery levels which

are. found are measured with respect to the valence band edge, and the implication

is that the density of states falls off exponentially from this edge, with a spread

on the order of 0.4 eV. On the other hand, a number of different mechanisms of trap-

limited trahsport could be subsumed under the CTRW model. It the polaron model is

valid--ard the weight of evidence in papers referenced above appears to be strongly

in favor of small-pol :iron forrnation for holes-.then the dominant activation ener-

gies characterizing transport (0.4 eV) would be interpreted in terms of the polaron

binding energy. A spread in the observed activation energies co-ild be interpreted

in terms of a distribution of band-tail states ascribable to disorder, but an in-

terpretation in terms of a site-dependence of the polaron binding energy may be

more appropriate, in which case no inference could be readily drawn for. the den-

sity of states at the valence band edge. However, even in the event that no ap-

peal can be made to our knowledge about the valence band edge, general arguments

can be given for expecting at least some tail in the density of states at the con-

duction band, and these are given below.

It is helpful to recall at this point that the oxides which were originally

fitted in terms of the multiple-trapping model arnd the CTRW nodel, respectively,
were in fact quite different in their dispersive transport behavior. The oxide
studie4 at Northrop3 indicatel a wide distribution of energy levels, whereas the

oxides which yielded the best fit to the cne-paranmter "TRW model showed very

little spread in activation energies.9 The implication is that processing differ-

ences between different oxides could result in a considerably different spread of

the density of states at the valence band edge, and, by implication, at the con-

auction band edge.

It has been argued above that a spread of energies at the valence band edge

h;is similar implications for the conduction band edge, and Yet it is clear from

the electron transport behavior already observed that the "scale" of this spread

,s very different in the two cases. Molecular orbital theory can be used to ex-

plain this difference. Electronic structu,'e calculations have been perfonved on

Squartz which showed that changes in the Si-O-Si bond angle intreduce significant( 13
:hanges in the valence band edge. A distribution of such bond angles, as i'z

likely to be present in amorphous SiO2 , Is therefore sufficient to explain th0

4, 14
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spread of energies implied by the multiple trappinq picture (0.4 eV). The effect

of this variation in bond angle on the conduction hand edge is considerably re-
duced, according to the molecular orbital picture Similar conclusions may be

drawn from another studty of the electronic structure of amorphous SiOq, Quartz
and crlstobalite.1 4 The effect of bond angle variatlons on the valence bond den-

sity of states is greater than that of topological disorder. By contrast, the
conduction band densi~y of states reveals a relatively larger influence of dis-

order.

In addition to the above very general arguments, we may cite the observation
of a tail in the con%,.ction-band density of states by means of photon-assisted tun-

neling measurements of electrons from aluminum into the St12 conduction band. 15

A Gaussian tail of width 0.1eVgave a fit to the data in most cases, except for an

Stnarinealed oxide, where a width of 0.25 eVwas indicated. A profound influence of

processing on the apparent band tail is suggested by these findi ngs. The magnitu('.

of 'he tail, however, is vuch that one would expect to see trapping-dominated mo-

bility even at room temperature, unless the tail s).tes are likewise "extended"

states, or characteristic only of the interface. It is possible in the latter case
that the applied field is sufficient to promote electrons (which have tunnel!'d into

such tail states) into extended states of the bul":

The above considerations justify the attempt tt ascertain the existence of

shallow electron trapping. That the trapping must be shiallow is clear from the ob-

servation of scattering-limited conduction at room temperature on the one hand,
0and the fact that trapping does not manifest Itself aL times <10 psec near 77 K

on the other. 3

In the present study, charge buildup measurenv.,nts nder gamma irradiation

were employed to reveal whether compensatio; of trapped holes by electrons occurs

at 40 K. A number of different-experimental methods wvre utilized and these will

be discussed in turn, along with the results otcained with each.

2.2 EXPERIMENTAL METHODS AND RESULTS

2.2.1 Measurements of Flatband Shifts at 4°K Ut inOjptical Fxcitation

Charge buildup measurements were performed on room-temperature radiation-

hard oxides grown pyrogenically at 925°C to various thicknesses by Hughes Air-

craft Company (Lot KA-Og). Dry oxide films (1000 0C growth) had previously been
characterized in our laboratory at 77°K. 3 '4  Standard capacitance-versus-voltage

15



data were obtained at 1 MHz in that case to determine the charge buildup via

shifts in the flatband voltage. Corresponding measurements were now required

at 40 K. In the latter case, however, carrier freeze-out renders conventional

techniques inapplicable. It is therefore necessary to generate in some manner

sufficient majority cirriers to maintain charge neutrality conditions in ther bulk as the gate voltage is swept from accumulation to depletion. That is,

the dielectric relaxation frequency (= pc, where p is the resistivity and 6
the dielectric constant) must be sufficiently high for the majority carriers

to follow the applied ramp'wavefonn. This requires a silicon resistivity of
no more than about 1011 ohm-cm, or a caruier concentration on the order of 103

cm" 3 . A second criterion is imposed by ths. requirement that the majority car-
riers must be able to maintain equilibrium conditions of depletion width. That
is, the rate of capture and emission of majority carriers for the shallow donor

sites must be sufficiently rapid.

In the initial experiment of this study, optical excitation was used to
furnish majority carriers, and, to minimize the degree of excitation required,
C-V measurements were made at 3 Hz rather than 1 MHz. In practice, the optical
signal level was increased untif the 3-Hz capacitance signal in accumulation

nearly saturated, and thus the dielectric relaxation frequency increased to
approximately 3 Hz. The optical excitation was furnished by an incandescent

filament (renmoved from a flashlight bulb) which was placed in proximity to the
sample (about 3 rmi). The sample and filament were placed in a heliuri exchange
gas environment to permit variation of sample temperature, and this prevented

premature oxidation of the filament.

4Samples were exposed to a total dose of 10 rads (± 10%) in the expcsure
room of the Northrop Co-60 source. This required a period of 20 minutes, not
including a period of about 5 minutes for raising, and 5 minutes for lowering,

the source. Irradiation wa: performed in the dark, and th2 optical signal was
employed anly during perieds of neasurement. Detection of the 3-Hz signal was

*J
The limiting modulation angular frequency is given by w = cn(n + n1), where

cn is tne (electron) capture probability, n is the equilibrium electron con-
centration, and n1 is the electron concentration !f the Fermi level were at
the shallow donor energy level position. No requirements are placed on equi-
librium with respect to minority carriers (Ref. 16).
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by means of an Ithaco 391A heterodyne locl:-in detector. Insufficient phase

stability was observed for tht internal reference of that lock-in (due to pre-

vailing lin3 voltage transients) and an HP-3310A (or B) was etiployad instead,

itn conjunction with a voltage regulator.

The sample holder provided for the simultaneous irradiation of four ca-
pdcitors. These were measured sequentially starting four minutes after the
source descent was begun, at which time the dose rate was negligible. Due to

the use of 3-Hz modulation, filter time constants 1&rger than 1 sec had to be

used, requiring low ramp rates. About one minute was required tn obtain one

CV-curve. In order to forestall any field-Induced transport during the meas-

urement time, sample biases were reduced on all four devices at the same 4-

minute point. During the measurement itself, biascs were kept sufficiently

low that field-induced hole transport did not occur. For the typical sample

thickness of 970 , the bias was held to 2V (2 x 10 V/cm), just sufficient to

display the flatband shifts which werei typically on the -der of one volt.

The circuit for the experiment described is shown in Figure 2-1. Sample tem-

perature measurements were made by means of a carbon resistor and a platinum

resistor.

Since the majority carriers are frozen out at 4 K, the device equivalent

circuit at this temperature is that of a capacitor with a dual dielectric of

SiO2 and silicon. It is important to establish what fraction of the applied

bias appears across the oxide in such a device. It was hypothesized that under

irradiation the induced conductivity of the silicon would be 9ar greater than
that of the SiO2 , and that therefore the applied bias would be dropped almost

entirely across the oxide. The narrower band gap of silicon results in a pair

generation effectiveness which ir five tirms greater than that of SiO2 . Both

carriers are mobile in silicon, and the mobility ratio is in excess of 103 with

respect to estimated electron mobilities in SiO2 . The electric field strength

is a factor of five greater in the SiO2 than in silicon by virtue of differ-

ences in dielectric constant. On the other hand, the silicon thickness is

considerably greater than that of the oxide (by a factor of 103), and little

can be said about relative lifetimes in the two materials a priori. During the
;. course of the experiments a direct test of the relative conductivitie• under

1I , irradiation confirmed that the bias is indeed dropped entirely across tLie ox-

ide, and this test is discussed below.

k, . 17
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Results of measurements of flatband shift after 104 vads (Si) irradiation

t at 40K are shown as a function of gate bias in Figure 2-2 for a sample of 970 1 1

thickness. Shown on the same figure are comparable data taken at ý7'K using the

same experimental method (bit no optical excitation). These latter data have

E been previously described successfully in terms of a field-depandcnt charge
yield at low field intensities, :1 hole transport out of the oxide at high

field intensities.4 In that previous modeling of transport, it was assumed
that all electrons Aere swept out of the oxide prior to measurement. The agree-

ment of the sets of data at the two temperatures suggests strongly that no sig-

nificant electron trapping occur- at 40K on the time scale of the measurement.

Several questions may be raised about the validity and generality of this

finding. There is first of all tue possibility that the optical excitation

also resulted in local heating of the sample. The temperature-sensing resiskor

was located some 5-6 mm awvay from the dual-in-line package to which ihe device

was bonded. Whereas it indicated a temperature of the sample mount of no mere

than 60K dLring measurement, the proximity of the optical source to the device

makes it difficult to rule out some local heating of the oxide film with rte

spect to the sample holder. An upper bound of less than 19°K for the resultant

s•tmple temperature is implied by the fact that carrier excitation was optical
rather than thennal in nature. 1hermal excitation of sufficient carriers to

permit a CV measurement would have required a silicon temperature of about
19OK. The conclusion that the excitation was in fact optical rather than

thermal was b,qed on the observation that the power which had to be supplied

to the fill•ment to obtain the required excitation in the silicon gradually
increased over time, S.ogestive of gradual oxidioi of the filament. Since

the th•rmal resistance between the filament and the device should not be a

cunction of time, the excitation mechai-ism htkd to be optical rather than

thermo l.

A -ýect;rPd question about this measurement co,,cerns possible excitation of

elect'rons out o," shallow traps by means of the optical signal used to generate

the ir-,ority carriers. The fact that we did not observe any change In flatband

shift during the course of measurement, however, suggests that excitation and

sweep out of trapped charge would Lave to occur on a time scale short compared

4to a minute, implying inordinately large photoionization cross sections -for

19

I) __



1.6 - - - r - r

MOS CAPACITORS
n-TYPE, KA-09

0 91~
0 10 rods(S I)

0

1.2[ 0 0

0. 8 ci

0.4

* CK (OPTICAL EXCITATION)

L70 APPLIED VOLTAGE (vo:ts
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such traps. A third possibility is that aiy shallow electron traps may be
subject to field-enhanced excitation much more readily than thE deeper hole
t ',i~, Whereas this cannot be ruled out, it can be stated simply that if elec-

Lion trapp'ng does not prevail at typical sample biases, th3n it holds no prac-
tical interest in any case.

2.2.2 Measurements of Flatband Shoft at 18-20'K

rhe concern about possible optical excitation out of electron traps moti-

vated an alternative approach in which excitation of the requisite majority
carrier concentration was achieved thermally. The irradiation was still per-

formed at 40K, and the sample temperature subsequently raised just enough to
permit CV-measurement at 3 Hz. Preliminary to this measurement, the 5-Hz ca-

pacitance signal in accumulation was measured as a function of temperature in
order to ascertain the temperature dependence of the majority carrier concen-

tration, or, more directly, of the dielectric relaxatior frequency. These data
were obtained with an Ithaco 395 narrowband voltmeter, which is preferred here
by virtue of the fact that it yields the magnitude of tie signal independent ofIJ
signal phase. (The magnitude is derived from the vector of sum of the outputs

of two phase-sensitive detectors in quadrature.) 5 Hz was the lowest frequency
of operation at which phaselock to the reference could be iraintained. Results
are shown in Figure 2-3. Saturation of the capacitance signal is seen to re-

quire about 19-20 0K for this sample. Results of measurements made using ther-
mal excitation during measurement are shown in Figure 2-4. Comparison data
taken at 770K ar• shown in Figure 2-5. and the composite of these data sets is

illustrated in Figure 2A. Again, results indicate no significant difference
between the charge buildup observed at 77°K (where electrons clearly do not
play a role) and that observed after 40K irradiation.

On the basis of these results, one may draw the conclusion that electron

trapping does nct play a role in charge buildup at 19-20°K on the tine scale of
the present experiments. This temperature is just sufficient to excite a small
fraction of the shallow phosphorus donor levels located 0.045 eV from the con-

duction band. The fraction ionized may be determined as follows: the dielec-

tric relaxation frequency of 3 Hz at operating temperature implies a carrier

concentration in the bulk of 2 x 10 cm3 , on the assumption of 2 x 10 cm2 /V-
sec mobility. The net donor doping concentration is 2 x cm3 , yielding

an ionized fraction of 10 We would expect similar fractional ionizat-..

L. 21

*

r , _ _



T (OK)
20 19 18 17

10.0

5.0-

JV 2.0-

0.5

0.2

C'0.1j

Lk 0.05

0-02

0.01 j
0.048 0.050 0M052 0.05A 0.056 0.058 0.060 0.062

1/T (oKl-)

Figure 2-3. 5-Hz capacitance signal in accumulation as
a function of reciprocal temperature. The fal,-
off at low temperature governed by dielectric
r\elaxation is illustrated.

w~t 22

4
A

I•. 2I



MOS CAPACITORS
2.0- n -17PE. KA-09

0 970A OXIDE THICKNESS

18 104 rads(SO)
4.20 K IRRADIATIONTEMPERATURE

1.6 o 1 st RUN .-
0 2nd RUN
& 3rd RUN

1.4 - v 4th RUN

S1.2

J 1.0

40.8

tz

V-6•0.6-

0.2

0 1 2 3 4 5 6APPLIED FIELD (xIO V/cm)

Figure 2-4. Flatband voltage shift in MOS capacitors
r as a funiction of bias applied during irradia'!..n

to 10q rads(Si) at 40 K. Measurements were made,
usinq thermal excitation (19-2 0 0K).

23
- _!~m~



MOS CAPACITORS
2.0- n -TYPE, KA-09

970.A OXIDE THICKNESS
1.8- v rads(Si)

778 I.R R UN770 K IRRADIATION
fi TEMPERATURE

1.6 -oC 1st RUN
0 2nd RUN

1.2-
1.0.(

I>

0.4-

0.2

0 1 2 3 4 5 6
APPLIED FIELD (x10 6 V/cm)

( Figure 2-5. Flatband voltage snift in MOS capacitors

I as a function of biasoapplied during irradiationto 10 rads(Si) at 77°K.

I

• 24

is



! i I I I -

MOS CAPACITORS
2.0 n-T PE. KA-09

S0 970A OXIDE THICKNESS

0s 104 rads Si)
1.8 0 •IRRADIATION

o TEWPERATUREi 1.( 0 77°OK

1.4-
0 0

x 1.2

t, 1.0-

cc

S0.6
~O.A -JJ

0.4

0.2

0 I 2 3 4 5 6
APPLIED FIELD (x1O6 V/cm)

Figuee 2-6. Comparison of flatband-voltage-shift data
obtained at 19 and 770 K (composite of Figures
2-4 and 2-5).

ki2t

, ~~25 'i!



of traps of such energy level positi.on with respect to the conduction band in
the SiO2 if density of states factors were the same. The latter affects the
argument quantitatively to some degree, but we can state within the bounds of
this approximation that electron traps on the order of 40 meV or deeper are not
emptied significantly by raising the sample temperature to 190K for weasure-
ment. We have therefore ruled out the existence of a significant population of
electron traps (i.e., significant relative to the density of hole traps) deeper
than about 40 meV in this oxide by the present test.

We were required to operate at 190K for the purpose of achieving a dielec-
tric relaxation frequency of 3 Hz to accommodate CV measurements. The same in-
formation may be obtained by quasistatic techniques, as first described by

Kuhn. 1 7 In this measurement, the majority carrier current is measured as the
MOS capacitor is swept between accumulation and depletioa. The condition for
the validity of such data is that the dielectric relaxation frequency be high
enough for the majority carriers to follow the ramp. The signal bandwidth is
thus reduced, permitting reduction of the sample temperature commaensurately.
If the same ramp rate is used as in the above measurement, the signal band-

width is reduced an order of magnitude with respect to the 3-Hz CV method, and

reference to Figure 2-3 shows that this peromits operation at a temperature of
about 17°K.

The experiment was therefore repeated for a number of sample biases using
the quasistatic method. Results of a pre-irradiation run are shown in Figure
2-7 for a sample of 970 1 oxide thickness. The capacitance voltage curve shows

two dips between the accumulation bias condition and flatband. A dip can re-
sult from the depopulation of shallow dopant levels as the Fermi level crosses
the dopant energy level position. The appearance of two dips in this case was

not explained, The dips wpre not observed post-irradiation. Likewise, they
were not observed under 3-Hz modulation, presumably due to overmodulation in

that case.

Results of flatband voltage shifts using the quasistatic method were com-
pared with 3-Hz modulation data taken at 20°K. The data are summarized in

Table 2-1. Good agreement between the two methods was found; the differences

that do exist were unsystematic, and indicative of the basic reproducibility

2of our methods.
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Table 2-1. Comparison of 3-11z and quasistatic measurements of flatband voltage
shift at 200K after a 104 -rad irradiation at 40 K.

Device # Applied Field Flatband Voltage Shift (Volts)
Quasistatic 3-iz

1 1.06 x 106 1.53 1.55

2 2.12 x 106  1.82 1.79

3 3.2 x 106 1.72 1.70

4 4.26 x 106 .1 0.74 0.78

A second measurement was therefore made, in which the quasistatic data

were taken at the lowest convenient temperature. Under conditions of a sweep

rate no less than 100 mV/sec, hysteresis in the quasistatic CV curve manda.ed

an operating temperature of no less than 180K. Results obtained under these

conditions are shown in Table 2-2, where they are compared to 3-Hz data taken

at 200K before and after irradiation. After the latter measurement, the quasi-

static value was again obtained at 180 K. The data are once again in good agree-

ment, although in this instance the 3-Hz value of flatband shift tends uniformly

to be somewhat smaller than the quasistatic value. That this is unrelated to

charge rearrangement between 18 and 200K is confirmed by the reproducibility

of the quasistatic measurements nerformed both before and after the 3-Hz meas-

urement at the higher temperature (Table 2-1). We may therefore conclude that

the results of measurement dt 180K are identical to those obtained at 200K.

The range of electron trap energy levels which could be effective in charge

buildup is thus even further restricted.

Table 2-2. Additional comparison of 3-Hz and quasistatic measurements of
flatband voltage shift (dose = 104 rads (Si)).

Flatband Voltage, VFB VFB

Pre-Rad Post-lrradiation
Device Applied 3-Hz Quasi- Ouasi- 3 Hz Quasi- Quasi- J-Hz

# Field (20OK) static static (20OK) static static (200 K)
x 106 V/cm (180K) (180K) (180 K) (180 K)

1 1.61 -. 150 -. 151 +1.51 +1.47 +1.50 1.66 1.62

2 2.12 -. 120 -. 129 +1.61 +1.57 +1.60 1.74 1.69

3 2.68 -. 062 -. 153 +1-69 +2.68 +1.69 1.84 1.74

4 3.23 -. 134 -. 190 +1.43+1.41 +1.43 1.62 1.59
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2,2.3 Pirect Measurements of Flatband Shift at 4' K

The first experimental attempt to perform a 4.2°K experiment utilized the

fact that majority carrier charge for sensing the transition between accumula-

tion and depletion can be made available from the: charge stored at the inter- I
face under accumulation bias conditions. The experimental method is as follows:

The capacitor is brought to equilibrium ini accumulation prior to irradiLtion by

momentarily raising the sample temperature to 19gK under accumulation bias. The

sample temperature is then lowered to 4.2 0K. As the temperature is decreased,

the majority carriers freeze out throughout the silicon bulk, but the accumula-

tion charge remnains in the conduction band in a thin region, on the order of

100 1- or so, at the surface. To establish the pre-irradiation flatband voltage,

the bias is swept from accumulation to inversion. At flatband, all of the major-

ity-carrier charge in the accumulation layer will have diffused into the silicon

bulk, and the resulting current transient can be sensed in the external circuit

in the usual configuration for quasistatic capacitance measurement. Once the
charge has dissipated, however, it cantiot be restored (in finite time!) at that
temperature, so the measurement is one-shot. After restoration of the appropri-

ate accumulation bias, irradiation of the sample is initiated. The capacitor

00
Smay either be brought to equilibrium charge distr~bition agl•in at 19 K prior to

irradiation at 4 K, or the irradiation may proceed directly at the latter tem-

perature, in that the carriers generated by the irradiation will restore the

capacitance to equilibrium in accumulation promptly.* After irradiation, the

flatband voltage may again be sensed by sweeping the bias once from the irradi-

ation bias to depletion.
{*

The statement that such equilibration does take place under gamma irradiation is
closely allied with the earlier assertion that the applied bias is dropped en-
tirely across the oxide even in the carrier freeze-out temperature regime. That
this is in fact the case was demonstrated by an experiment in which the charge
transport through the oxide was measured under bias at the prevailing gamma dose
rate. A current of 2.5 x 10-10A was measurEd at 41.3V bias L4.26 x 106 V/cm).
This implies an effective insulator resistance of 1.65 x 1011 ohms. Since the
observed current is far larg'r than that which could arise from carrier genera-
tion within the oxide, it is in fact dominated by currents generated within the
associated cabling and sample mounts, which are likewise exposed to the gamma
source. Thus, the above value of resistance represents an overestimate of the
induced conductivity of the oxide. Turning now to the silicon, the observed
dielectric relaxation frequency of 120 z indicates a resistance of 10' ohms.
The resistan,;e ratio of greater than 10 implies that the bias is applied ex-
clusively across the oxide. A second argument can be given from the data them-
selves. The agreement of the bias dependence of flatband shift at 40K with that
at 770 K is proof, a posteriori, that identical bias conditions must have existed
across the oxide in both cases.

29

H,



I
In an initial measurement of the pre-irradiation flatband voltage by

this method, results were lound t, differ from our expectations in several re-
spects. In the first place, the ibserved signal was found to be corsiderably

smaller than expected. The current waveform was therefore dominatec :trongly
by capacitor displacement current. *rhe capacitor dielectric in this case con-

sists not only of the SiO2 but of the silicon bulk, yielding a total device
capacitance somewhat less than 1 pF. To compensate this displacement cLrrent,

a bucking circuit was added, and the resulting experiiiental design is illus-
trated in Figure 2-8. Data obtained with this circuit are shown in Figur\ 2-9,
where curve (a) shows the current waveform after the interface has been brought

to equilibrium in accumulation, and curve (b) shows a subsequent trace in which
accumulation charge is absent. The difference between the two curves is due to
the accumulation charge, and the bias at which the charge disappears should
yield the flatband condition. The magnitude of the observed charge was found

to be considerably less than that which would be observed if the majority car-
riers were to transit the whole silicon bulk. One possible explanation for
this is in terms of trapping of the majority carriers in ionized donor sites.
A certain concentration of compensating acceptors inevitably exists in the ma-

terial, and an equal concentration of shallow donors will therefore have yielded
their charge to these compensating sites. A good estimate of such compensation
in CZochralsk, material is 3 x 1013 cm 3 . The capture cross section at ionized

18donor sites is quite large, so that carriers are readily trapped. Numeri-
cally, it is found that the charge released from the interface is approximately
equal to the number of ionized donors, under the above estimate. The mean

transit distance of carriers is therefore predicted to be on the order of one-
half of the silicon thickness. The observed signal current was small compared

to the value expected on this basis, and other mechanisms must be operative.
It is possible, for example, that mobile carriers are trapped not only at ion-
ized donor sites but also at neutral sites, leading to a shorter transit dis-

tance. The result in any event is the buildup of space charge in the silicon,
since the detrapping times are large compared to experimental time scales. The
measured flatband voltage is thus determined as much by the fixed charge exist-

ing within the silicon as that existing within the oxide. It becomes clear

that this experiment requires more refined treatment. Such analysis would have

been performed but for the availability of a more direct experimental option.

Under the circumstances, this experimental approach was abandoned, and is

k•. 30
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Figure 2-8. Schematic diagram of the experimental method for measuring
flatband voltage utilizing accumulation charge. The method is es-
sentially a quasistatic measuiement with a bucking circuit to com-
pensate for the prevailing displacement current transient.
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Figure 2-9. Quasistatic measurement of flatband voltage at 4°K using
accumulation charge. Shown are results with accumulation charge
present (Curve a) and without such accumulation ch3rge (Curve b).
The difference in curve shapes is ascribed to the accumulation
charge, and the break in the curve taken to yield the flatband
voltage.
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reported here for the reason that it does ncnstitute a useful tool for the
characterization of semiconductors in the freezsout regime when suitably an-

alyzed.

An unambiguous method of establlsh'.,c wrcther electron trapping exists
at 40K which is unobservable at 18-200K ce'mists in measuring any charge trans-
port which occurs under bias as the sample temperature is raised to the higher
temperature after irradiation. This relatively more straightforward method
was employed to ascertain that no significant electron trapping occurred in
these oxides at 4.2 0 K. The experimental method consisted in irradiation of
capacitors under bias, with maintenance of the bias as the source is lowered
(i.e., dose rate - zero), and subsequent measurenent of charge transport as
the sample temperature is raised from 4 to 200 K. The sample bias is held con-
stant throughout. A Keithley 616 was used in the charge integration mode to
yield charge directly; also, current was measured using a Burr-Brown 3523L

electrometer operational amplifier. The total charqe p (coul/cm 3) generated
by an ionizing dose-y (rads (Si)) in the oxide can be calculated from the

known pair creation energy of 18 eV. The relat-ionship is4 p = 1.26 x 10-6 v.
At the applied bias of about 25V used in this experiment, nearly all of this

charge would be collected in the absence of trapping; i.e., the probability of
geminate recombination is small. 4

!n the first experiment, four capacitors were connected in parallel to
enhance the signal-to-drift ratio. The devices were exposed to a dose of
5 x 103 rads(Si). The maximum possible trapped electron charge therefore atounts
to about 9 x 10" 10 C. If all of this charge were to be transported through the
oxide, the charge measurement in an external circuit would be half of this, or
4.5 x 10" 10 C. The amount of charge actually measured iwhen the temperature was
raised came to about 7 x 10-2 C. If this residual charge were indeed due to
electron trapping, the trapped fraction is clearly too small to be oF practical
significance. It is not in fact possible to ascribe the observed charge ex-

clusively to electrons released from traps during the temperature excursion
since it is known that a hole trap distribution exists, and it is possible that
some holes are released from shallow traps as well. So the measured charge
places an upper limit on the possible electron trapping, and this limit is in-
deed a very low one.
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ISince this experiment was critical to our conclusions, it was subsequently

repeated with fresh devices. Irradiation was to 104 rads (Si), and the charge

transport ,oserved on a single device amounted to 4 x 10"12 C, or 1.8% of the

maximum po.sible charge. A measurement of another capacitor on the same chip

after an additional irradiation yielded a value of 9.4 x 10- 12 C. Although the

quantity of charge measured is not highly reproducible, the conclusion remains

firm that electron trapping on the time scale of the experiment (20 minutes) is

insignificant. This experimental method would be quite useful to examine the

possibility of radiation-induced shallow electron traps, by extension of the

measurement to larger doses, but this was not done.I0
An additional experimentai method for CV-measurement at 4°K was pursued

in our desire to make the experiment as direct is possible, and the conclusion

rigorous. Advantage was taken of the fact that the carrier concentration re-

quired to perform lowý-frequency CV-measurements can be generated by the ioniz-

ing radiation itself. The generation rate of the Co-60 gamma source was

3 x 1014 carriers/cm3 sec for our conditions, and with an estimated carrier

lifetime of 10-10 sec (both majority and minority cArrier lifetimes need to be

considered here), a carrier concentration of 3 x 10 cm 3 was estimated, lead-

ing to the expectation of a rather low dielectric relaxation frequency (about

7 Hz). Initial measurements were therefo-e made under gamma irradiation with

an excitation frequency of 1 Hz usinig the Ithaco 391A lock-in. The conditions

of measurement were not auspicious, since qamma irradiation of the long cable

runs to the sample holder gave rise to considerable noise. The resulting CV-

curves were not promising for the recovery of flatband voltage. Operation at

the low frequency of 1 Hz is expected to yield the typical low-frequency ca-

pacitance curve, in which the minority carriers are able to meintain equilibri-

um with the modulation in inversion, resulting in the observation of the oxide

capacitance both in accumulation and in inversion. Measurements at higher fre-

quencies were expected to yield the high-frequency capacitance, and this was

confirmed. Signal-to-noise ratios also improved at higher frequencies. To

establish the magnitude of the dielectric relaxation frequency under the given

It generation rate, measurements were then made of the capacitance signal in ac-

cumulation as a function of frequency using the Ithaco 395 lock-in, and the

results arc shown in Fiqure 2-10 for the freqaency regime of 5 Hz to 2 kHz. IThe fit to the data indicates a dielectric relaxation frequency of about
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120 Hz. Measurements were therefore made of CV-curves using 100 Hz modulation,

and the curves obtained were free of siqnificant noise.

Values of shifts in the flatband voltage at 4°K obtained using the above

technique were found to be lower than those obtained using the conventional

3..Hz CV-measurement at 20°K. Comparisons were made for two oxide thicknesses

and fur a number of gate biases. The observed shifts ranoed from 0.60 to 0.83

of the corresponding conventionally measured values. The possibility existed

that the measurement method involved a certain constant error, and one irradi-
4ation was therefore performed to a dose of 4 x 10 rads to yield a larger abso-

lute shift. The 4°K measurement again yielded a value which was about 0.83 of

the conventionally measured one. These results prompted the revival of the

hypothesis that some electron trapping might have been present and responsible

for this reduction in net charge buildup, An additional experiment was there-

fore undertaken to resolve this conflict with our previous findings. It was

supposed that since the experimental method employed here is unconeventional,

some difficulties relating to the method itself might have given rise to the

discrepancy.

A sequence of measurements was made post-irradiation in which the flat-

band voltage was first measured under gamma excitation at 40K. then the sample
0temperature was raised to 20 K and the flatband voltage remeasured convention-

ally. Finally, the temperature was once again dropped to 40 K, and the source
raised to remeasure the flatband voltage at 40 K. Results of this sequence of

tests are shown in Table 2-3 for two runs. The flatband shifts measured at

4°K are cnce again smaller than those measured at 20°K, but the significant

finding is that these lower values are reproduced after the sample has been

taken to 20°K, and any (hypothetically) trapped electrons have been released.

The explanation for the observation of a lesser shift at 40K therefore must lie

elsewhere then with electron trapping, and our earlier conclusion stands con-

firmed. It may be noted that whereas the flatband shift at 4°K was reproduced

very well before and after the "anneal", the reproducibility from run to run

is quite poor. The randomizing variable has not been identified and the issue

was not pursued since the principal purpo, s of the experiment had been accom-

plished. Some additional comments on this technique are in order, however.

3
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00Table 2-3. Sequential measurement of flatband shifts at 4 K and 200K.

First Run:

1. AVfb (40 K, under gamma excitation, 100 Hz): 1.060V

2. AVfb (20°K, thermal excitation, 100 Hz): 1.275V

3. Vfb (40 K, under ganmma excitation, 100 liz): 1.060V

Second Run:
1. AVfb (40 K, under gamma excitation, 100 Hz): 0.762V
2. AVfh (20°K, thermal excitation, 100 Hz): 1.077V

3. AV (40K, under gamma excitation, 100 Hz): 0.762V

It had been clear from the outset that this experimental approach was
fraught with pitfalls. The gamma dose rate is clearly sufficient to affect
the capacitance-voltage curve by charge-up of existing interface states. If

the difference in observed flatband shift may be ascribed to such effects,
then it is not unreasonable to suggest that a dose rate does exist which on
the one hand permits CV-measurements to be made at tractable modulation rates,
and on the other hand produces only small perturbations of the capacitance-
voltaqe relationship. If a dose rate on the order of 10% of the prevailing
dose rate had been used, for example, an operating frequency of 30 Hz would
still have been feasible, and the prompt--as opposed to cumulative--effects of

the gamma dose rate on the observed flatband condition would be reduced an

order of magnitude, to quite manageable proportions. This is particularly

true when it is noted that one need not operate with such small flatband

shifts as those to which we have restricted ourselves in this experiment.

Unfortunately these speculations were not tested, but are nevertheless pre-

sented as a possible avenue for the examination of oxides urder carrier-

freezeout conditions.

In an attempt to understand gamma-ray effects on capacitance-voltage re-

lationships, measurements with and without gamma excitation were compared at

various temperatures, and the results are shown in Figure 2-11. In Figure 2-11a,

comparison is made of a CV curve obtained at 4 K under gamma irradiation with a

200K CV curve obtained without gamma irradiation. The flatband voltages in both

cases are approximately the same in this pre-irradiation measurement. The sig-

nal amplitude in accumulation is not the same in the two cases, however, despite

the use of an identical modulation amplitude and the use of a modulation frequency

36
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(100 Hz) less than the dielectric relaxation frequency. This could be due to
F - voltage division between the silicon bulk resistance and the lock-In amplifier

input impedance, but that possibility was not checked. When CV measurements
0made at 20 K with and without gamma excitation are compared,(Flqure 2-11b), a

broadening of the capacitance step is observed which is indicative of charge-upI of interface and/or bulk states that are susceptible to charge exchange on the
experimental time scales. The curve obtained under gamma flux has the character
of a low-frequency CV curve, so that the inversion capacitance is never exhibited.

0When 1-MHz CV measurements made at 77 K with and without gamma excitition are
compared (Figure 2-11c), the effect of the gamma flux is simply to maintain the
inversion layer in tquilibrium.

2.2.4 Oxide Thickness Dependence of Charge Buildup

Using the conventional low-frequency c;pacitance method described above,
samples with identically grown oxides but different oxide thickness were char-
acterized in terms of flatband voltage shift as a function of gate bias. (Wafers
were etched back to obtain the different oxide thicknesses.) The results are
shown in Figure 2-12. The scatter is indicative of the experimental resolution
under the given conditions of long cable runs, etc. The thickness dependence
of the maximum rates of charge buildup is shown in Figure 2-13, where data
points corresponding to a field strength of 2.8 x 106 V/cm are replotted from
Figure 2-12. The observed thickness-squared dependence is consistent with uni-
form charge buildup within the oxide, as is characteristic of higher-temperature
behavior as well (prior to significant hole transport).

The maximum charge buildup which is expected to occur if all the holes

are trapped in the oxide near their point of generation and all the electrons
are svept out may be determined as follows. 4  For uniform charge distribution,
the shift in flatband voltage AVfb is given by

Svfb toxL (1)

The maximum number of free slectron-hole pairs induced by a given dose is 7.9
'12 3x 10 pairs/cm rad (employing 18 eV per pair). We therefore obtain

AVfb = 1.8 x 106 y tox 2  (2)
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applied during irradiation for MOS capacitors with var-
ious 1.•ide thicknesses. Irradtdtions were performed at
40K and CV measurements then made at 200 K.
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For an oxide thickness of 970k, this yields a maximum possTble shift of 1.71V for

a dose of 104 ra.(Si). The observed maximum shifts of 1.25V in Figure 2-12 and
1.45V in Figure 2-2 are somewhat less than the maximum possible value due to field-

induced transport of charge on the time scale of the measurement, which is already
significant at field strengths of 3 x 10 V/cm. Previous modeling of such hole

transport data4 at 770K also indicates that the charge yield is less than 100% at
this field strength. The net effect is that a charge of about 80% of the maximum
value is expected, or a peak flatband shift of about 1.4V. The data are in reason-
able agreement with this expectation.

The data of Figure 2-6 indicate a much larger flatband voltage shift than
the two figures discussed above. The peak value of about 1.9V is clearly in ex-

cess of the maximum theoretical shift. A scale factor error is indicated, since
the data are otherwise well-behaved. The principal point here is the correspon-
dence between the 40K and the 770K data, the latter being well understood, and

this purpose is still served despite any uncertainty in scale factor.

Dosimetry for all measurements was performed by means of an ionization gauge
calibrated for Co-60 gammas. The gauge was placed at the sample position in the
absence of the dewar, and the absorption by the dewar needed to be determined.
This was accomplished in two ways. First, the absorption was measured by means of

TLD's, and determined to be 11%. In view of the uncertainty in TLD dosimetry,

which was taken to be 10%, this value is not too meaningful. A second measurenwnt

was made ;ing charge buildup itself as a dosimetric technique. Charge buildup was
measured in the experimental samples at 77 K at 1 MHz in the helium dewar, and the
measurements were repeated in a glass dewar, for which the absorption was negli-
gible (62%). By this latter method, the dewar absorption factor was found to be

negligible as well, and this latter measurement was accepted as the more accurate.

A second meesurement was made to ascertain whether dose enhancement prevailed

at the sample position. The sarmple had originally been covered with a thin (30 mil)
layer of aluminum to assure dose equilibrium, but a small hole had been cut into

the shield to admit the optical signal during the early runs. The helium exchange
gas chamber was made of stainless, so the possibility of some dose enhancement

could not be %verlooked. An additional run was made, therefore, in which the alum-

inum shield was replaced with one without an aperture, and identical results in j
terms of flatband shift were obtained.
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2.3 DISCUSSION ANO CONCLUSION

It is the compelling conclusion of the present work that charge buildup

at 4K in irradiated Sf02 films can be described exclusively in terms of the
hole trapping behavior which has already been successfully modeled at higher

temperatures (notably 77°K). 4) 5  Strictly speaking, this conclusion should be
modified to apply specifically to the case of the wet oxides studiad and to

the particular irradiation conditions (steady-state ionizing radiation--20
minute time scale). It remains a possibility that significant electron trap-
ping may be observed on shorter time scales, and this is a matter which sho ld

be further investigated. It seems highly likely on general principles that
trap-limited electronic conduction should be observed on some time scale at

these low temperatures. If this time scale is sufficiently long, it would
still be of technological interest as a means of compensating for trapped

holes on that time scale.

It has not been mentioned thus far that shallow electron traps in oxides
have been the subject of study by others. Most recently, shallow neutral elec-
tron traps have been studied in SiO2 films by thermally stimulated current

19
measurements. The distribution in energy of such traps wis *?ound to be about
300 meV below the conduction band, with an uncertainty of about 50 meV, and a
half-width of the distribution of about 200 meV. These findings are not in

conflict with those reported here. The electron traps in question have very
low capture probabilities, and were found under conditions of electron injec-
tion which exceeded by three to four orders of magnitude the charge generated
in the present penetrating-irradiation experiments. Under conditions in which

both electrons and holes are available for trapping, wc have found the residual

trapped electron charge after a 20-minute low-temperature irradiation to be a

small fraction (no more than about 4% in the present oxides) of the trapped

hole charge. As a final pcint, we have raised the possibility that electron

trapping and transport in SiO2 may be dependent on oxide processing. This pos-

sibility should be considered in further studies.

t. 4
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SECTION 3.0

MECHANISMS OF RADIATION EFFECTS ON EXTRINSIC SILICON DETECTORS

3.1 INTRODUCTION

Extrinsic silicon detectors are becoming technologically important

because of their suitability for the fabrication of monolithic focal plane

arrays. By appropriate choice of dopant, the desired spectral region can be
covered, ranging from the 1-2 pam range for the deep gold level to about 30 pjr

for arsenic or boron. Operation of the detectors is confined to the tempera-I ture regime in which the carriers are substantially frozen out, which ranges
from slightly below O°C for the gold acceptor, to about 100K for boron and

arsenic.

Extrinsic silicon detectors make it possible to take advantage of the

well-established silicon integrated circuit fabrication technolegy to incor-

porate both detector elements and associated readout electronics in a monolith-

ic structure. Intrinsic detectors, by contrast, generally require coupling of

the optically generated signal into silicon readout devices, such as CCD's.

Progress is being made in the development of MIS technologies for InSb and

other candidate intrinsic detector materials, which would permit monolithic

focal plane arrays using these other materials. However, the criteria which

must be satisfied by a charge-coupled device suitable for the infrared are far

more stringent thaih those which apply in the visible region, and the problems

ir that case have been formidable enough. The reason for this is simply that

the signal of interest is generally a small perturbation on the total, or
background, optical signal. As an example, in thermal imaging, small tempera-

ture differences must be made discernible, and thus comparably small differ-
K0

F ences in optical flux must be measurable. A 1°K temperature difference yields

a 1.8% difference in photon fiox at a detector sensitive out to 12 pm, for ex-

ample. If a 100-clement CCD is envisioned to couple out the detected signal

sequentially, then the requirements on Fermissibl.. carri,.• transfer ineffi-

clency are manifestly stringent. Thus, there is :onsideiable interc't in

extrinsic silicon detector arrays.

This section describes results of an investigation of the mechanisms of

radiation effects on extrinsic silicon detectors. The work reported here
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constitutes the beginning of an effort that wvll continue in a subsequent

program during 1979. We first provide a background discussion of radiation

effects on extrinsic silicon, followed by presentation and discussion of ex-

perimental results.

3.2 BACKGROUND

Radiatio~l effects on extrinsic silicon detectors are best discussed in

terms of the various optical and transport parameters qoverning operation of

such devices, and we review these briefly. For specificity, the discussion

will be in terms of zinc as a dopant. Zinc introduces an acceptor level at

about 0.31 eV above the valence band, as established by mieans of carrier con-

ccntration versus temperature measurements. At temperatures sufficiently low,

the zinc levels are substantially unionized, and susceptible to optical exci-

tation of holes into the valence band. This is shown schematically in Figure

3-1. The probability of optical absorption and resultant carrier excitation

is referred to as the quantum efficiency, 1(X), and is given in terms of the

optical absorption coefficient, a(A), and the reflection coefficient, r(X), by

the equation

( ( - r(X))(1 -e"(X)d) (1)

where d is the sample thickness. This equation is straightforwardly derived

under the assumption of normal incidence, uncoated surfaces, ind with inclusion

of multiple internal reflections. The absorption coefficient, in turn, is given

by

c(X) = o(X) NZnO , (2)

where u(X) is the spectral photoionization cross section and Nzno is the number

density of unionized zinc impurities. Photoionization cross sections typically
fall ~ ~ i in th ag f1' o 17  2fall in the range of 10- to 10 cm , and the solubility limits for typical

desirable dopants typically fall in the range of 3015..1017 cm"3, so that ab-

sorption lengths at the peak response wavelength tend to fall in the range of
0.1-10 mm for practical impurities. For simplicity, we may assume that the

sample thickness is less than the absorption length, and that the absorption
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is thus uniform throughout the sample. The quantum efficiency then reduces

simply to

a= Nd . (3)

The optically excited carriers, majority carriers in this case, undergo
transport under an arplied field E by an amount given in the mean by the
Schubweg, or transit distance, p.TE, where 1 is the carrier mobility and T the
majority carrier lifetime. If the contacts on the sample are nonblocking arid in-
jecting, then majority carriers swept out at one electrode may be replaced at the
other, so that the excited carriers contribute up to their whole Schubweg to the
transport even if it exceeds the sample thickness. A photoconductive gain G is
thus defined, given by (IPTE)/1, where A is the separation between electrodes.
The quantum yield is then defined as the ratio of the number of mobile carrier
transits across the photoconductor to the number of incident photons. Under
the assumption that the sample thickness is considerably less than the absorp-
tion length, and the absorption thus uniform throughout the sample, the quan-
tum yield is given by

Queatum Yield = TIG = l (4)

A related quantity in terms of which detectors are typically character-

ized is the current responsivity, RI, which is the device signal current nor-
malized to incident optical power:

RI (k) qTl(X)G/hv qXll(,X)G/hc , (5)

where h is the Planck's constant, c is the velocity of light, and hv is the
energy of the incident photon of wavelength X.

TG permit observation of the photoinduced carrier density, detectors are
operated in the carrier freezeout regime in which the thermally generated car-
rier concentration is less than or equal to that generated by the background

SI ! photon flux. The theoretical limit imposed on the detection of an optical sig-

nal superimposed on the optical background is given by generation-recombination
(g-r) noise in the detector. This noise sýource derives from the statistical

L' i fluctuation in generation-recombination events, and the statistics are
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independent of whether the generation process is predominantly thermal or optical.
Under conditions in which the optically induced carrier density dominates the

thermally induced density, the operation of the detector attains its limiting,

i.e., background-limited (BLIP), value. A ccncrete treatment of g-r noise

must be based on certain assumptions with regard to detector specifications,

to which attention is now turned.

In general, extrinsic silicon detectors for thermal imaging in the 8-14

vm regime employ one of the shallow Ill-V dopants, such as arsenic. Residual

acceptors in such material act to compensate, or ionize, the intentional donor

impurity, reducing the concentration available for photoionizatlon, and de-

creasing the carrier lifetime since all the ionized donor sites are recombina-

tion (or, preferably, trapping) sites for excited majority carriers. The ma-

jority carrier lifetime is thus given, to good approximation, by

1 1c _ 5  (6)
n NAs+ '7n Vth As+

for the assumed case. Here is the capture probability at ionized arsenic

sites, the concentration of which is given by NAs+' an is the capture cross

section, and vth the thermal velocity. As a practical matter, boron is the

principal residual acceptor impurity in such material, and the ionized donor

concentration is approximately equal to the residual boron concentration.

For the case of a practical arsenic-doped detector, therefore, the car-

rier concentration temperature dependence may be described in terms of a two-

level model involving merely the intentional donor level of concentration ND

and the residual acceptor level, of concentration NA. The charge balance equa-

tion yields2 0

no (no + NA)

ONW(ND no) = exp(-Ea/kT) (7)

Here Ea is the ionization energy of the donor level, Nc is the conduction band

density of states, 0 is the statistical weight of the donor level, and no is

the equilibrium carrier concentration at temperature T. In the freeze-out

~ i regime, this equation reduces to the simpler form
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NcND

no A exp(-Ea/kT) . (8)

The carrier concentration is seen to be governed by the ratio of donor to ac-

ceptor concentrations.

For deeper impurities, which are suitable for near-infrared detection,

the above discussion needs to be modified only slightly. Referring again to

the case of the zinc acceptor, it is clear that residual boron will dominate

the carrier concentration temperature dependence unless it is completely com-

pensated by a donor (typically shallow). Any excess compensation will serve to
ionize the zinc level partially. If the intentional dopant concentration is suf-

ficiently large compared to the residual boron dopant concentration, then a two-

level analysis will once again be adequate. We have, it, general,

Ppo(po + N
Nv(NA - ND - p) exp(-Ea/kT) , (9)

which reduces at low temperature to the familiar form

NvNA
p0  - Dexp(-Ea/kT) (10)

and at high temperature to

N__2
Nv(NA - PO) exp(-Ea/kT) (11)

where it is assumed that NA > p0 >> ND. Here ND is the net compensation, given

by ND = NAs - NB. In the extreme high-temperature limit, we have, of course,

" N A9 independent of statistica) weight (strictly speaking, po NA " ND).
Intrinsic carrier concentration has been neglected.

The above equations reveal that a complete specification of the carrier

concentration as a function of temperature yields the intentional dopant con-

centration, the concentratior of compensating impurity, and the statistical
weight. Hall measurements as a function of temperature are employed to yield

this information, as will 6e discussed further below.
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For extrinsic detector material which is partically compensated (this

covers all cases of interest), van VlMet 2 1 has shown that the spectral inten-
sity of the fluctuations in device current which arise from the generation-

recombination process is given per unit frequency interval by

S412

*SMf N _ t 2 (12)

where I is the quiescent sample current, N is the total number of carriers

undergoing transport in the sample, t is the fractional ionization, and w the
angular frequency. In the freeze-out regime t is negligible. The rms fluctu-
ation of current in the time domain is given by

Mi2(t)) fS(f) df=o(1 ) O N . (13)

It is apparent from these equations that an explicit lifetime dependence is re-
vealed only in the spectral dependence of the fluctuations, not in the rms value
of the fluctuations in the time domain. The equations are applicable to the
case of thermal imaging or near infrared detection, in which the quiescent car-
rier concentration is a well-defined quantity, i.e., the fluctuations are less
than the mean value. For low-background applications, a different formulation

is appropriate.

As a practical matter, almost all extrinsic silicon detectors currently

under development are characterized by majority carrier lifetimes which are
quite short, on the order of microseconds at best. (This excludes detectors
which employ a doubly-charged acceptor, such as Zn=, for photoexcitation). The

frequency domain of interest is that given by frame times in a practical case, or
by circuit RC limitations in the present experimental context. In either event,
the domain of interest is less than 5 x 10 Hz, for which the condition uT << 1
is well satisfied. In this regime, the noise current in a bandwidth Af about fre-

quency f is given by

2S!i2(f) = SMfAf = 4 12T Af (14)
S(n NO0

Substituting for the current in terms of N0 and photoconductive gain G, we have
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ihe quiescent carrier concentration is comprised of a thermally generated com-

ponent nth and an optically generated component ns, in terms of which we have

n,ts 2qG(th ) (V)½ (Ad' _ (16)

where V is the detector volume. It is seen to be physically immaterial whether

the noise arises from thermally or optically generated carriers.

The limits of detection which are imposed by material parameters are gen- j
erally expressed in tE•rms of detectivity (D), the reciprocal of the noise equiv-

alent power (NEP). The latter quantity is simply

NEP = in,rms/RI

where R is the responsivity, given by Equation (5). The specific detectivity,

or D*, is defined as the detectivity normalized to unit area of illumination and

unit bandwidth, giving

D* (NEPW- (A)• (W)½ = Rl(AAf)½1i/n,rms (17)

Thus,

D*- q () T ½ (I)½
2hc (nth+ ns) . (18)

Uniform absorption over the sample volume is assumed. The absence of photo-

conductive gain from this equation should be noted. This signifies that the

limits of detection are influenced by photoconductive gain only insofar as

amplifier noise is important. Under conditions of n >> nth, and writing ns
as 1(x)Q(X)T/d, where o(k) is the photon flux density, we obtain

This basic equation has been developed here on the one hand because its

••" 50
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elegant simplicity deserves once again to be appreciated, and on the other

hand, because a number of treatments of it in the literature are niot without

error, or start with assumptions that are no more self-evident than the result.

The detectivity is seen to depend only on the wavelength, the quantum effici-

ency, and the background flux density. The wavelength dependence stems simply

from the normalization to incident power.

For various applications, figures of merit for detectors other than the

detectivity are more appropriate. It is generally more relevant to define the

detectiork limits in terms of minimum resolvable temperature difference or the

noise equivalent flux density. The aDpropriate figure of merit for extrinsic

detectors have been treated by Nelson 2 2 and by LoVecchio2 3 for the near-IR

applications. However, from a basic mechanisms standpoint, D* remains a use-

ful figure of merit. Peak quantum efficiencies are typically on the order of

0.1. Unity quantum efficiency is rarely achieved due to limited solubilities

and low photoionization cross-sections. If quantum efficiencies are much less

than 0.1, the detector is generally not of practical use.

The background flux density is usually not confined to the wavelength ot

interest, as assumed in Equation (19), but is broadband and governed princi-

pally by the cutoff wavelength of the detector, Xc' given by the energy con-

servation criterinn as

k~c= Ea.e24 (20)

a

For the detectivity at the peak response wavelength (Xp) under conditions of

broad background. for example, we would have

D*(p) Bef X /2hc , (21)
\0B,eff

where the effective background flux density OB,eff is given by

i1

I OB,eff a j B( )c-(X)dX (22)
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Additional insight may be gained by considering the dependence of n. and

nth, respectively, on material parameters. We may write (for donor-type dopants)

ns = ND B,eff p T

ND 
(.24)

Cn NA J B(X)o(X}d,

where it has been assumed that T = (CnNA)-1' Comparison of this equation with

Equation (8) for nth reveals that both quantities depend on the compensation
ratio, ND/NA. From the standpoint of detector noise alone, then, it is found
that the temperature at which background-limited conditions of operation are

reached under a given background is independent of the degree of compensation,

and this latter parameter is again seen to be signifi.a,,t only with respect to

amplifier noise limitations. With respect to radiation effects on detectors,

this implies a considerably different sensitivity to detector parameters for

the case of medium-background thermal imaging or near-infrared detection com-
pared to low-background conditions of operation, where ampliFier noise is more

likely to be dominant. With this brief introduction, the effects of neutron Ir-

radiation on extrinsic detectors are now briefly discussed in terms of their

permanent effects.

T' is useful to distinguish between the effects of neutrons on extrinsic

de cectors which affect the performance permanently, or cumulatively, and those

effects which are transient. The relevant time scale for the" former is that of

a mission, for example. The time scale of interest for thzt latter is on the

order of frame times. A typical detector array will be employed with compensa-

tion for quiescent background, or dark, signals and with normalization of re-

sponisivity differences between detector elements. The relevant time scale ;n

that event is that with which the reference values for the detector elements

are updated in memory.

The detector material parameters which undergo permanent change under

neutron radiation are those of mobility, majority carrier lifetime, and dark

resistivity. The lifetime and mobility impact the photoconductive gain directly.

The mobility is governed by ionized impurity scatterinq, neutral impurity
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scattering, and phonon scattering. Neutron irradiation introduces both donor

and acceptor levels deep within the gap, and these serve as additional compen-

sation in both resistivity types, thus increasing the concentration of charged

centers which thus contribute to the most effective scattering mechanism at low

temperature.

The majority carrier lifetime is determined by all possible processes

which remove the carrier from the band, and is more appropriately referred to

as a trapping time, since recombination across the bandgap is generally not in-

volved. For thermal imaging detectors utilizing the shallow III-V dopants,
such trapping occurs principally at the ionized shallow levels, via the Lax

giant-trap, or phonon-cascade, mechanism.18 Trapping in excited states of

neutral impurities appears also to be important at low temperatures (on the

order of 10K) where the probability of thermal reexcitation from such levels

becomes negligible. 2 4 For the case of near-IR detection, where deeper dopants

are involved, the importance of trapping at excited states of neutral centers
has not, to our knowledge, been definitively established. It would appear that

at the higher temperature of operation characteristic of those detectors, ther-
mal detrapping from such shallow excited states would render such trapping pro-

cesses unimportant.

The dark resistivity of detectors may also be altered by neutron irradia-

tion. In the case of the shallow dopants, any neutron-induced level will be

deeper than the intentional dopant level. For the case of arsenic, as an ex-

ample, any such levels which are acceptor-type will be compensating. An exper-

imental determination of such compensation has already been made, and a carrier
2 25removal rate of about 16 per neutron/cm was determined. The effect of this

is to increase the device impedance at a given temperature, according to Equa-

tion (9), and to decrease the lifetime. The impedance change in this case is
innocuous. The impact on lifetime depends on the pre-irradiation compensation

level. If, for example, the detector were characterized initially by a compen-
1 32sation of 1.6 x 1013 cm-3 boron, then a fluence of 1012 n/cm2 would result in

a reduction in lifetime by a factor of two. In the case of deep impurities,

matters may be considevrably different. The neutron-induced level spectrum of

i j acceptors and donors may extend close- to the bandedge than the intentional

dopant level. In that event, the net carrier removal rate may be considerably

reduced below that which is observed for the shallow dopants. In the extreme
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case, however, it is possible that neutron-induced levels which are shallower
than the intentional dopant will govern the resistivity. In that event, lower
operating temperatures would be required to reach the BLIP limit of carrier con-
centration than those implied by the impurity activation energy (Equations (8)
and (10)). Since our interest extends to the deeper impurities as well as the

shallow ones, this possibility has been experimentally examined, and results
are given below. An additional reason for examining the permanent neutron ir-
radiation effects 'For each dopant which might be employed in extrinsic detection
is that the possibility of complex formation between the intentional dopants and
neutron-induced defects may be revealed.

3.3 EXPERIMENTAL RESULTS

The first experimental task undertaken consisted of the determination of
neutron effects on silicon doped with deep-level dopants as a complement to
measurements previously performed to determine the carrier removal rate in ar-

25
senic-doped silicon. The dopants studied were zinc, sulfur, and gold. The
case of zinc, which has already been mentioned (see Figure 3-1), is that of a
relatively deep acceptor. The sulfur level of interest is the donor level at
about 0.19 eV from th6 conduction band, and the gold level of interest is the
acceptor level near midgap. The case of gold is more of interest from a t-heo-
retical standpoint rather than as a practical detector material.

The carrier removal rate has been determined in the3e materials by Hall

measurement of the carrier concentration as a function of temperature in the
freeze-out regime. This requires measurement under conditions in which the
sample impedance is quite high, and for that purpose the conventional Hall
measurement method has been suitably modified. The apparatus is shown in
Figure 3-2. Dog-eared samples are used, in preference to Van der Pauw geome-
try, because the field-strength in the active region is more uniform, and un-
ambiguously known. This is of potential significance for responsivity measure-
ments since majority carrier lifetimes may exhibit field dependences. The Hall
and resistivity voltages are sampled by means of electrometer operational ampli-
fiers of I0 13 -ohm input impedance. These jmplifiers are maintained under con-

stant-tempe-ature conditions within the cryostat, minimizing input capacitance,
4 microphonics, and pick-up. Measurement of the carrier concentration as a f.inc-

tion of temperature cver the range from that at which carriers are totally
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ionized to that at which they are totally frev'en out permits determination of

the electrically active fraction of the intentional dopant, the concentration

of compensating species, and the statistical weight, by fitting of Equations

(7) or (9) to the data. In general, such determinations are subject to con-

siderable uncertainties with regard to the compensation level and the statisti-

cal weight. Typical data taken on a zinc-doped sample are shown in Figure 3-3,

and are useful to illustrate the point. The figure shows carrier concentration

over the range of about 103 to more than 1016 cm- 3 . The low-temperature car-

rier concentration is determined by both the compensation and the statistical

weight. The steepness of the curve ii, this region, however, makes manifest the

experimental difficulty of obtaining precise values. The curve-fit Is sensitive

to the choice of statistical weight only in 'he intermediate regime, i.e., where

fractional ionization ranges between 10 and I0-. A fit to this curve was

obtained with a choice of statistical weight of unity, and the values N = 106

cm 3 and ND = 1014 cm 3 were determined. With a choice of statistical weight of

two, a slightly better fit was obtained, with the parameters Nn = 5.6 x 1016

cm and ND= 1.6 x 10 cm. With a choice of 4, we fird Zn 7.5 x
16 11o , and ND 8.8 x 1n14. An additional variable in the fit is, of course,

the activation energy. A value of U.31 eV was employed in all cases above. It

is apparent that the availah, lity of data over 13 orders of magnitude does not

assure the absence of ambiguities in the fit, most particularly with regard to

the very important compensation level. SincE the experimentally observed quan-

tity is the fractional change in compensation, our purpose is served only if

the initial compensation level is well-known in our specimens.

The difficulties of establishing an accurate va3ue of compensation level

are not-entirely experimental. The fit presupposes that o.,y a single level ,,

impo;-tant in the determination of the carrier concentration, in addition 'to any

levels which are comnensating. The existence of excited states of the impurity,

and of other im~uellty levels in 1nwer concentrations, impact this simple pic-.

tu.,e. For this r'eason, it is preferred that bounds may be placed on tI.e per,

missible values of the compensation level and the statistical weight initially.

This iA done by studying material over a .-.- nge of initial resistivities. If

these resistivities are 2aifficiently 7ow, then it may be assumed that compen,

sation levels will not undergo !ignificant ch3nge in the process ot diffusion

0o: the intenticv.al impurity, anless complexes form with that 'Impurity. in this
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manner, a statistical weight of two had previously been determined for zinc. 2 7

This approa,.:h was taken in the present work, and the material studied was there-

fore heavily compensated, and not typical of detector-grade wmaterial.

Results of measurements of the temperature dependence for a zinc-doped

specimen, both before and after neutron irradiation, are shown in Figure 3-4.

The zinc concentration had been determined to be 9 x 1016 r&"• Iort this materi-

al by previous measurements of carrier concentration at high temperature. The

pre-diffusion carrier concentration was determined from resistivity measure-

ments to be 2.3 x 1015 cm 3 of phosphorus. The irradiation was performed at

dry ice temperature, and the sample kept at that temperature except for one

hour at room temperature just prior to measurement.

The observed changes in sample resistivity under irradiation with up to

6 x 1014 n/cm2 are seen to be quite small. If the pre-Zn-diffusion carrier

concentration is taken to be the compensation level, a carrier removal rate of

about 2 cm2 /n is indicated for the first irradiation, and a value of about
25 cm /n for the second irradiation. Since the observed change is not large

compared to our experimental resolution, there remains some uncertainty in

these values. Nevertheless, it appears that the carrier removal rate is con-

siderably smaller for this deeper level than for a shallow level like arsenic.
A better comparison would of course be provided by boron, but we! know of no

such data.

Data for neutron-irradiation-induced compensation of the sulfur donor

level at 0.19 eV below the conduction band is shown in Figure 3-5 for two ir-

radiations. The sulfur concentration in this sample had been determined to be
8.5 x 101 by resistivity measurements at room temperature, where the sulfur

level is completely ionized, and the pre-diffusion carrier concentration had

been determined to be 1.4 x 1015 cm- 3 of boron, likewise from resistivity meas-

urements. Conditions of irradiation were as before. Once again, resistivity

changes are found to be small, and the calculated values of compensation rate

22
S ;, thus subject to some error. The value determined for the first run is 28 cm2/n

and for the second, 9 cm2 /n. The second value is clearly the more reliable.

252
• i •:It is roughly comparable, though somewhat less, than the value of 16 cm2/n

found for the shallow arsenic level by Kalma.L5 If the difference is indeed

real, then it implies that the effective acceptor concentration is less for

.L <57
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sulfir than for arsenic, i.e. a fraction of the neutron-induced acceptor levels j
lie shallower than the sulfur level.

E

A more extreme case of a deep level is represented by the gold acceptor
state, which lies near midgap. The gold level structure is illustrated inII
Figure 3-6. A complication arises in this case because of the existence of a

tri-gold shallow acceptor, in a concentration proportional to (NAui . Sutfi-
cient donors have to be available to compensate this shallow level. A gold-

diffused sample was prepared in which these conditions were met, and the level

governing the resistivity temperature dependence was therefore the deep accep-
tor state. The gold concentration was determined to be 8 x 1016 cm 3 .j

Results of measurements of the carrier concentration as a function of
temperature before and after neutron irradiation are shown in Figure 3-7. The
effective activation energy governing the temperature dependence is seen to be
reduced with fluence. Since the apparent low-temperature activation energy is
different after the two runs, it is probably not reasonable to associate it
with a particular ievel. If such material were to be used in a detector ap-

plication in a neutron environment, the operating temperature would have to be
chosen appropriate to the observed unpinning of the Fermi level from the deep

gold acceptor level.

3.4 DISCUSSION AND SUMMARY

The essential finding of the first experiments undertaken in this study
of extrinsic si'icon detector materials is that the effective carrier removal

rate, or equivalently the introduction rate of compensating defects or defect
complexes, depends strongly on the depth within the gap of the intentional
dopant level. The neutron-irradiation-produced level spectrum is distributed
throughout the bandgap, so that essentially all of the defects of the appropri-
ate type (acceptor or donor) are compensating with respect to shallow dopants,
and only a fraction is effective for the deeper levels.

Specifically, the evidence thus far accumulated is to the effect that a

donor lev2l at 0.19 eV from the :onduction band (sulfur) is compensated nearly as
effectively as a shallow doror (airsenic). TPius. few acceptor states are intro-

duced within the range of 0.045 to 0.19 eV from the conduction band, a result
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I
which is not too surprising. The carrier removal rate is found to be

considerably smaller for the case of an acceptor level at 0.31 eV from the

valence band (zinc). It would be helpful in the interpretation of these

data to have available the comparable data for a shallow acceptor, which will

hopefully be acquired later in the program. Under the circumstances, one can

say only that either the donor introduction rate is considerably less than

the acceptor introduction rate, or that the neutron-induced donor distribution

extends to levels shallower than 0.31 eV in considorable measure.

The results for the gold level near midgap indicate that the net effect

of both the donor and acceptor" distributions (in ener.y) introduced by neu-

trons is to unpin the Fermi level from midgap. The Fermi level appears to be

moved toward the conduction band, as may be seen by the following argument.

The conductivity of the specimen employed was n-type, even though the domi-

rnnt level was the acceptor level near midgap. This is consistent with calcu-

lations of resistivity at room temperature for gold- and phosphorus-doped sili-

con by Thurber et al. 28 There it is shown (following Bullis 2 9 ) that as the

gold concentration is increased, for a given phosphorus concentration, the

resistivity goes through a maximum near which the conductivity converts to

p-type (by virtue of the tri-gold acceptor). In the present case, the room

temperature resistivity remains approximately the snme during the irradiation,

and the specimen remains n-type. A shift in the Fermi level toward the valence

band would have led to an increase in resistivity before a decrease would have

been observed at higher fluences. A decrease in resistivity to pre-irradiation

values would also have been accompanied ty type conversion, which was not ob-

served.

There are other methods of obt..aining information about the distribution

of neutron-induced levels within the energy gap. These measure changes in oc-

cupancy of deep traps, as in the depleted region of a p-n junction, to indicate

trap properties such as energy level position and capture rates, as well as
30trap concentrations. These techn'Aues have the drawback that they are not

equally sensitive experimentally to all types of traps. Typically, such

methods are sensitive to traps in ornly one-half of the bandgap, making it

necessary to study the other half in a sample which is fabricated differently,

4 •and thus not directly comparable. It is therefore usefu- to have available
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information such as obtained here. Another point of difference is that other

techniques look at the dominant traps, whereas in the present experiment, tails

of distributions may have profound effects.

r The simplest model which accounts for the fact that neutron-irradiation

is compensating In its effect on both n-type and p-type (shallow-dopant) ma-

terial is that of an acceptor level slightly above midgap, and a donor level

slightly below. 3 0  The acceptor states would thus always be available to com-

pensate shallow donors, and vice versa. By virtue of the complex nature of

neutron damage, such levels are likely to be distributed somewhat in energy.

If, then, the donor distribution extends significantly above the midgap gold

level, the effect would be to unpin the Fermi level. An alternative explana-

tion postulates the existence of a complex involving the gold center, ir which

case our conclusions about the distribution of neutron-induced levels would

have less than general validity.

Having dwelt on the interpretation of the data for the gold level, we

should recall that this is unlikely tc be considered a practical detector ma-

terial, and that our interest here is in forming a coherent picture. The data

taken on the other samples, however, maj have more rel 'ance to actual detec-

tors. In practicai detectors, levels of compensation are typically much s;aller

than those characterizing the specimens employed here (-I1015 cm- 3 ). Detectors

for low background applications must operate with the minimum achievable com-

pensation consistent with uniformity requirements. For high background appli-

cations, matters are different in that one may wish to design ýor a specific

value of compensation, or dark resistance, not necessarily the minimum. Even

in that event, however, compensation levels would be much closer to 1013 cm-3

than to 1015 cmn 3 . If a value nf 1013 cm 3 is assumed to prevail, then at a

carrier removal rate of 10 cm2/n, the responsivity of the detector would de-

grade by a factor of two under a fluence of 1012 n/cm2. The fact that the
given specimens did not appear to undergo significant change under mach higher

$ neutron fluences thar this is strictly due to the manner in which we chose to

do the experiment, for the reason discussed earlier.

It is noteworthy that the carrier removal rates measured here for sulfur

and previously for arsenic 2 5 are much higher than the carrier removal 'ates

measured at room temperature for shallow dopant material. The latter were

6.
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measured to be between about 1.5-3 for n-type material1, and about 3 for p-type

material, using the same irradiation facility employed in the present measure-
ments. 3 1 Room temperature irradiations were employed, whereas dry ice irradi-
ation was used here, and 100K irradiations were uscd for arsenic. The data for
sulfur were analyzed without regard for mobility chancles under irradiation.
These could have modest impact on the values determined for not carrier
removal rate. In subsequent experiments, it is anticipated that better 'alues
will be obtained for carrier removal rate, since the carrier concen'kraton and
the mobility will both be measured, and since rasponsivity measureertts will be

made that will yield corroborative iniformation about the rate of irtvboduction
of compensating defects. The measurements will also be made upci irradiation

at detector operating temperature, so that immediate comparison -f pre- and
post-irradiation values will be possible without an intervening k:hange of

sample temperature.

The above data will be taken as a matter of course on all the detector
materials to be studied. However, the prin'arv focus of subsequent studies will
be the response to transient illumination, rather than permanent damage effects.
Regarding the latter, the present work has achieved its basic purpose in that

there appears to be no profound consequence of neutron irradiation on near-
infrared extrinsic detectors emp£oying relatively deep dopants that is 1v1t ex-
plainable in terms of `he intrcduction of compensating species. The exception
is the gold acceptor level lying near the midgap, where an unpinning of the

Fermi level is observed.

The interest in pursuing studies of response to transient extrinsic illumn-
ination of the deep impurities in addition to that of the shallow dopants stems

from the fait that neutron-induced defects may result in profound changes in the
recombination, or trapping, properties of detectnrs. Any levels which are shal-
lower than the intentional dopant level will be subject to much larger probabili-
ties of thermal reexcitation of trapped carriers than would hold for the latter.
Such trapped carriers may therefore be read out during subsequent frame times,
leading to contrast reduction and image retention. This may be thought of in
terms of "temporal cross-talk", by analogy to spatial cross-talk in a two-dimen-

sional array. In the case of shallow dopants, this problem does not arise, since
bandwidth-linwiting of the optical input signal can be used to insure that thc
deeper levels are never excited.
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SECTION 4.0

MECHANISMS OF RADIATION EFFECTS ON CHARGE-COUPLED DEVICES

This section describes results of studies of radiation effects on charge-

coupled devices. Emphasis is placed on determining the basic mechanisms under-

lying the various observed phentomena. Work performed during the first half of

this program is described In Section 4.1; Section 4.2 presents results of

additional work which was performed during the second half. The primary focus

was on examination of radiation-induced increases in dark current density. Test

vehicles employed include MOS capacitcrs and CCDs fabricated by both Hughes

Aircraft and Fairchild Semiconductor. The MOS capacitors were used to obtain

a neutron damage coefficient appropriate for describing increases in the gener-

ation-center density in silicon depletion regions. The rate of increase in

dark-current density for neutron-irradiated CCDs was measured and comparison

then made with results of calculations. The effect of a moderate reduction in

operating tomperature on the response of CCDs to neutron bombardment is des-

cribod. Examination of the effects of ionizing ;-adiation on CCDs revealed an

arnomalous increase in dark current density for Hughes Aircraft devices at

relatively low total doses. At high doses, observed increases in dark current

are attributed to introduction by Co6 0 gamnma rays of generation centers in the

depletion-region bulk and at the SiO.,Si interface. Results of short-term

aoealing studies on CCDs following pulsed neutron bombardinent are alsc pre-

sented.

1
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4.1 NEUTRON DAMAGE MECHANISMS IN CHARGE TRANSFER DEVICES

4.1.1 Introduction

k Charge transfer devices (CTDs) are finding increased application for

various electronic functions, including analog signal processing, digital data

storage, and image sensing. Included in this class of integrated circuits are

charge-coupled devices (CCDs) and charge-injection devices (CIDs). Charge

transfer devices are fabricated using silicon MOS technology, and thus are

susceptible to the trarnsient and permanent effects of ionizing radiation. Cer-

tain electrical properties of CTDs will also degrade due to displacement damage
produced by neutron bombardment. In this section, results of a study of the

basic mechanisms of neutron effects on CTDs are presented.

Sevwral investigations of the influence of neutron bombardment on the

operation of CCDs have been made in the past few years. 32 "36 The primary effects

are: (a) an increase in dark current due to the introduction of generation

centers; (b) a decrease in charge transfer efficiency due to the introduction

of trapping centers. Emphasis in the present investigation was placed on ex-

airning the mechanisms of dark current increases. As an Lid to obtaining

mechanistic information, neutron effects on MOS capacitors, which are the basic

cells of a CYD, were studied extensively. The MOS capacitors were used as test

vehicles in the determination of damage coefficients that are applicable to the
radiation response of CCDs. Also discussed in this section is the degree of

radiation tolerance achievable in a neutron-irradiated CCD by a moderate re-

duction in device operating temperature.

4.1.2 Experimental Considerations

4.1.2.1 Devices

MOS capacitors used in this study were fabricated by Hughes Aircraft

(HAC) using radiation hardening procedures. Devices were prepared on both
n-type (3 •-cm) and p-type ('0...8 2-cm) <100> silicon substrates with both wet

and dry oxides. Wet (pyrogenic) oxidation was performed at 925 C, followed by
a N2 anneal at 9250°C. ýy-oxide growth was performed at 10000 C. Circular Al

6
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electrodes ( .5-mil diameter) were evaporated from a graphite crucible; an
anneal was subsequently performed at 500 C in N2 . The oxide thickness in the

wet-oxide case was 1O000 for the three lots studied, which are referred to as"

KA-09 (n-type), WET N (also n-type), and WET P. The thickness of the dry

oxides was ,90Ui for the two lots studied (DRY N and DRY P). The CCDs investi-

gated were n-buried-channel devices also fabricated by Hughes Aircraft. These

units are 128-bit analog shift registers employing a four-phase clock. They
are hardened to the effects of total ionizing dose; processing details have been

described previously. 3 7 (Devices studied were from two wafers (#15 and #19)

of lot BN-09 which were fabricated using Mask #2128.)

4.1.2.2 Measurement Techniques for MOS Capacitors

Dark current in a charge transfer device is governed by thermal genera-
tior, of carriers at centers in the depletion region and at the oxide-semicon-

ductoy interface. As noted above, the fundamental cell of a CTD is an MOS

capacitor. Schroder and Nathanson38 pointed out that for an MOS capacitor biased
"into depletion there exists a laterally depleted region in addition to that

directly under the gate electrode. Figure 4-1 depicts this situation for an

MOS capacitor on n-type silicon with an applied bias V which is more negative

than the flatband voltage Vfb. Effects associated with the laterally depleted
region have been discussed by Pierret and Small, and by Takino. 4 1 In the

study of silicon properties using an MOS capacitor, there are three "times"

of interest: (1) depletion-region storage (or charge-up) time r ; (2) minority-

carrier generation lifetime Tg; (3) minority-carrier recombination lifetimeT r

Storage time is defined as the time required for an inversion layer to be es-

tabished 'in an MOS capacitor driven into deep depletion. This quantity is
readily obtained from measurements of capacitance-versus-time (C-t) following

application of a step voltage which drives a device into a deeply-depleted

state, Establishment of an inversion layer in such a transient measurement
occurs via thermal generation of carriers in the space-charge region and at the

interface. Generation lifetime is a characteristic t;ne associated with the

thermal generation of carriers in the depletion region bulk. Recombination

lifetime in the neutral bulk has its usual definition. In an unirradiated MOS

capacitor at room temperature, T and T are typically on tie order of micro-
r gseconds whereas T is on the order of seconds.
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Figure 4-1. Schematic of an MOS capacitor cn n-type sillcon
with an applied bias Vg more negative than the flatband
voltage. The laterally depleted region is illustrated.

Generation lifetime is of fundamental importance because it provides a
direct measure of proDerties of bulk generation centers, and thereby provides

information regarding radiation-i.duced dark current increases in a CTD. To

obtain Tg, a typical approach has been to make a C-t measurement and interpret
42

the results using Zerbst analysis. In prirnciple, this analysis yields the

generation lifetime and the surface generation velocity at the S10 2 -Si inter-

face. In practice, there are potential problems with Zerbst analysis, as dis-

cussed by various workers. 3 8 ' 4 0 ' 4 1' 4 3 ' 44 A major problem is the proper separation

of surface and bulk gencration processes. Surface generation velocity s (and
45surface recombination velocity) is a function of surface potential. The max-

imum value of s, denoted as so, will occur when a surface is depleted. The

value of s in eithLi accumulation or inversion will be significantly less than

so. During a C-t meiisurement in which a device is pulsed from accumulation in-
to deep depletion, the surface generation velocity under the gate electrode

after pulsing should initially equal s0 but will then decrease as a function of

time as the inversion layer forms. This layer does not form in the laterally
depleted region, however. Thus, the situation shown in Figure 4-.1 exists in

i16
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'•.' whichteizdthebylateral, region is Character-4 .ed ,bY so0 and the ,qate. reý-A)n is charec-...rl'

In a C-t mneasurement, carrier generation at interface states under the

gate electrode can be made neglibible compaxed to other generation componerto

by pulsi,ig a device from inversion 'to stronger inversion instead of pulsing from

acumulatioii to inversion. 40 In this situation, one obtains an effective ger:er-

ation lifeti'rn T from analysi, uf C-ti data since generation at the laterally

depleted surface car, still be important. The effect of the lateral component

"dinminishes as the size of an MOS capacitor increases. In the present study,

devices employed were large enough such that ganeration in the lateral region

was unimportant. Thus, generation lifetime associated purely with the

depletion-regioni bulk was obtained,

Measurements of storage time were made using a PAR Model 410 1-MHz CV

system. Capacitors on an n-type substrate Were pulsed from -5 to -10Vr devices'.
oni a p-type substrate were pulsed from +5 to +10V. Storage time tas'defined

here as the tVme reouired to reach the [1-(0/e)] recover",, point on a C-t curve.

That is, if the inversion capacitance is denoted by Cdf and the initial Capaci-

"tai;ze in deep dnpletioi, by Cdo, then T is defined here as the time required

for the capacitance to recover to a value equal to Cdo + 0.53(Cdf - Cdu). (The

implicutions of this T definition on the relationship between T and Tg are

discussed below.)

Generation lifetime T was determined by Zerbst analysis 42 of capacitance-

versus-tinme data obtained in the above manner. Schroder and Nathanson,"•'iodi-

fied the analysis of Zerbst to account for carrier generation in the laterally

depleted region shown in Figure 4-1. The differential equation obtained is

( 1) 2 n i (1 4so) (2 n sN "- d C o---- kg r"dNdCo

in this expression C is time-dependent capacitance, Cox is oxide capacitance,
Nd is lonor concentration. so and s are defined in Figure 4-1, and r is the

radius of the MOS capacitor. The factor L(1/T ) + (4s /r)] is termed the ef-
g 0

fective generation lifetime Tge" The second tevm was determined to be neqli-

gible compared to the first for the present exnerimental conditions, so that

, T qg wa s obtained.
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Zerbst analysis involves obtaining C-t data and then determining the

quantities

d- Q and - .

A computer was used here to determine these quantities based on closely--spaced
'• discrete data points from C-t plots. Figure 4-2 shows an example pre-irradiation

Zerbst plot obtained in the present study. The slope of the straight-line fit

shown yields Tg and the y-intercept yields s. Note that although generation at

the Si-SiO2 interface is suppressed by driving the device from inversion to

stronger inversion in a C-t measurement, finite values for s are still obtained.

However, they are quite small, as anticipated (e.g., the results of Figure 4-2).

Several comments ar-e in order. Zerbst analysis as presented above as-
41a sumes a uniform doping concentration in the semiconductor. Takino4 has modi-

fied the Zerbst analysis to take into account the effects of a nonuniform

2.5 x 014
0

KA-09, 4" 0 -

2.0- PRE-RAD 0
0 01 00

L,,, o~.. -,

F 1.5 -0o01
L -0

C'INTERCEPT 
P00

"-j1 1.0- YIELDS OOo E
s - 0.07 cm/s SLOPE YIELDS

"0�.5 / ~ 0 96o0  T" 92 psec

0.5-0e

0 0.2 0.4 0.6 0.8 Ix108

~~-1 F m2)

Figure 4-2. Zerbst plot for an unirradiated MOS capacitor. ValuesS~for generation lifetime, and surface generation velocity are

shown.
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doping profile. We determined doping profiles for the present samples by ap-
propriate computer-aided analysis of C-V curves and found them to be reasonably

uniform. Even if they were somewhat nonuniform, Takino's nodification would
only have a second-order effect on the present experimental results.

Simmons and Wei 4 4 noted that the carrier generation rate during C-t meas-
urements is not necessarily constant and that the electron and hole generation |
rates can differ. In particular, if the bulk generation center density (N ) is

g
high and if the voltage step (AV) applied is small, non-steady-state generation

will result and Zerbst analysis will not necessarily yield an accurate genera-
tion lifetime. For the present experiments, where AV = 5V, using the analysis
if Simmons and Wei we have determined that as long as Nrg 6 1013 cm"3, the

effects they discuss are unimportant. It is quite reasonable to assume that

this condition holds before irradiation and after relatively low fluences of
neutron bombardment since 1013 cm- 3 is a rather high generation center density

for silicon. As shown below, data obtained at all fluences are mutually con-
sistent and yield a unique value of generation-lifetime damage coefficient. The
indication is that we can safely ignore the effects discussed by Simmons and

Wei in the present work.

4.1.2.3 Measurement Techniques for CCDs

Two methods were used in the measurement of dark current: (1) integra-
tion method; (2) continuous clocking method. In both approaches, no charge is
input to the CCD; the input diode is reverse biased. In the integration tech-
nique, the shift register clocks are stopped for a fixed integration time

(typically 10 to 300 msec), and then the thermally-generated dark charge is
clocked to the output transistor at a relatively fast rate (typically 500 kHz).
In a four-phase clock system, two adjacent phases are held high while the other
two are held low. The reset line is active (i.e., high) during the integration
period. The total integration time is the sum of the time during which the

clocks are static and the time it takes to clock the charge to the output. Use

of a high clock frequency makes the latter contribution negligible.

The continuous clocking method involves measuring the output signal with

the clocks freely running at some frequency fc . To compare this approach with
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Figure 4-3. Dark output voltage versus integration time for an un-
irradiated CCD. Measurements obtained by two methods are il-
lustrated (ti = 128/fc for continuous clocking method).

the integration method, one can convert to an equivalent. integration time by
the relation 128/f(C for the HAC CCD. That is, the integration time in this
method is the time it takes to clock a single bit through the CCD. Typical data
obtained by both dark current measurement techniques are shown in Fig-

ure 4-3 for an unirradiated CCD. Plotted is the measured output voltage
(--dark voltage Vd) versus integration time, where this time is defined in the

manner described above for each method. The expected linear ,,ariation with in-
L~t

tegration time is exhibited, and the agreement between the two methods is good.
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The quantity of pVactical interest in a CTD is the dark current density

Jd" This quantity is given by Id/A, where Id is dark rurrent and A is the area

of one bit, (For a four-phase CCD, this area is that under four adjacent gate

electrodes.) Dark current density can be expressed as

J d - K Vd/At i, )

i-
where ti~ is integration time and K is a constant for a given device. To evalu-o

ate K, one needs to measure current through the CCD and the corresponding output

voltage for some reference time tref* For twelve HAC CCDs, Y. varied from 7 to

9 x IO1 3 A-sec/V. The effect of neutron bombardment on this parameter was

slight for the fluences employed. The data of Figure 4-3 yield a valuie for
2 -

dark current density of 15 nA/cm2 (A = 38.7 x 10.6 cm').

All devices were irradiated at room temperature, which ranged from -24

to -33°C. For purposes of comparison, all CCD data were corrected to ?5°C using

a measured dark-current temperature dependence of exp(-0.63 eO/kT).

4.1.2.4 Irradiation Prucedures

All irradiations were performed using the TRIGA Mark F reactor ait

Northrop Research and Technology Center. For MOS capacitors, the reactor" was

operated in a steady-state mode at power levels of both 5 and 50 kW. Devices

being irradiated were unbiased, with their leads imbedded in conductive foam.

A 2.3-inch lead shield plus a 0.25-inch boral shield were in place in the dry

exposure room. An additional 2 inches of lead shielding was placed in front of

each device for the purpose of enhancing the neutron-to-gamma ratio. Neutron

fluences were determined using sulfur dosimeters; a plutonium-to-sulfur ratio

of 11.9 was used to obtain > 10 keV fluences. Gammna dosimetry was performed

using CaF 2 thermoluminescent dosimeters. For CCDs, the reactor was operated ill

both pulsed and steady-state modes. Shielding was the same as given above, as

were the steady-state reactor operating conditions. For pulsed operation, a

pulse with $1.90 reactivity was used and the pulsewidth was -20 msec.

In order to minimize long-term annealing effects between the time of

irradiation and the time of post-irradiation measurements, irradiated MOS

|I' capacitors were placed in storage at dry-ice temperature within one-half hour

following irradiation. A device to be characterized post-irradiation was
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removed from dry ice and left at room temperature for one and one-half hours
in order to achieve stability. Measurements of C-t were then made.

4.1.3 110S Capacitor Results

Measurements of capacitance versus time were made on MOS capacitors be-

fore and after neutron bombardment, and these data were used to obtain storage

time, generation lifetime, and surface generation velocity. The following ex-
pressions were employed to define specific damage coefficients:

1~1 44
+€

"s "so Tss

+ - _(4)Tg T0
g go 1

s(post) = s(pre) + Ks Y (6)
Y •

In Eq. (3), Ts and T are values of storage time measured pre- and post-

irradiation, respectively, 0 is neutron fluence, and K is storage-time neutron

damage coefficient. Similar definitions apply to Eq. (4). Equation (5) relates
pre- and post-irradiation values of surface generation velocity; y is the total

ionizing dose received during neutron bombardment (primarily due to gamma rays)

and Ký is the damage coefficient associated with the increase in . due to the
effects of ionizing radiation. (Typical pre-irradiation values of storage time,

generation lifetime, and surface generation velocity are shown in Figures 4-2

ana 4-7.)

Results of storage-time measurements for devices on both n- and p-type sub-

strates are shown in Figure 4-4. In each case, the data are fit quite well by a

unity-slope line as shown, and the damage coefficients obtained are as follows:

K s(n-type) = 1.2 x 1013 n-sec/cm2 ; Ks (p-type) = 5.0 x 101 3 n-sec/cm2 . The cor-

responding generation lifetime data obtained using Zerbst analysis are presented

in Figure 4-5. Linear degradation is again observed, data for devices on n- and

p-type substrates are in agreeme:,t, and the following damage coefficient is ob-

tained: K. = 7.0 x 10 n-sec/cm . The dashed lines shown in Figure 4-5 correspond
to expected behavior for recombination lifetime, Tr, in neutral bulk materiel (and

the associated damage coefficient Kr) basel on the following low-injection-level
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Figure 4-4. Storage time degradation in neutron-irradiated MOS
capacitors. The unity-slope fits yield storage-time damage
coefficients.

values: 15 Kr(n-type) 1t 1 x 105 n-sec/cm2 ; Kr (P-type) E 2 x 105 n-sec/cm2 Thus,

values for K /Kr are on the order of 70 and 35 for n- and p-type material, re-

spectively. Note in Figure 4-5 that there is no dependence o' the generation

lifetime data on oxide growth condition. No such dependence Is expected for

damage introduction in the depletion region bulk. Also, the fact that results

for n- and p-type material are in agreement indicates that the dominant neutronl-

induced generation center is the same in both cases.
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Figure 4-5. Generation lifetime degradation in neutron-irradiated
MOS capacitors. The unity-slope fit yields generation-
lifetime damage coefficient.

Surface-generation-velocity results are shown in Figure 4-6. Some scatter

is evident but the trends are clear, and the following damage coefficients re-

sult: KS(n-type) = 6.5 x 10- cm/s-rad; KS(p-type) = 1.5 x 10- cm/s-rad. It is

interesting to note that significant changes in surface generation velocity are
produced by a total dose of less than 100 rads. The observed increase in s can

most likely be attributed to the introduction by ionizing radietion of interface

states. In previous studies by various workers on radiation-hardened oxides,
such as those contained in the present devices, substantially higher total

doses were required before significant changes in interface-state density were

observed. This suggests that the present experimental approach may be a sensi-

tive tool in basic studies of interface states introduced by ionizing radiation.*

*It is assumed here that the observed change in s (Figure 4-6) is an effect of
ionizing radiation. However, experiments and calculations performed after the
completion of this program revealed that this is actually a neutron effect.
Information on this subject. is contained in a paper by J.R. Srour et al. that
will appear in the December 1979 issue of the IEEE Transactions on Nuclear Science.
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Figure 4-6. Surface generation velocity increase in irradiated MOS

capacitors. The unity-slope fits yield surface-generation-
velocity damage coefficients.
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Table 4-1 lists the damage coefficient values obtained here and also

gives previously obtained values 4 6 of Kr. There is more than six orders of
magnitude difference between values for Ks and K and nearly two orders of i'aa)-

gnitude difference between values for K and Kr (for n-type). The K versus Kr
difference is considered first.

Table 4-1. Experimentally determined camage coefficients. Values
for K are from Reference 46.

n-type p-type

13 2 132K 1.2 x 10 n-sec/cm 5.0 x 10 n-sec/cm
S

K 7,0 x 106  " 7.0 x 106

K 1 x 105  2 x 10
r

Ks -6.5 x 10 cm/s-rad 1.5 x 10 cm/s-rad
Y

Heiman47 performed a detailed analysis of a capacitance-versus-time
experiment and obtained the following expression:

""•}(Cdf/C) - 1 + _ Gdf

(Cdf /C do) -1) C Cdo d ox

In this equation, G is the carrier generation rate in the depletion region and
the other terms were defined above. (Equaticn (6) differs from Eq. (4) of
Heiman by the COx factor on the right-hand side, presumably due to a typo-
graphical error in his paper.) If the second term or' the left-hand side of

Eq. (6) is negligible compared to the first, a simple exponential solution for
capacitance as a function of time results, with the time constant being equal
to NdCx/GC df or the present conditions, the first term dominates onlj,

during the last third of the capacitance recovery process. however, as a

first-order approximation, we neglect the second term.
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As noted above, was determined experimentally frtni the [I - (l/e)]

pcint in capacitance recovery. However, Eq. (6) is based on recovery (or re-
Suc~oi,)" of the dejple'ion width, i.e., on the generation of charge, This con-

siderdtion results in a slight modification when cormparing the present eýperl-

mental results with analysis. For our conditions, recovery of the depletion
wid1th to the 630,', point corresponds to recovery of capacitance to the 45% point.

This consideration results in a reduction of the experimental values of T and
K by a factor of -0.75 if they are to be compared with calculations using
Eq. (6).

The carrier generation rate in a depletion region is given by ni/ 2T g.

We thereforc obtain

C o 2 "d' rg'7 )s- Cdf ni Tg

fnd thus
Ks Cox (2 N,)

Ks = -L K .(8) ',;- ~~Cd n , s f 0

For the !itype devices used here, 'q. (8) yield& value for K /K of 1.0 X 10

as compar'ed to the experimenital value of 1.7 x 106. Upon reducing tihe latter

value by a far;or of 0.*75, we obtain 1.3 x 106 which is in reasonable agreement
with the calculated value, For MOS capacitors on a p-type substrate, the ex-

perimeotal value oF K /K is -7 x 106, which reduces to -5 x 106 when the 0.75
sg9

factor is applir . The calculated value for K /K in the p-type case is -7 x
6~ sg

10 which agrees reasonably well with the (reduced) experimental resuic.

We now discuss the reason for the large differences between generation-
lifetime and recombination-lifetime damage coefficients. As noted above, values

for K g•/r are -70 (n-tyne) and-35 (p-type). QualitativEly, this discrepancy
is expected and two contributing factors can be citrd to account for it. The

first factor follows directly from consideration of a one-level Hall-Shockley-

Read (HSR) model. It cdn be shown that for equal concentrations of recombination
centers 'in t6-o neuttal bulk) and generation centers (in the depletion region),

the inequalitj 1i- T must hold. if generation in the depletion region occurs
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through the same level as recombination in the neutral bulk, and if this level

is at midgap, then Tg = In general, one expects the dominant generation

level to be at or near midgap but recombination is likely to be dontinated by

some other level, so that Tg > Tr, and thereby Kg > Kr. A second reason for

expecting K to be greater than Kr involves the nature of neutron damage. For

bulk material, neutron-produced disordered regions act as potential wells for

minority carriers and enhance their recombination rate. 4 8 , 4 9 The interior of

such a region is near intrinsic, and thus its associated potential well will be

nearly negligible in a depletion region. Defect levels introduced by neutrons

will increase the carrier generation rate in a depletion region and thus de-

crease Tr . However, the enhanci:ng effect of disordered-region potential wells

on bulk recombination appears to have no direct counterpart in a space-charge

region. That is, no correspcnding enhancement of carrier generation will occur

beyond the simple addition of new geieration centers. Thus, once again we ex-

pect K to be greater than Kr. At low injection levels, a defect within a dis-
g r'

ordered region is on the order of a factor of 5 to 10 times more effective for

recombination than if it were isolated. 50  Clustered defects in a depletion

region should tend, in terms of their effect on electrical properties, to

resemble isolated defects. This recombination information thus suggests that

the difference in values of K and K will be up to an order of magnitude largerg r
than that expected on the basis of the above HSR argument. Taking these two ef-

fects together, the large difference noted here between K and Kr appear

reasonable.

Measurements of storage time in MOS capacitcrs we-re made as a function of

temperature for the purpose of gaining additional insight. Figure 4-7 shows

storage time versus reciprocal temperature for two devices from lot KA-09. In

the prc.-irradiation case, band-to-band excitation is the dominant mechanism at

high temperatures (1000/T< 3.0) as evidenced by an activation energy approxi-

mately equal to the bandgap energy. At lower temperatures, the temperature de-

pendence is dominated by that of ni. The activation energy at such temperatures

is the same before and after bombardment which suggests that the energy level

position of the dominant generation center is nearly the same in both cases.

To explore this point further, Zerbst analysis was performed on the C-t

plots used to obtain the Ts data in Figure 4-7. Results of this analysis are
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Figure 4-7. Storage time :ersus reciprocal temperature for irradiated
and unirradiated MOS capacitors on an n-type substrate.

shown in Figure 4-8 where generation lifetime is observed to be only very

weakly dependent ooi temperature both before and after irradiation. Such be-
51havior is reasonable based on a one-level expression for :g

c Pl + cn

2c c r~ n. 9g Cp cn g ni

(All terms have their usual definition.) If the dominant generation level is at
midgap, then n1 a! p1 and the temperature dependence of ni (or pl) will be equal to

that of ni. Therefore, this strong temperature dependence cancels, leaving only

that of the capture probabilities. Capture probability temperature dependences

typically are rather weak. The weak temperature dependences shown in Figure 4-8
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Figure 4-8. Generation lifetime and surface generation velocity
versus reciprocal temperature for irradiated and unirradiated
MOS capacitors on an n-type substrate.

are thus attributable either to capture probahilities or to a slight deviation

of the dominant generation level from midgap. Since there is no strong differ-

ence between the temperature dependence pre- and post-irradiation, the indica-

tion is that the dominant radiation-induced generation level is coincident with

(or very near) the corresponding pre-irradiation level. The results of Fig-

ure 4-8 also reveal that K is only very weakly temperature dependent over the
9

range studied and that surface generation velocity is temperature dependent

over porticns of the range examined. The l-tter behavior can most likely be

accounted for in terms of the temperature dependence of parameters associated

with a generation level (or levels) at the Si0 2 -Si interface.

4.1.4 CCD Results

Figure 4-9 shows cha.nge in dark output voltage for several CCDs follow-

ing both pulsed and steady-state neutron bcnbardment. These devices were un-

powered during irradiation and dark voltage measurements were made using the
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continuous clocking method (fc = 10 kHz) within one hour following bombardment.

An approximately linear dependence of change in dark voltage on fluence is ob-

served and a value for dark-current introduction rate L(Jd - Jdo)/A3 of 4 x

10- nanoamps per neutron results. Additional data, obtained by the integra-

tion method, yielded an introduction rate in agreement with this value.

An anomalous sensitivity for the present CCD; to radiation-induced in-

creases in dark current was observed when devices were irradiated in a powered

mode (continuous clocking, no input charge). Dark current increases were ob- I
served to be proportional (apparently) to neutron fluence to the 3.5 power.

Further study revealed that. this sensitivity was due to ionizing radiation and

was not a neutron effect. The ionizing dose accompanying neutron bombardment in

this study ranged from 10 to 500 rads (Si). Irradiation of an unpowered CCD in

the gamma-ray environment of a Co60 source to a total dose of 100 rads produced

no observable change in dark current. However, irradiation of a powered device

in the same source to about the same total dose produced a dark current increase

comparable to that produced during neutron bombardment. (These data are pre-

sented in Section 4.2.3.) In general, the data indicate a strong bias dependence

of ionization-induced increases in measured dark current. It is not presently

clear which region in the CCDs investigated exhibits an extreme total-ionizing-

dose sensitivity. (One possibility is charge buildup in the radiation-sensitive
field oxide which would then deplete the silicon and give rise to an additional
source of dark current. Further discussion of this possibility is given below.)

However, this effect is probably related to the present device jesign ard/or

processing procedures and therefore is most likely not of gene•.al interest.

The results of Figure 4-9 are of general applicability in that the basic effect

of neutrons on dark current in a CTD is illustrated. (See additional data in

Section 4.2.4.)

Short-te;nm annealing measurements of dark current in CCDs bombarded by

a pulse of neutrons were attempted in this investigation. To perform such meas-

urements, it is necessary to operate a given device with power applied during

irradiation since active measurements are made as a function of time following

the pulse. Because devices were powered, the observed response was dominated

by the ionizing radiation effect mentioned dbove. Thus, information regarding

the transient annealing behaviDr of generation centers in the depletion region

of HAC CCDs was not obtained. (Such data for Fairchild devices are presented
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in Section 4.2.4.) Since transient annealing of neutron damage in silicon is
strongly dependent on the electron density present,52 one might expect the
rate of dark-current recovery to be relatively slow since the carrier concen-

tration in a depleted region is quite low.

Before having determined that the observed anomalous response of the pre-

sent HAC CCDs, when irradiated under power, was an ionizing radiation effect, we
performed an experiment to rule out the possibility that introduction of neutron
damage in a depletion region is bias dependent. The following measurements were

made on MOS capacitors on an n-type substrate. Devices were irradiated with a
neutron burst (5.4 x 1011 n/cm2 ) under three bias conditions: (1) DC (-8.5V);
(2) clocked tO to -8.5V, 5 kHzsquare Wdve); (3) grounded gate. These conditions

were repeated in a second experiment with unirradiated devices using a steady-
state neutron flux to achieve the same fluence. Pre- and post-irradiation deter-
minatiuns of Ts and Tg were performed and damage coefficients then determined.

Values for Ks were in good agreement with each other (and with the value given
in Figure 4-4) for all conditions. The same statement also applies reasonably

well for K values. We conclude that introduction of generation centers in a
depletion region is independent of biasing condition, and in fact no such de-
pendence was anticipated.

4.1.5 Discussion

It is of interest to calculate the expected increase in dark current

for a neutron-irradiated charge transfer device. Dark current density Jd in a
CCD due to generation of carriers in a depletion region of width xd is given

by
53

Jd = qni xd /2Tg (10)

Using Eq. (4), we obtain

d qnix• 1 + q n (11)

d 2 +-Kg =Jdo 2 Kg

and thus

d(jd - J q n xdd do d (12)"-L '•,tdO• 2Kg

t9
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At room temperature, nI = 1.4 x 100 cm 3 ; from Figure 4-5, K =7.0 x i06
2 g

n.-sec/cm . The depletion region width is estimated to be on the order of 2 to
3 .m, which includes all of the 0.8 -m n-type epi layer plus a portion of the

30 G-cm p-type substrate! This yields a calculated range for d(Jd - Jdo)/d#

of 3.2 to 4.8 x 10"11 nA/n, in good agreement with the experimental value of

-4 x 10-11 nA/n for devices irradiated in an unpowered condition. Thus, we

have employed MOS capacitors to obtain the basic quantity (K ) needed to predict
g

neutron-induced increases in Jd in a LCD, and the resulting agreement between

calculation and experiment is satisfying. We further note that K should-be of
g

general usefulness in predicting neutron damage effects in depletion regions for

any silicon device bombarded by fission neutrons. (See Section 5.0.)

Table 4-2 compares values of d(Jd - Jd#)/d¢ derived from data obtained
by various workers with the present result. It should be borne in mind that

values for this quantity are expected to be in agreement only if xd is the same,

based on Eq. (12), and also if all experimental conditions are the same. For

purposes of comparison, we assume that xd is aoproximately the same in all

cases. The present data and that of Hartsell33 and Chang35 were obtained using a

fission reactor, and their values for d(Jd - Jdo)/d4 agree within a factor of
-2 with the current value. The value obtained by Se,',s3 is a factor of 5 higher

than ours, which is consistent with the more effective introduction of genera-

tion centers by the higher energy neutrons he employed than the fission neutrons

used here. In summary, the present value of d(Jd - ,do)/dO is in reason&ble
33 3

agreement with values derived from data obtained by Hartsell and Chang, - the

two cases for which comparison appears appropriate. One further comparison can
32l' a au o f33x113 2be made. Williams and Nelsen obtained a value for K of 3.3 x 10 n-sec/cm

using a p-surface-channel device (n-type substrate). This value falls midway
between those shown in Figure 4-4 and thus is in reasonable agreement with the

present work. However, this agreement may be fortuitous since Ts (and there-

fore Ks) depends on the magnitude of the voltage step applied in a C-t measure-
s

ment and on the doping concentration. Storage time and its associated damageI coefficient do not have the fundamental physical significance that T and K

have.

II Lowering the operating temperature of a charge transfer device causes a
dramatic reduction in dark current due to the strong temperature dependence of

carrier generation rate in the depletion region. Neutron bombardment introduces

*In subsequent work, described in Section 5.0 of this report, we concluded that
the depletion region width is most likely larger than that used here.
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Table 4-2. Comparison of values for d(Jd - Jdo)/d# derived from
data obtained by various workers.

d(Jd - Jdo)/dO Radiation

Reference (nA/neutron) Source Comments

Hartsell 33  -9.6 x 10-11 Fast-burst reactor Buried channel

-5.6 x 10"11 Fast-burst reactor Surface channel

Saks 34  1.9 x . Cyclotron (0 to

30 MeV neutrons, Buried channel
15-MeV peak)

Buried channel
Chang 3 5  •2 x 10-11 Fast-burst reactor and

Surface channel

Present work -4 x 10"11 TRIGA reactor Buried channel

generation centers in that region which give rise to an increase in dark cur-

rent. The impact of this radiation-induced increase can be diminished by lower-

ing the device operating temperature. We consider such a hardening approach

here and present a graph that allows the selection of an operating temperature

which should prevent post-irradiation dark current from being larger than some

specific value.

The temperature dependence of Jd [Eq. (10)] is dominated by that of ni,

where

n= C1 T3 / 2 exp(-Eg/2kT) = C f(T) (13)

(C1 is a constant and E is bandgap energy.) Upon defining a second constant,

C2, as q xd/ 2 , we obtain

S~C! C2 f(1)

Jd do + Kg (14)
9|

Plotting log f(T) versus reciprocal temperature yields a slope (i.e., an activa-

tion energy) of -0.58 eV. (For this determination, we employed Eg = 1.11 eV

and the bandgap temperature dependence was neglected. This is reasonable over
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the temperature range considered.) As noted above, Tg is only weakly temperature I
dependent. Using the pre-irradiation value for the activation energy of Tg in

Figure 4-8 (0.05eV) results ir an overall temperature dependence for Jdo of

exp(-0.63 eV/kT). This dependence is in good agree.ent with the Ts data of Fig-

ure 4-7 and in exact agreement with pre- and post-irradiation data obtained for
HAC CCDs (not snown here). For simplicity, we assume that the second term in
Eq. (14) also varies as exp(-0.63 eV/kT) and thus that Jd has this same dependence.
This is a reasonable assumption since K is only weakly temperature dependent, as

discussed above.

Upon normalizing Jd to Jdo' we obtain

+ (15)
'do +

This expression was used at 303 0K (i.e., J 1 before irradiation at 1000/T
3.3°K") to obtain values of normalized dark current density as a function of

usngK•=7. x16 nscm2.
fluence using = 7.0 x 10 n-sec/cm2. A value of 1g0 was selected (14 psec)
so that AJd/A40 would equal 4 x 10-11 nA/n for Jdo = 20 nii/cm2, -- typical dark
current density for the CCDs stuadied. Curves with a -0.63 eV slope were then Jý

drawn through the calculated room-temperature values and results are shown in
Figure 4-10. This graph illustrates the effectiveness of lowering the operating
temperature of a CTD to avoid neutron-i.,duced dark current problems. As an ex-
ample, assume that the maximum dark current density that be tolerated is unity,
the value of 0 do at 303°K in Figure 4-10. If the expected flueice is 1013 n/cm2 ,
then this figure indicates that operating the device at T < 2690K will keep Jd 5
unity following irradiation. Thus, a relatively moderate lowering of the oper- -

ating temperature in a CTI should result in a substantial radiation tolerance in
terms of neutron-induced increases in dark current.

4, 1.6 Summary $
A study of the mechanisms of neutron-induced dark current increases inr

charge transfer devices has been performed ising MOS capacitors and CCDs as test
vehicles. MOS capacitors were used to obtain neutron damage coefficients as-

sociated with storage-time and generation-lifetime degradation (K. and Kg,
respectively) and gamma-r•y damage coefficients associated with increases in

II
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Figure 4-10. Normalized dark current density versus reciprocal 4
temperature with neutron fluence as a parameter. The
effect of a reduced operatimig temperature on radiation
tolerance is illustrated.

surface generation velocity at the Si0 2 -Si interface. In terms of the radiation

response of a buried-channel CCD, the quantity determined having the most funda-

mental significance is Kg, the generation lifetime damage coefficient. A unique

value for this coefficient of 7.0 x 106 n-sec/cm was determined for devices on
i I ~ both n- and p-type suhstrates. This value was then used to calculate the ex-

pected change in dark •urrent density with neutron fluence in a CTD. The cal-

Ai • culated value is in good agreement with the present experimental value of -4 x

J+ 90

i"
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10"11 nA/n for irradiated CCDs. (See additional discussion of this point in

Section 5.0.) Experimental values for the ratio of Ks/K were obtained and
found to be greater than six orders of magnitude. These substantial dbWferences

were accounted for reasonably well for both n-type and p-type m'iaterial using S~47
the model of Heiman. A qualitative explanation was presented to account for

the substantial difference between recombination-lifetime and generation-life-

time damage coefficients which is based on consideration of the Hall-Shockley-
Read model and also on the nature of neutron damage in a depletion region. A
discussion was presented which indicates that a moderate reduction in operating

temperature of a CTD should substantially reduce its sensitivity to the pro-
duction of dark current by neutron bombardment.

9
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4.2 ADEITIONAL STUDIES OF RADIATION EFFECTS ON CHARGE-COUPLED DEVICES

4.2.1 Introduction

Section 4.1 of this report describes results of studies of radiation

effects on CCDs performed during the first half of the performance period for

the present contract. In this section, we present findings obtained during

the second half of the program. In addition, data are presented which serve

to reinforce and provide further insight reqarding several of the points briefly

made above. The primary subjects included here are: c) effects of ionizing

radiation on Hughes Aircraft and Fairchild CCDs; b) transient and permanent
effects of neutron bombardment on the Fairchild CCD 311. As in Section 4.1,
emphasis is placed here on investigation of radiation-induced increases in

dark-current density.

4.2.2 Experimental Procedures

Techniques used to measure dark ciirrent were the same as those described
in Section 4.1.2.3. The radiation facilities employed were the TRIGA Reactor

and the Co6 0 source at Northrop Research and Technology Center. All measure-
ments were made at room temperature, which was monitored. Data were corrected

to 298°K based on the measured temperature dependence of dark-current in CCbs,

as mentioned above. iwo types of n-buried-channel CCDs were studied: devices

fbricated by Hughes Aircraft (described in 4.1.2.1 and in References 35 and

54) and the conmmercially available Fairchild CCD 311. Figure 4.11 shows a

block diagram of and pin identification for the CCD 311. Note that this device

contains two 130-bit analog shift registers which normally are multiplexed.
We operated the clocks for these two shift registers 1800 out of phase so that

dark-current information for both was obtained simultaneously. Also note that

the CCD 311 uses a two-phase clock whereas the Hughes Aircraft device operates

with four-phase clocking.

Pertinent schematic diagrams of circuits employed in conjunction with

the CCD 311 are now presented. Figure 4-12 shows a diagram of the circuit used

-in radiation testing (both reactor and Co6 0 ). This circuit permits active

L measureuents to be made during pulsed or steady-state irradiation. The drive

circuit illustrated ini block form in Figure 4-12 is shown in detail in Figure

4-13. Figure 4-13a depicts the clock waveform and signal input generator. In
F-gurr: 4-13b, the circuit used to provide power for the CCD 311 and for the

,'4" 92
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Vi 0-U- INJEC- --w 130-BIT ANALOG

TsO- IORT _. I _TRGI TAMPLIFIER C• o S

6'1 6'2 O RD 9R TP1 TP2 TP3

PIN NAM,,.,S

1A" 02A' 0  1B' 02B Analog Shift Register Transport Clocks

OG Output Gate
OS Output Transistor Source

OD Output Transistor Drain

CS Compensation Transistor Source

Reset Transistor Gate Clock

RD Reset Transistor Drain

V Substrate (Ground)
I

V VB Analog Input Gates

•SA' 0SB Analog Sample Clocks

TPI, TPZ, TP3 Test Points

Figure 4-11. Block diagram of and pin identification for the

Fairchild CCD 31].
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Figure 4-12. Schematic diagram of the circuit used in radiation
testing of the CCD 311.
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circuit of Figure 4-13a is presented. A timing diagram showing w&veforms
applicable for the circuit of Figure 4-13a is given In Figure 4-14 Deta! Is
of the pin connections for the CCD 311 during irradiation are siown in Fiqtiv.;

4-15. Figure 4-16 shows the differential amplifier circuit used to eliminate

the roset pulse at the output (refer to-Figure 4-12). In Figure 4-17, the drVie
amplifiers used in testing the CCD 311 are illustrated.

4.2.3 Ionizing Radiation Effects

As mentioned briefly in Section 4.1.4, dark current density in Hughes

Aircraft CCDs was found to be quite sensitive to ionizing radiation when

devices were irradiated in a powered mode. We present here the data which led

to that conclusion along with additional results of -ionizing irrad'iation

studies.

A schematic diagram of the Hughes Aircraft buried-channel CCD studied is

shown in Figure 4-18. (A similar design is used in the Fairchild part.) In

earlier work, 55 we noted that the apparent sensitivity of the HAC CCD to

neutron bombardment was greatly enhanced if the device was irradiated with A

power applied. These previous data are shown iU Figiure 4-1ý where the chani§e . H

in output dark voltage (proportiunal t, dark current) is plotted versus

neutron fluence. The open symbols represewit data for powered devices awd the

solid symbols are for unpowered parts. ('"ýcwerad" is defined here as the

application of typical ac and dc voltages to all appropriate terminals of the

CCD with the exception of the input. No charge was input to the CCD for the

purpose of permitting dark current measurements by either cf the methods des-

cribed in Section 4.1.2.3. The "unpowered" condition refers to irradiation of

a CCD with all of its leads imbedded in cond-ictive foam.)

An extreme sensitivity of the powered parts as compared to the unpgowered KJ
units is evidenced in Figure 4-19. Ionizing radiation is also incident on the
CC~s during neutron bombardment, so we performed an experiment tu determine$ whether the sensitivity of dark current in parts irradiated under power was a

neutron effect or an effect of ionizing radiation. During neutron bombardment,

CaF 2 TLDs were used to measure the concomitant - cn17ino dose. rigwire 4-20

shows the data of Figure 4-19 replotted in terms of change in dark voltaqe
A! ,versus total dose. Also shown are data points obtained for HAC CCDs irraoiated

1 in a Co6 0 source. Device 19-41 had received no previous it-radiation. It was

96
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Figure 4-16. Differential amplifier used with the CCD 311 to
eliminate the reset pulse at the output. (See Figure
4-12.)
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Figure 4-17. Drive amplifiers used with the CCD 311. (See
Figure 4-12.)
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Figure 4-20. Change in dark output voltage versus ionizing dose 18r
the Hughes Aircraft CCD. Except for the two designated "Co

all data points shown are those given in Figure 4-19. In the
present case, the ionizing dose received during neutron bom-
bardment is plotted as the abscissa.

first ir-adiated to 130 rads with power applied and the resulting change in

dark voltage was substantial, as shown in Figure 4-20. The 130-rad ddta point

showr for this device is in general agreemenIt with those shown for other

devices from wafer #19. This result reveals that the extreme sensitivity of

dark current in powered HAC CCDs is an effect of ionizing irradiation, and

not of neutron bombardment. After a 16h anneal at room temperature, Vd for

Deiice 19-41 decreased to 65% of the 13J-rad value shown in Figure 4-20. This

anneal was followed by an additional irradiation under power to a dose of 75

rads. The change in dark voltage at 10 kHz as a result of this irradiation

was 140 mV. 'This result is plotted in Figure 4-20 in terms of the incremental
I ~dose and the incremental change i,, Vd (i.e., 75 rads and 140 mV). The result

of this second irradiation of Device 19-41 is consistent with that obtained

iJ in the first bombardment.
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In a second experiment, Device 19-33 was irradiated in the Co60 source

with no power applied. This device had been previotisly neutrotn irradiated

twice and had received ionizing doses of 180 rads (unpowered) and 170 rads
(powered). Three months later the Co6 0 experiments were performed, and at that

time the dark current density for this device was 56% larger thcn its pre-

irradiation (virgin) value. The first unpowered gamma irradiation was to a 1j
total dose of 100 rads, and no change in dark current was observed. This

result indicates that the ionizing-radiation sensitivity of HAC CCOs to ionizing

radiation arises only when power is applied. However, a seconO unpowered

irradiation of Device 19-33 to an additional 660 rads caused Vd to increase

significantly, as shown in Figure 4-20. (Also shown are results of long-term

room-temperatu.-o anneals of 90 ani 1600 hours. Significant recovery was noted.)
This result could cause one to suspect that the solid data points in Figures

4-19 and 4-20 (aiso shown in Figure 4-9), which are results of neutron bom-

bardment in an unpowcred state, are attributable to the effects of both

neutrons and gamma rays. However, Yesults of neutron bombardment of the
Fairchild CCD 311 (discussed below), which is insensitive to ionizing radiation

(also discuissed below), are consistent with findings shown in Figure 4-9 for

unpowered HAC CCDs. That is, we judge the solid data points in that figure to
be attributable solely to the effects of neutrons. It is possible that results

of CO6O bombardment of Device 19-33 were influenced by the fact that it had
previously been irradiated with power applied. Further study would be required

on virgin devices to clear up this issue. (Exploration of this point was not
of primary importance in the present program.)

For comparison purposes, Fairchild CCD 311s were irradiated in the Co6 0

source with and without power applied. Results are shown in Figure 4-21 where

dark current density is plotted versus total dose. Devices 1 and 2 were
5

irr•'diated unpowered. Device 1 was still functioning at 10 rads (the highest

aose examined for this unit), and the increase in dark current density was

or,ly -20%. Device 2 was still operational at 3 x 105 rads but failed some-

where between that dose and 106 rads. Devices 23 and 25 were irradiated under

power. Device 23 exhibited a strong increase in dark current (saturated) at
445 x 10 rads and failed to operate after 8 x 10 rads. Device 25 failed at

9 x 10 rads. It is interesting to note thet the Fairchild CCD was not in-
,• tentionally fabricated as a radiation-hardened part but it exhibits moderate

tolerance to ionizing radiation.
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Figure 4-21. Dark current density versus ionizing dose fer
the Fairchild CCD 311.

To explo'e further the sensitivity of HAC CCDs to ionizing radiation,

additional measurements were made. Figure 4-22 shows dark current density

versus total dose for three HAC devices irradiated with power applied. The

results are rather striking and deserve considerable comment. Before doing so,

some experimental differences should be noted. Devices 19-62 and 17-65 were

previously unirradiated whereas Device 19-21 had received an earlier neutron-

plus-gamma irradiation (see Table 2 in Reference 55). In that earlier irrad-

iation, dark current was observed to recover to within a factor of two of its

pre-irradiation value after a thirty-day room-temperature anneal. It is not

presently clear whether the irradiation history of Device 19-21 had an effect

on the later experiment (Figure 4-22), i.e., gave rise to the difference

between results for this unit and the other two devices. However, this aspect

of the data is unimportant for the present pur'poses. We concentrate here on

the trends evident, and results shown for all three devices in Figure 4-22 are

4,t qualitatively similar. One additional difference was that Device 19-21 was

Loperated at a constant clock frequency (500 kHz) during irradiation whereas
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Figure 4-22. Dark current density versus ionizing dose for
Hughes Aircraft CCDs.

the clock frequency was varied for Devices 19-62 and 17-65. This difference in
procedure is probably not ot importance. A final note regarding experimental

procedures: the dark current measurements of Figure 4-22 were made with the

Co60 source lowered into the floor (i.e., dose rate equal to zero). With the

source raised, the presence of ionizing radiation enhances the dark W•,a•it and

also produces noise 4r, the measurement system.

Three dark-current regimes are evident in Figurc 4-22. A strong increase
2 3in ')d is noted in the range 10 - 10 rads. This is followed by a strong
4 55decrease in Jd in the ranqe 10 - 10 rads. In the third regime (>10 rads),

Sd once again exhibits an increase. This third regime is reasonably well under-

stood and is attributable to two effects: 1) an increase in the generation

center density in the oepletion-region bulk due to bombardment by the -1-MeV

"Co60 gannia rays; 2) an increase in the generation center density at the SiO2 -Si

interface due to production of interface states by the ionizing radiation

(Note that the first effect is production of displacenment damage by ionizing

radiation). Both of these effects should increase linearly with dose. Figure 4-2
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Figure 4-23. Change in dark current density versus ionizing
dose for a Hughes Aircraft CCD. Data shown were derived
front Figure 4-22.

shows the change in dark current density (i.e., Jd " Jdo) versus dose for Device

19-21 (data from Figure 4-22), and a linear dependence is indeed observed. The

rate of change obtained is 1.2 x 10-4 nA/cm2 -rad. To examine how well that

rate describes data obtained by other workers, we have made the comparison
illustrated in Figure 4-24. Data derived from the work of Chang and Aubuchon

are shown, along with a dashed line corresponding to the rate of change obtained
-in Figure 4-23. The-,e is considerable scatter in the experimental data, which

is perhaps due in part to the fact that some of the data were obtained with

bias applied and the rest without bias. Radiatinn-induced production of inter-
face states should be enhanced by the application of a field across the gate

$ oxide. 56  There is a slight indication in Figure 4-24 that powered devices

exhibited a larger :ncrease in dark current density, but further study is
needed to confirm this point. (In the pr•.-nt program, we irradiated a HAC

606CCD in the Co source with no power applied up to a dose of 3 x 106 rads.

Ddrk current exhibited a linear increase with dose at high doses. However,

K J• 1.04
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-igure 4-24. Change in dark current density versus ionizing dose. 35,54
Data points were obtained from the work of Chang and Aubuchon.
The dashed line is based on the fit to data shown in Figure 4-24.

the rate of change observed was a factor of -3.5 larger than that shown in
Figure 4-23. Clearly, additional investigation of the bias dependence of

ionizing radiation effects on CCDs at high doses is needed. In this zero-bias
experirnant, unfortunately no data points were recorded for doses less than 105
rads. In retrospect, such data would have beer' useful in view of the dis-

6cus ion above in conjunction with Figure 4-20.) Note that at 10 rads in
Figure 4-24 the dashed line passes roughly through the middle of the scattered
data points, indicating some success in predicting the experimental observations.

$ At I0 rads, the data points are all higher than the dashed line and this may

be due to remanence of a portion of the ar.omalous enhanced current evident at
lower doses (Fiqure 4-224. We now discuss this anomalous current.

The strong increase in dark current density at low doses, shown in Fiqure, ?>
4-22, is qualitativeiy consistent with the data shown in Figure 4-20. In the
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former case, the ionizing dose was obtained frnon a Co6 0 source whereas in the
latter case the ionizing radiation was concomlt nit with neutron bombardment.
A starting point for a model which has potential for describing these findings

is now given. The HAC CCDs contain a non-radiation-hardened field oxide, as
shown in Figure 4-18. Not chown there is a channel-stop diffusion that is also
present. Figure 4-25 is a schematic of the field oxide and the channel stop.
A rElatively small total ionizing dosc can give rise to significant positive

charge buildup ic. a field oxide. 5 7 This ei'fect is enhanced if a bias is
applied across that oxide layer. Positive charge buildup will result in for-

mation of a depletion region in the underlying p-type substrate. Thermal
generation of carriers will occur in this region and these carriers could
substantially increase the CCD dark current if they were able to couple int'

tri charinel. However, tne chan*el stop should prevent this from occurring. At

higher doses, negatively charged interface states will form at the field oxide-
silicon interfece, as shown in Figure 4-25. This negative charge will serve to

compensate for built-up positive charge in the oxide, thereby reducing the
extent of the depletion region in the silicon. Thus, fewer carriers would be

thermally generated in that region at higher doses. Once again, the problem
with this model is that it is not clear how carriers thermally generated
external to the CCD channel can couple into the channel and enhance the dark

current. The anomalous response of HAC CCDs to ionizing radiation is most
likely associaced with a device processing problem that has yet to be deter-
mined. Further study of the effects of processing variations on this response
will most likely be required before the observed phenomena can be understood

and counteracted.

FIELD
,.-"', OXIDE

,4. 4- 4,

+ -

CHANNEL-STOP SI LICON
DIFFUSION

Figure 4-25. Illustration of charge buildup in the field oxide
for a CCD.
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One final point should be noted regarding data shown in Figure 4-22. For

Device 19-62, dark current density was measured after a 12-day post-irradiation

Sanneal at' room temperature. Dark current increased by 50% over this period oftime, as shown in the figure. This behavior indicates that annealing of the radi-

ation "damage" responsible for the decrease in Jd in the 104 - 105 rads range pro-

ceeds at a faster rate than annealing of the "damage" responsible for the dark-
current increase in the 102_ 103 rads range. Qualitatively, such be~iavior appears
inconsistent with the model depicted in Figure 4-25 since the amount of radiation-

induced positive charge in Si02 tends to decrease with time following irradiation
whereas the interface-state density tends to remain constant or increasexover the
same time regime for a tnermal-oxide/silicon interface. 6 (To determine whether
this statiement applies for a field-oxide/silicon interface would r.quire further ]
study.)

4.2.4 Neutron Effects

The relative absence of ionizing radiation effects on dark current density
:n the Fairchild CCD 311 as compared to the HAC CCD makes 'it a good test vehicle
for examining neutron effects on CCDs Dowered during bombardment., Results of neL'-

tron irradiations of the CCD 311 are reported here. In the first experiment, five
separate devices were irradiated unpowered to five different fluences, and dark

current measurements were made before and after these steady-state irradiations.
(Post-irradiation measurements were perfcrmed within approximately one hour after,

bombardment.) Figure 4-26 is a plot of the change in dark current density versus
re'tron fluence. Data over a fairly wide fluence range are fit quite well by a
unity-slope line as shown in the figure. The slope obtained, 3.5.x 10"11 nA/neu-
tron, compares quite well with the result for the HAC CCD shown above in Figure
4-9. (Additional discussion of these results is given in Section 5.3 of this re-

port.)

Measurements of dark current density were performed as a function of time

following pulsed neutron bombardment for the CCD 311. In the first experiment
performed, Device J6 was operated at a clock frequency of 2 kHz during bonbard-

ment, and the continuous clocking method was used to monitor dark current as

a function uf time. This device was bombarded by two neutron pulses a few hours
apart. Both bursts were -20 msec wide ($1.90 pulse) and shielding was as fol-
lows: 1/4" boraI plus 4.3" Pb. In addition, for the first pulse 7" of water
shielding was employed to reduce the fluence. No water shielding was used on the
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Figure 4-26. Change in dark current density versus neutron
fluence for the Fairchild CCD 311.

second burst. Sulphur pellets were used for neutron dosimetry and CaF 2 TLDs were

employed to obtain total ionizing dose. With no water shielding, the plutonium-to-

sulphur ratio is known to be 11.9 for our shieldirg conditions. We obtained a flu-
ence of 4.4 x 1011 n/cm2 (>10 keV) for the second pulse (gamma dose at 130 rads(Si)).
For 7" H2 0 shielding, the plutonium-to-sulphur ratio is estimated to be -9 and we
thereby obtained -2.6x 1010 n/cm2 (>10keV) as the fluence for the first burst
(gamnma dose a 60 rads(Si)),

Figure 4-27 shows dark current density versus time for Device J6 follow-

ing the two neutron pulses described above. Data are displayed for the time

regime 7-2400 sec after each burst. Following the first pulse, no iiseable
information was obtained at times less than 7 sec on any of the four oscillo-
scope channels employed. This occurred because of inappropriate choice of gain

settings. (It was clear, however, that the dark current signal exhibited
erratic behavior for t < 7 sec.) The pre-irradiation value of dark current

density for Device J6 at 298°K was 4.6 nA/cm2 . At 2400 sec after the first!! ,i 10 2

neutron burst (--2.6 x 10 n/cm2 ), the value of Jd at that same temperature
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was 5.4 nA/6" , so only slight. peranent dam~age was incurred. At 2400 sec
following the second burst (4.4 x 1011 n/cm2), Jd= 2.7.7 nA/cm2 as shown in,
Figure 4-27. At 7 sec, Jd is 0 factor ef 2.7 larger than this value.

OEVICE A6
fc -2 kHz

80 - Jdo 4.6 nAicm,
A,

A,

-20 A
E

0 PULSEf2 (4.4 xl10 n/ccm)

A A

2~)PULSE #1 ('-2.6 x 1020 n/cm 2)

01102 101
TIME (sec)

Figure 4-27. Dark current density, versus time following pulsed
neutron bombardment for the Fairchild CCD 311 (Device J6).

For times less than 7 sec after pulse #2, several phenomena were observed.
As an aid to describing the observations, let the value of Jd at 7 sec be equal
to x. For t < 0.2 sec, no definitive information was obtained, but it is
likely that the CCD wells were saturated at such times due to ionizing radiation

associated with the burst. At t = 0.2 sec, the two shift registers in Device
J6 had a significantly different dark current. One register had a relative

J of 2.5 x whereas the second had a value of 12 x. Between 0.2 and 1.9 sec,

i decreased monotomically (and significantly). At t = 1.8 sec, for the first
register J = 1.3 x and for the second register J = 6 x. At t = 2 sec, con-
trol rod reentry occurs, thereby reducing the amount of ionizing radiation

incident on the device. Thus, dark current decreases at this point. (See
Reference 55 for additional discussion of the contribution of ionization to
d in CCDs before reentry of the control rod occurs.) At t 2.2 sec, Jd = 1.2 x
dd
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and 1.6 x for the first and second registers, respectively. Between t = 2.2
and 5.8 sec, Jd remained constant and the difference between the two registers
was maintained. Between t = 5.8 and 7 sec, a transition occurred in which the
dark current for both registers became equal and also Jd began to decrease
with time. We interpret the data as follows. For t a 7 sec, Jd is dominated
by thermal generation of carriers at neutron-produced centers in the depletion
region hulk. As t -;,7 inc.reases, Jefect reirderirn, occurs, thereby reducing
thie effective generation center density (i.e., Jd decreases). For t < 2 sec,
Jd is dominated by ionizing events for this device. Between 2 and 7 se,;,
apparently electrical stability of the CCD is being restored subsequent to the
large signals experienced at oarlier times. (In this regard, we perform•.d an
experiment on an unirradiated CCD 311 and observed a recovery time constant
of I to 2 sec when the clcck frequency was abruptly doubled. The initial
frequency was low enough so that the dark output voltage was saturated.
Doubling the frequency reduced Vd, but it took 1 to 2 sec before steady-state
(i.e., constant Vd) conditions were reached. This result indicates that one
must exercise caution when interpreting early-time data in short-term annealing
experiments on CCDs.)

Since we interpret the data of Figure 4-27 in terms of transient anneal-
ing of neutron damage, further analysis was performed in a manner analogous to
previous studies of short-term recovery in neutron-irradiated silicon devi-58
ces. We define a dark-current annealing factor (AF) as follows:

Jd(t) - 'doAF = d _ (15)

anthsomeqlongtime following bobrmnp20 e o h aao i ulsed42)
In this equation Jd(t) is dark current density at any time t following pulsed
neutron bombardment, Jdo is the pre-irradiation value, and Jd(-) is the value
at some long time following bombardment (2400 sec for the data of Figure 4-27).

Figure 4-28 shows AF versus time for Device J6 based on the data of
Figure 4-27. A substantial difference is noted between results for pulse #1
and pulse #2. One may question the validity of this difference since the
amount of permanent damage induced by the first pulse was relatively small.
Thus, in Equation (15) we have a relatively small difference between relativelySlarge nun"lers in the denominator, so a moderate degree of experimental error
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Figure 4-28. Dark current annealing factor versus time for the

"Fairchild CCD 311. Data shown were derived from Figure

4.4

-• 4-27.

• •, can have a large impact on the annealing factor. However, this impact is

stronger in the direction of a larger AF as opposed to the direction of closer

agreement between the two data sets in Figure 4-28. To examine how much

experimhental error would be required for the data obtained foilowing pulse #1

to bring that data set into better agreement with the results obtained after

pulse #2, we varied. JdH and •do" For example, assuming 10% error, AF was

recalculated by inrreilsing J by 10% and decreasin- Jdo by 10%. This con-

stitutes i worst-case error situation in which the AF calculated from measured

values overestimates the actual AF. An error bar is shown in Figure 4-28 at

7 sec corresponding to 10% error. Also shown are 20% and 50% error bars. We

"estimate that the error in Jd measurements for our experiments was no larger

thln ± 20%, and most likely was considerably smaller. Even if the error was

:E 50%, AF after pulse #1 would still be significantly larger than that obtained

Iafter pulse #2. Hence, the discrepancy evident in Figure 4-2C appears to be j
real, but additional low-fluence data would be required to confirm it.

M IThere is also a potential problem with the pulse #2 AF data in Figure 4-28.

Measured dark voltag at early times (i.e., 7 sec) was very close to the maximum
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value that can be obtained in normal operation from the device studied. This
situation resulted because of the relatively low clock frequency employed.
The question arose whether the pulse #2 AF data were influenced by the
approach of dark voltage to near its saturation va-.je. That is, we suspected
that at early times the device was not in a linear operating range so that the
variation of Vd with frequency was no,01near. To avoid the possible effects of
saturation, additional measurements were made on a second CCD 311 (Device J3) at

higher clc"k frequencies.

A
12 2

PULSE 2 (2.5 x10 nklm
AI A,

rE 0

PULSE #1 (2.5 x 10 n/km2)

CCD 311
DEVICE JB
J *73nA/cmdo

2 3

1 102 0
TIME (sec)

Figure 4-29. Dark current density versus time following pulsed
neutron bombardment for the Fairchild CCD 311 (Device J3).

Figure 4-29 shows Jd versus time following two identical neutron bursts
[2.5 x 1012 n/cm2 (> 10 keV), (2.90 pulse, -10 msec width, gamma dcse a! 330
rads (Si)] for Device J3. Note that the pre-irradiation dark current density

(73 nA/cm ) is considerably larger than that for Device J6, so that a consid-

erably higher fluence was required for JS to cause a significant increase inH1  dark current. For pulse #1, the clock frequency during bombardment was 200 kHz.
This frequency was sufficiently high to keep Vd substantially less than its

A . 112



saturation value at early times following bombardment. At t = 15 sec, the

clock frequencj was decreased to 20 kHz for the purpose of increasing the
signal amplitude during later-time measurements. For pulse #2, the clock

frequency was 503 kHz during bo.lDardment and was decreased to 50 kHz at

'I t = 2 sec.

Figure 4-30 shows AF versus time for the two data sets of Figere 4-29

(Device J3). Agreement between the results for pulse #1 and pulse #2 is good.

Also shown in Figure 4-30 are AF results for Device J6 (pulse #2) taken from

Figure 4-28. For t z 20 sec, agreement among the three data sets is good,

which suggests that the true dark-current AF at, for example, 20 sec is ,1.7

as compared to the value of 30 obtained for Device J6 after pulse #1 (Figure
4-28). There is still the possibility of a fluence dependence of the transient

annealing behavior at low fluences, but such a dependence appears unlikely in

view of the agreement shown in Figure 4-30 for Devices J3 and J6. (We also

note that no fluence dependence of short-term annealing in neutral bulk silicon
59was cbserved previously.5)

0
3.0-

0 CCD 311
0 A6 (pulse #2)

0

I020M J3seulc)

,, Figure -30. Dark urrent ann aln fato versuse tieorth

2t2.0
ix 0

t2 2

10 ~ 1OTIME Isec)

7Figure 4-30. Dark current annealing factor versus time for the
Fairchild CCD 311. Data shown were derived from Figures
4-28 and 4-29.
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It is of interest to comparc the observed change in Jd at long times

following pulsed bombardment witth the predicted change based on data in Figure
4-26, and such a comparison is made in Tahle 4-3. The experimental data

Device Pulse Fluence Measured Calculated
# (n/cm2) A d AJdS(nAjcm) (nA/cm2 )

J6 1 -2.6 x 101f 0.80 0.91

J6 2 4.4 x 1011 22.3 15.5

12iJ3 1 2.5 x 1012 82.4 87.5

J3 2 2.5 x 1012 8".3 87.5

Table 4-3. Comparison of measured and calculated "permanent" changes
in dark current density for irradiated CCD 311s. Measured
values are based on the value for Jd Pt times ;• 2000 sec follow-
ing pulsed neutron bombardment (see Figu-es 4-27 arnd 4-29).
Calculated yalues are based on the slope shown in Figure 4-26
(3.5 x 10-1 nA/n).

are taken from Figures 4-27 and 4-29, and the calculated values were obtained

using AJd/ A 3.5 x 10-11 nA/n. Agreement between measured and calculated

values for d is good, which dewonvtrates that permanent increases in Jd by

neutron bombardment can be predicted quite well for the CCD 311. Regarding

prediction of the transient behavior of Jd' the AF at a given time can be used

for this purpose. For example, AF - 1.7 at 20 sec following bombardment, Lo

the appropriate value of AJd/40 to use at that time is (1.7)(3.5 x 10-1i

or 6 x 10- nA/n. The basis for this calculation is obvious upon inspection

of Equation (15).

The dark-current annealing factors shown in Figure 4-30 are significantly

larger at times > 10 sec than those observed for neutral bulk regions in bulk

silicon and silicon devices. 56 ' 59  For example, in the neutral-region case at

20 sec AF ranges from 1.0 to -1.2. For the depletion-region situation (i.e.,

dark current annealing) AF 1.7 at that time. Short-term annealing is
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strongly dependent on injection level in neutral material. 6 0  On this basis,
one might speculate that the higher AF in the depletion-region case is due to

the extremely low free-carrier density in that region. However, since the CCD
gates were clocked during the transient recovery period, most of the depletion
region is collapsed (i.e., becomes neutral material) for one-half the time. It

is possible that the portion of the depleted region which does not collapse is
responsible for the relatively slow transient recovery observed. Further study

will be required to clarify this point.

4.2,5 Summary.

In this section, results of an investigation of neutron and ionizing

radiation effects performed during the second half of this program have been

presented. Principal findings are as follows. The HAC CCD is quite sensitive

to the effects of ionizing radiation when irradiated under power. Dark current

density for this device exhibits a string increase in the range 102 -10 reds,

followed by a significant decrease in the range 104 - 1W5 rads. At higher

doses, Jd increase linearly with Aose and this is attributable to production

of geyieration ce.,iters in the depletion-region bulk and to production of elec-

tronic staces at the SiO2 -Si interface. Dark current in the Fairchilu CCD 311

was relatively insensitive to ionizing irradiation, both in unpowered and

powered conditions, up to--105 rads, where device failure was observed. Stud-

ies of the transient and pem .nen'6 ef:ects of neutrcn boinbardment on the CCD

311 were pprformed. Th• :ate of chauge of dark cur.-ent density with neutron
-11fl ience was found to be 3.5 x 10 nA/neutron for measurements made approxi-

mately one hour aktei sceaJy-state neutror, irradiation. Sfiokt-tetm annealing

measurements were performed in which dark current density was monitored as a

function of time foll winy pulsed bcmbardmevot. As an example, at 20 sec after

irradiation the dark cu-rcnt annealing factor was -1.7. This me-wns that the

appropriate value for AJd/A4 K:t Lhat time for the CCD 311 is 6 x 10

nA/ti as opposed to tie long-term value of 3.5 x 10-11 nA/n.
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SECTION 5.0

NEUTRCN DAMAGE COEFFI..^iENl FOR SILICON DEPLETION REGIONS

5.1 INTRODUCTION

A damage coefficient appropriate for the introduction by neutrons of
carrier generation centers in a silicon depletion region has been determined,
as described in Section 4.1 of this report. There it was suggested that this
damage coefficient might be generally useful for predicting the effects of
neutron bombardment on silicon devices. In the present section, we explore
that possibility. A presentation of the analytical background is given first,
followed by a comparison of calculations with experimental results obtained odi

silicon devices at several laboratories.

5.2 ANALYIlCAL CONSIDERATIONS

The expression for the steady-state net recombinaticn rate R at a
single level in neutral bulk material is given by the Hall-Shockley-Read mode!

as

2
c c N (pn-n 1_)

Ft~~ (n +- nin•) + c (p+p'l)pl

In this expression, p and n are hole and electron concentrations, cp and cn are
hole and electron capture probabilities, ni is the intrinsic carrier concentra-
tion. Nr is the recombination center concentration, and nI is the electron con-
centration that would exist if the Fermi level were located at the recombination
level. (A similar definition holds for pl.) In the space-charge region of a
reverse-biased p-n junction, p,n << ni. Also, for a level near midgap, nl,pi
ni, so that r,p << nlpI. Equation (1) thus reduces to the following expression
for the thermal generation rate G of carriers at generation centers in a deple-

51tion region:

c c Nn2
G - +pgi (2)

n nl p+ p pi

(N is the generation center concentration.) Generation lifetime is a charac-
teristic time associated with the thermal generation of carriers and is given by

41
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!~ "r 1WE c 2C~N n- (3)

Thus, the g.neratlon rate is given by51

reveseGis2 . g of (4)

(See additional discussion of this relation in Section 5.4.) The current density
in a reverse-biased p-n junctien due to thermal generation of carriers in a deple-
tion region of width xd is given by

xd

; qJGJdx aqIGtxd n2 (5)
f9 -

(The appr'ximation is due to the assumption of a uniform generation rate over the
entire deplete! region. See further discussion ir Section 5.4 on the v'lidity of
Eq. (5).)

The generation current density J typically dominates reverse current
flow in a silicon p-n junction below -10°C. In certain device structures, it
is possible for carrier generation at interface states to be an important compon-

Ient of reverse current. We assume for simplicity here that dark (or leakage)
current in neutron-irradiaLed silicon devices is dominated by Jg. The primary

ggeffect of n~eutron bombardment is to jiecreaSe Tg due to intvoduction ofl generation
centers in the depletion region. As noted in Section 4.1, this degradation proc-
ess can be expressed as

[1 1 + (6)
T9 ý90 z

In this expression, T and T are pre-. and port-irradiation values of generation
lifetime, respectively, o is neutron fluence, and K is generation-lifetime damage

9coefficient. Substituting (6) into (5), we obtain

ig = 2 Kg Jdgo (7)

and thus the neutron-induced change in generation current density is given by

3 -d qn~ x o/2K- go i d g
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As described in Section 4.' of this report, capacitance-versus-time

measurements were made on MOS capacitors before and after neutron bombard-

ment. Zerbst analysis was used to obtain generation lifetime, and the re-

sulting data are repeated here for convenience (Figure 5-1). Linear degra-

dation of Tg is evident over a wide range in fission neutron fluence. Also,

results for devices fabricated on n- and p-type material are in agreement.
The value of K which describes the data in Figure 5-1 quitr 'iell is 7.0 x

106 neutron-sec/cm . We also found (see Section 4.11 that T and T , and

hqance Kg, are only weakly temperature dependent. Thus, the value obtained

here for Kg appears to apply for depletion regions in both n- and p-type

silicon at room temperature and also is a good value for use over a moderate

temperature range (-240 to -370K, the range studied). The implication is

that the ;•resent K value is of general usefulness in predicting neutron
9

damage effects , depletion regions for any silicon device bombarded by fis-

sion neutrons. 3elow we compare calculations with experimental data to ex-
amine the validity of this concept.

It should also be noted that neutron-induced carrier removal can have

an important effect in silicon p-n junctions. As stated above, the primary

effect of neutrons on a reverse-biased p-n junctihn is to degrade Tg and thereby

increase Jg. This effect is imoortant at randerate fluence levels ( !lO1 n/cm2 ),

as shown in Figure 5-1. At relatively high fluences (e.g., > 1013 n/cm2 ), car-

rier removal can cause the depletion region to widen, thereby causing J to
increase due to the larger volume for carrier generation. Emphasis here is

placed on changes in J due to Tg degradation, but mention nf cirrier removal

effects is mad,;! where appropriate.

The rate of change of generation current density with neutron fluence

can be expressed, using Eq. (8), as

d(J - J)
Sq ni xd/ 2 Kg 9)

6 !Assuming a tentperature-independeni: value nf K (7.0 x 106 n-sec/cm), we can
g

calculate values of this derivative. Figure 5-2 shows results of such calcu-

lations at 270, 300, and 3300K as a function of depletion region width. As an

example, for a 1-jrm width, the value of the right side of Eq. (9) (from

AU
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Figure 5-1. Neutron-induced change in reciprocal generation lifetime for MOS
capacitors on bulk n- and p-type silicon. These data yield a genera-
tion lifetime damage coefficient Kg.

Figure 5-2) is 1.6 x 10"11 nanoamps per neutron. Thus, a fission neutron
fluence of 1013 n!cm2 (> 10 keV) should cause an increase in generation cur-i 2
rent density of 160 nA/cm
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Figure 5-2. Calculated values of the neutron-induced change in generation
current density as a function of depletion region width for three
temperatures.
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5.3 COMPARISON OF CALCULATIONS WITH EXPERIMENTAL DATA

Available experimental data are now co'pared with results of calcula-

tions using the anelytical approach described above. The data considered here

are: (1) CCD data presented in Section 4.0; (2) PIN photodiode results obtained
61 62

by Kalma and HardwicK; (3) JFET data of Kern and McKenzie.

Figures 4-9 and 4-26 show the increase in dark current density in

neutron-irradiated buried-channel CCDs. For the Hughes Aircraft device (Fig-

ure 4-9), the rate of change in dark current density with fluence is -4 x

10-11 nA/neutron. For the Fairchild CCD311 (Figure 4-26). the value for this

rate is 3.5 x 10 nA/neutron. Upon comparing these experimental results with

the calculations shown in Figure 5-2, depletion region widths o. -2.2 and

-2.5 W are indicated for the Fairchild and Hughes devices, respectively. How-

ever, calculated deep depletion widths for these device types are considerably

larger. To make such calculations, we use the expression for the depletion

width of a step junction (n p) with a reverse bias Vr applied:

=2 • £oVr ~1/2

xd = q Na A

! For the Hughes Aircraft CCD, the substrate dopant concentration N is -5 x

1014 cmn 3 , corresponding to -30 C2-cm material. Also, gate electrodes were

clocked between 0 and 1OV. We assume that all of this voltage appears across+

the n p junction and thit none of it is dropped across the gate oxide. Equa-
tion (10) then yields 5.1 jm. The n-type epi layer (0.8 pm thick) is also de-

pleted in normal operation of the CCD, so the total depletion width is .- 5.9 Pm.

For the Fairchild CCD311, the range given fcr the substrate resistivity is 15 to

60 i-cn:. Upon using Eq. (10) with Vr = 10V and also adding the thickness of

the n-type epi layer (0.5 pm), we obtain a range of --4.1 to -6.5 Pm for the

total depletion width, with the mean value being -5.3 0m. Thus, the ratio of

calculated xd (si.. (10)) to apparent xd (Figure 5-2) is ~2.4 for CCDs from

both suppliers. Stated another way, there is an apparent discrepancy by a

factor of -2.4 between CLD dark current measurements and calculations of the

neutron-induced change in this quantity using Eq. (9). Possible reasons for

this discrepancy are discussed below in Section 5.4.

The present calculations of xd are considered more accurate than the estimated
range given in our earlier work (reported in Section 4.1,.
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Kalma and Hardwick 6 1 measured the radiation response of various corn-
mercially available PIN photodiodes. Included in their study were measurements
of neutron-induced increases in dark current for such devices. Figure 8 in
their paper is a plot of dark current versus neutron fluence for diodes from
seven manufacturers. Table 5-1 in the present work lists the device types
studied by Kalma and gives additional information. The reverse bias at which
dark current measurements were made and the measured pre-irradiation capaci-
tance at that bias are listed for each device.63 These values of bias and
capacitance are those appropriate for the data shown in Figure 8 of Kalma's
paper. 6 1 ' 6 3  It is assumed here that the measured capacitance is attributable
solely to the depletion layer of width xd in a given PIN diode. This width
was then calculated using the relation xd = eA/C, where e is dielectric con-

stant, A is active area, and C is capacitance. Results of such calculations
are listed in Table 5-1 for each device type.

The next step was to replot Kalma's data, for convenience of analysis,
in terms uf the change in dark current density (Jd - ido) versus neutron flu-
ence and Figures 5-3 to 5-6 present the results of this replotting. Also
shown in these figures (solid and dashed lines) are results of calculations
performed using Eq. (8). Table 5-2 gives the ratio of calculated to experi-

mental values of the quantity Jd - ido as a function of neutron fluence based
on information in Figures 5-3 to 5-6. We now discuss findings for each device
type.

Figure 5-3 compares calculation with experiment for Spectronics devices.
For the SPX-3290, agreement is quite good at the two highest fluences. At

1012 n/cm2 , the calculated change in dark current density is 63% of the measured
value. At 1011 n/cm2 , calculation yields a value that is 42% of the measured
change in current. For the SPX-2232, agreement is good at the highest fluence.
At lower fluences, calculated values are 32 to 38% of those measured. The in-
dication is that some additional current component (i.e., other than that due
to carriers thermally generated in the depletion region) contributes at lower

fluences.

Figure 5-4 presents experimental data and calculations for the Hewlett-
Packard PIN diode. Agreement is good at the highest fluence. (It should be

' noed tat I Kala's ape 61
.noted that in Kalma's paper there is a plotting error at the highest fluence
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Figure 5-3. Change in dark current density versus neutron fluence for Spectronics
PIN diodes. Data points were dErived from the work of Kalma and Hardwick. 6 1

Results of calculations are also shown.
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Figure 5-4. Change in dark current density versus neutron fluence for' a Hewlett-

Packard PIN diode. Data points were derived from the work of Kal ~a and
Hav'dwick.61 Results of calculations are also shown.
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I Figure 5-5. Change in dark current density versus neutron fluence for United
Detector Technology PIN diodes. Data points were derived from the work
of Kalma and Hardwick. 6 1 Results of calculations are also shown.
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SFigure 5-6. Change in dark current density versus neutron fluence for EG&G PIN
: diodes. Data points were derived from the work of Kalma and Hardwick.61

.• Results of calculations are also shown.
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Table 5-2. The ratio of calculated to experimental values cf the quantity
Jd 3t Jdoat various neutron fluences based on informat~n in Figures5-3 to -6.

DEVICE 1011 n/cm2  1012 n/cm2  1013 n/cm2  10 n/

SPX-2232 0.32 0.36 0.38 1.18

SPX-3290 0.42 0.63 0.86 1.2

5082-4207 0,23 0.30 0.54 0.86

PIN-05D 0.39 0.97 2.15 14.5

PIN-020A - 1.00 1.98 0.78

YAG-100 n.25 0.43 1.16 2.54

SHS-100 0.35 0.45 1.28 2.32

AVERAGE 0.31 0.53 1.03 1.48
(excludes PIN-05D)

in Figure 8 for the Hewlett-Packard device. The data point shown here in
Figure 5-4 is the correct one. 6 3 ) Disagreement is noted at lower fluences,
with the discrepancy decreasing as the fluences increase. Qualitatively, one
can account for this discrepancy in terms of an additional current component
,'that saturates at some moderate fluence value. An example of such a saturating
current would be that attributable to gamma-ray-induced charge buildup in a
surface oxide layer. This charge biildup would lead to enhanced thermal genera-
tion of carriers due to interface state production and/or depletion of the under-
lying silicon. Charge buildup in SiO2 does saturate, but further study would be
required to determine the mechanism responsible for the enhanced current at low
fluences evident in Figure 5-4.

Comparisons between calculations and experimental data for United Detector
Technology devices are shown in Figure 5-5. For the PIN-05D, the data tend toward

saturation at high fluences. The calculated line (dashed) describes the data
fairly well at the three lowest fluences but not at 1014 n/cm2 . At that fluence,

Kalma noted a significant (i.e., factor of -4) drop in capacitance for this de-
vice, apparently due to carrier removal.63 Since the PIN-05D was not operated in
full depletion, carrier removal should result in a wider depletion region and thus

1
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an increase in dark current. However, the measured current at 1014 ii/cm2 is sub-
stantlally less than would be expected if no change in depletion width had occur-
red. (Note that a constant, pre-irradiatlon, value of xd was used to perform

calculations. This is true in all cases shown in Figures 5-3 to 5-6.) For the

PIN-020A, agreement between calculation and experiment is good at 1012 and
1014 n/cm2 , with a factor of -2 discrepancy occurring at the intermediate fluence.
Kalma noted a slight (25%) decrease in measured capacitance for this device after

1014 n/cm2, presumably due to carrier removal. 6 3  If the lower value of capacitance
is used to calculate a new value of xd. then the agreement between experiment and
calculation is within 5% at 1014 n/cm2 for the PIN-020A. In view of the scatter
in the data for United Detector devices, such close agreement is probably fortuitous.

Comparison of calculations with experimental data for EG&G devices' are
shown in Figure 5-6. Calculated results unuerestimate the data at the two lowest
fluences and overestimate the data at the two highest fluences. At i0 1 3 rlcm2 ,

U agreement between theory and experiment is within -25%, with the discrepancy
being considerably larger at other fluences.

Kern and McKenzie 62 measured leakage current in JFETs before and after
14.8-MeV neutron bombardment. This current was measured between source and

drain while a gate bias of sufficient magnitude to deplete the active volume
was applied. The primary source of leakage current in their devices should be
thermal generation of carriers in the depletion region. At 300°K, the increase

in leakage current after 1.1 x i0 1 2 n/cm was 3 x 10-12 A. The volume of the
devices studied, assumed to be fully depleted, was 2.04 x 10-8 cm3. Equation (8)
can be expressed in terms of generation current instead of current density:

I - g = qni xdA/ 2 Kg . (11)Sg go i0X

(A is area.) We equate the xdA product to the volume of the depletion region
given by Kern and McKenzie. In order to calculate I - Igo$ a value of K ap-

propriate for 14.8 MeV neutrons is needed. For recombitiation center production
f in neutral bulk silicon, fusion neutrons are a factor of 2 to 3 ore effective.64

Assuming that 14.8-MeV neutrons are a factor of 2 more effective than fission
neutrons in producing generetion centers, Kg is then reduced to 3.5 x E

106 n-sec/cm2  Equation (11) then yields a val.ue of 7.2 x 10 A for change
SI in generation current, which is a factor of 2.4 larger thaii that measured by
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Kern and McKenzie. It is interesting to note that this discrepancy factor is

equal to that noted above for CCDs when experimental results were compared

with calculations. Further discussion of this point is given below. One ad-

ditional conme.nt: Kern and McKenzie's data tudicate that neutron bombardment

produces a generation level very close to the level which dominates before ir-

radiation. The same conclusion was reached in our work (reported in Section 4.1).

5.4 DISCUSSION AND CONCLUSIONS

We first sunriarize the above comparisons of calculations with experi-

mental results. For CCDs fabricated by two sources, the calculated neutron-

induced increase in dark current density was larger than the experimental value

by a factor of 2.4. For the JFET data of Kern and McKenzie, our calculated

increase in leakage current is larger than their experimental value by a factor
of 2.4, assuming a fusion-fission damage ratio of 2. For the PIN photodiode
data of Kalma and Hardwlck,61 results are varied. As shown In Table 5-2, at

low fluences (i.e., 1011 and 1012 n/cm2 ) the calculated increases in dark cur-

rent underestimate the experimental values. At the two highest fluences, the

calculated value is larger than the experimental value in most cases. We have

listed average ratios at each fluence in Table 5-2 to provide a rough indica-

tion of the degree of agreement between experinent and calculation for the PIN

diodes. (Because of the anomalously low measured dark current for the PIN-05D

after 1014 n/cm2 , ratios for this device type were omitted in calculating average

values.) The average discrepancy is a factor of 3 at the lowest fluence anc a

factor of 1.5 at the highest fluence. Overall, agreement is better at 103 and

1014 n/cm2 than at the two lowest fluences. Note that in the most 3uccessful

cases (SPX-3290 and PIN-020A), agreement between theory and experiment is within

a factor of -2 when all fluences examined are considered. Also note that in Eq. (8),

which was used to perform dark current calculations, the scaling factor on the

right-hand side is xd. Upon normalizing the change in dark current density to

this quantity, the data of Kalma and Hardwick6 1 should become independent of de-

vice type if it is assumed that the present model fully describes their results.

Figure 5-7 shows the results of such a scaling. Also shown is the calculated

value of ( - Jdo)/Xd versus fluence. The discrepancies evident between cal-

culation and experiment in Figure 5-7 were discussed above in connaction with re-

sults shown in Figures 5-3 through 5-6 and in Table 5-2.
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7igure 5-7. The quantity ( -J d)d versus neutron fluence for various PIN
ditides. Data were derived from the work of Kalma and Hardwick.61 as de-
scribed in the teyt. Values of xd employed are given in Table 5-1.
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(The approach used tc obtair the calculated fit in Figure 5-7 should

be of general applicability for devices in which measured dark current is

dominated by generation zurrent (i.e., originates in the depleted region).

We can express the change in dark current, AId, per unit volume V and per
unit neutron fluence as (using Eq. (11))

Al qn.V 2 Kg (12)

At 300°K, we obtain a value for aI d /V of 1.6 x 10"1i amps/neutron-cm for fis-

sion neutrons. Multiplying this wvlue by the depletion-region volume and by

the neutron fluence will give the predicted change in dark current for a given

device.)

In the process of attempting to determine possible explanations, for the

discrepancies noted above for various types of silicon devices, we noted differ-

ences in analytical relationships --or generation rate and generation lifetime in

the 'literature. Grove gives the expression for G stated above (Eq. (2)), and

then equates this expression to ni/ 2 Tg (Eq. (4)), which leads to the Tg relation

given in Eq. (3). That is, Grove states that G = ni/ 2 T in general for a single

generation level. (Note that he do)es not assume this level to be at midgap.) On
65

the other hand, Sze, who also employs the same G expression as Grove (Eq. (2)
above), states that G ni/Tg in general. He then obtains an expression for T

which differs by a factor of 2 from that civen by Grove (Eq. (3) above). It is

not our intent to resolve this conflict here, but it does have an impact on the
T and K values obtained in the !nresent work. In Eq. (1) of Section 4.1, a
g g

differential equation is given which is based on the modification of Zerbst

analysis performed by Schroder and Nathianson. That equation actually

differs slightly from the one devEloped by Schroder and Nathanson because

they assume G = n i1f whereas Eq. (1) in Section 4.1 was developed4 1 as-

suming G = ni / 2 T g* Thus, we have been c:onsistent in our analytical approach

hEre in that the same G expressiorn was tised in the Zerbst analysis used to

obtain T (and hence K ') as in the analysis used to obtain an expression for

J (Eq. (5) above). If instead we had assumed O ni/Tg, then all T values

and also the value for K would be a factor of 2 larger. That is, K would
7 7, '• equal 1.4x 10 n-sec/cm'. Thus, care rust be employed when using K 7 x

106 n-sec/cm2; one must assume G= ni/2T9 when doing so. It is important to
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note that calculations performed using Eqs. (8) and (9) (e.g., the calcuslations

shown in Figure 5-2) are independent of th- G expression assumed as lonn as

the same expression is used consistently (i.e., in Zerbst analysis and in sub-
sequent calculations). We therefore conclude that the generation rate expres-

sion assumed here does not account for the discrepancies noted above betreen

calculations and experimental data for various devices.

Grimmeiss 6 6 ' 6 7 has performed experimental work and analysis which in-

dicates that for levels deep in the forbidden gap the effective width for,

carrier generation in a reverse-biased p-n junction is less than the full de-

pletion width. (This topic has also been addressed by Calzolari and Graffi. 6 8)

If such a situation applies for the experimental cases considered above, then

a portion of the discrepancy between calculation and experiment can be accounted

for. In the case of CCDs, the maximum reverse voltage appearing across the

junction between the n-type epi layer and the p-type substrate is 1OV. Braun

and Grirnmeiss 6 7 calculate for a linearly graded p'n junction (not the actual

case here, but close enough for the present purposes) with yOV applied that the

percentage of the depletion region width effective for carrier generation is

80%. This factor reduces the discrepancy between experiment and calculation

for CCDs to a factor of '-1.9. (If we further assume that some portion, say
15•, of the applied qatp voltaae is dropped across the oxide, the discrepancy

factor is reduced to -1.7.)

For the JFET experiments of Kern and McKenzie, 6 2 a DC reverse bias of

5V was applied to the gate p-n junction to deplete the device. Once againF + . 67using the linearly graded p+n junction calculations of Braun and Grimmeiss.,
we obtain an effective carrier generation width of 75" of the full depletion
region width. Applying this correction reduces the discrepancy factor between

theory and experiment to -1.3 .

For the PIN diode data of Kalma arid Hardwick, 6 1 it is not presently

clear how to make an appropriate correction for the effective generation
volunie (However, see Footnote 10 in Ref. 69.) .s seen in Table 5-2, at the

two lowest fluences such a correction would serve to increase the discrepancy
between calculzition and experiment. It appears that an additional current

comnponent, i.e., other than generation current, is important at such fluences.
At the two highest fluences, i generation volume correction would decrease the
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observed discrepancy in most cases. One further note: Leakage current meas-
urements orn PIN diodes were performed at room temperature, which may have

varied a few degrees.63 This could account for some of the discrepancy be-
tween calculations ana experimental data since Jg depends strongly on tempera-
ture through ni. We also note that the active areas listed in Table 5-1, which
were used in all calculations, were not measured but were obtained from manu-
facturerz' data sheets. Actual areas could differ somewhat from these typical
values for specific devices and therefore increase the discrepancy between
calculated and experimental results for PIN diodes.

To conclude, we have f'ound that leakage current data obtained for various
nr-jtron-irraditted silicon devices, including CCDs, PIN diodes, and JFETs, car,

be described reasonably well using a model which incorpo-ates Kg, the generation
lifetime damage coefficient determined using MOS capacitors. Agreement between

calcula;.ioni and experimental results is within a factor of (2 for most cases,

with the exception of PIN diode data at low fluences (10 1 n/cm2). Such agree-
ment suggests that the present calculational approach is suitable for making

reasonably accurate estimates ofneutron-induced increases in dark current for
silicon devic(.•o From a basic mechanisms viewpoint, further work will be re-
quired to resolve the remaining discrep&:,t.y between calculated and experimental

results.

i
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