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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. Cmphasis
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. Sectisn 2.0 describes results of a study
of ionizing radiation effects on silicon MOS devices at cryogenic temperatures.
In Section 3.0, findings of an investigation of the mechanisms of radiation
effects on extrinsic silicon detector materia’ are presented. Section 4.0
describes results of a study of neutron- and ionizing-radiation zficts 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 MOS devices was per-
formed at temperatures ranging from 4 to 77°%K. “mphasis was placed on com-
paring behavior at 4%k with that at 77°¢ for the purpose of drtermining whether
electron trapping is important at the lower temperature. Various experimental
techniques were employed to obtain appropriate pre- and post-irradiation elec-
trical data on the MOS capacitors emploved as test vehicles. C(Conventional C-V
measurement techniques are inapnplicable at 4°K because of carrier freeze-out.
It is therefore necessary to gererate sufficient majerity carviers to maintain
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 C060 gamma rays emploved for irradiation as a source of
carriers, thereby permitting C-V measurements during bombardment. Comparison
C-V measuremants were made at 18-20°K using solely thermal excitation of car-
riers. It is the compelling conclusion of this work that charge buildup at
4% in irradiated SiO2 films can be described exclusively in terms of hole
trapping since results observed at 77°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--lO4 rads{Si)).
It remains a possibility that significant electron trapping mzy be observed or
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shorter time scales, and this issue shou]d be addressed. We also raise the
possibility that electron trapping and transport in Si02 may be dependent on
oxide processing conditions.

e

: 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 tne fabrication of monolithic focal-
plane arrays to be utilized in infrared imaging applications. The work reported i
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 function 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 intentional 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.

M detailed study of radiation effects on charge-coupli.d devices has bpeen
verformed, 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-
craft (HAC) and CCDs from Fairchild Semiconductors (CCD 311). The MGS 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 SiOz-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 m-uarate reduction in the operating temperature of a CCD should
!

(, substantially reduce its sensitivity to the production of dark current by neutron
; bombardment. The HAC CCDs studied were found to be quite sensitive to the effects
.
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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
~1.7. This means that, at a given fluence, the neutron-induced increase in
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/cmz, 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 leakage current
data obtained for various neutron-irradiated silicon devices, including ICDs,
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 1in
most cases, which suggests that the calculational approach employed is suit-
able for making reasonably accurate estimates of neutron-induced increases in
dark currert for silicon devices.
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SECTION 2.0 |
IONIZING RADIATION EFFECTS ON MOS DEVICES AT CRYOGENIC TEMPERATURES

2.1 INTRODUCTION AND BACKGROUND

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

. . - .. . ‘...‘? . . Y
con were the subject of study in our laboratory several years a09,'”" avd the

mechanisms of transport are now rea§onab1y well ﬁnderétood, at least to the
point where predictions can be made for the performance of MOS devices operated
at cryogenic temperatur-es.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% or above, electrons
were found to be transported through the SiO2 films on a time scale short con-
pared to the experimental resolution (19 psec). Consequently, there i:as no
evidence of trap-limited conduction for electrons. Moreover, previous studies
of electron transport through S1'02 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 increasirg temperature, which is consistent with domi-
nance by scattering processes rather than activaticn processes.6 It thus ap-
peared that electron transport was of a fundamentally different character than
nole transport. Electrons are apparentiy governed by their intrinsic, or
scattering-limited, mobility whereas holes drift with their characteristic
scattering-1limited mobility only on a time scale of nanoseconds bhefore baing
trapped. It is also possible, however, that trap-limited conduction of elec-
trons might manifest itself at temperatures low compared to tha previous region
of measurement. If that is in fact the case, then operation 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-
tures.4 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 S1‘02 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
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modeled by two very different approaches. One is based on a muitiple-traraing
picture, in which holes transpcerted thiough an oxide film under the influence

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

distributed in energy within the band gap.7 The desper states have Tonger de-
trapping times, so that a given hole population which is suddenly introduced

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

parent mobility with time, and giving rise to exceedingly "dispersive" trans-
port. The trap density of states whirch fits the datra 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 tor 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 SiOz films by McLean et al.s'lo 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
cond'ltions.11 In general, however, the dispersion in transport can arise f?om
a number of possible mechanisms. A generalized description has the advartage
that all manner of nbserved dispersive transport processes can be treated
within the same frzmework, but. one difficulty is that the parameters of such a
model are not easily associated with unique physical interpretaticas.

R. C. Hughes has likewise treated the hole transpor? preolem in S'iO2
films in terms of the CTRW model, and asciibed deviations from that model at
early times to the manifesta«ion nf intrinsic hole mobility prior to trapping.

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

atively small compared to electron mobility. The activation energy of about
0.1€ oV is taken tc imply polaronic hopping motien. MclLean et a].g 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 bebavior s governed by activation energies similar to those
observed in an oxide studied at Northrop3 (~ 0.4 ev).

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

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 the multiple-trapping model of hole transport, the trap enerjy levels which
are found are measured with respect to the valence band edge, and the implication
is that the density of states falls cff exponentially from this edge, with a spread
on the order of 0.4eV. On the other hand, a number of different mechanisms of trap-
limited transport could be subsumed under the CTRW model. If the polaron model is
valid--and the weight of evidence in papers referenced above appears to be strongly
in favor of small-pol:ron formation for holes--then the dominant activation ener-
gies characterizing transport (N.4 eV) would be interpreted in terms of the polaron
binding energy. A spread in the observed activation energies could 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 anpropriate, in which case no inference cculd 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 arquments
can be given for expecting at least some taiil 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 and the CTRW niodel, respectively,
were in fact quite different in their dispersive transport behavior. The oxide
studicd at Northrop3 indicated a wide distribution of energy levels, whereas the
oxides which yielded the best 7it to the cne-parameter CTRW model showed very
Tittle 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 arqued above that a spread of energies at *he valence band edge
hus similar implications for the conductiovii band edge., and vet 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 usad to ex-
plain this difference. Electronic structure calculations have been perforved on
quartz which showed that changes in the Si-0-Si bond angie intrcduce significant
hanges in the valence band edge.13 A distribution cf such bond angles, as is
likely to be present in amorphous 5102, is therefore sufficient to explain the

14
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spread of energies implied by the multiple trapping picture (0.4 av). The efrect
of this variation in bond angle on the conduction hand edge is considerably re-
duced, according to the molecular orvbital picture Similar conclusicns may be
drawn from another study of the electronic structure of amorphous Si0,, gquartz
and cristoba]ite.14 The effect of bond angle variations on the va\enc; band den-
sity of states is greater than that of topological disovder. By contrast, the
conduction band densiLy of states reveals a relatively larger influence of dis-
order.

SR e LA

In addition to the above very general arguments, we may cite the observation 3
of a tail in the conduction-band density of state: by means of photon-assisted tun- 3
neling measurements of electrons from aluminum into the Sio2 conduction band.15 3
A Gaussian tail of width 0.1eVgave a fit to the data in most cases, except for an
unannealed oxide, where a width of 0.25eVwas indicated. A profound influence of
processing on the apparent band tail is suggested by these findings. The magnituc:
i of the tail, however, is cuch that one would expect to see trapping-dominated mo-
bility even at room temperature, unless the tail s*ates 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:

|
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3 The above considerations justify the attempt tc ascertain the existence of ;
shallow electron trapping. That the trapping must be shallow is clear from the ob-
servation of scattering-limited conduction at room temperature on the one hand,
and the fact that trapping does not manifest itsels at times <10 psec near 77°K
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on the other.3

In the present study, charge buildup measureswnts nder gemma irradiation
were employed to reveal whether compensatio: of trapped holes by electrons occurs ;
at 4°K. A number of different experimental methods wore utilized and these will g
be discussed in turn, along with the results obtained with each.

T e T

BT e

2.2 EXPERIMENTAL METHODS AND RESULTS i

2.2.1 Measurements of Flatband Shifts at 4%k Uving Optical Cacitation

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-09), Cry oxide films (1000°C growth) had previously been
characterized in our laborator, at 77°K.3’4 Standard capacitance-versus-voltage
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data were obtained at 1 MHz in that case to determine fhe charge buildup via
shifts in the flatband voltage. Corresponding measurements were now required
at 4°K. In the latter case, however, carrier freeze-out renders conventional
techniques inapplicable. It is therefore necessary to generate in some manner
sufficient majority carriers toc maintain charge neutrality conditions in the
bulk as the gate voltage is swept from accunulation to depletion. That is,
the dielectric relaxation frequency (= p¢, where p is the resistivity and ¢
the dielectric constant) must be sufficiently high for the majority carriers
to follow the applied ramp waveform. This requires a silicon resistivity of
no more than about 1011 ohm-cm, or a carrier concentration on the order of 103
cm'3. A second criterion is imposed byﬂthe 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 until 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 incardescent
filament (removed from a flashlight Lulb) which was placed in proximity to the
sample (about 3 rm). The sample and filament were placed in a heliun exchange
gas environment to permit variation of sample temperature, and this prevented
premature oxidation of the filament.

Samples were exposed to a total dose of 104 rads (+ 10%) in the expcsure
room of the Northrop Cc-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 tha optical signal was
employed only during pericds of measurement. Detection of the 3-Hz signai was

*

The T1imiting modulation angular frequency is given by w = cn(n + ny), where
¢, is tne (electron) capture probability, n is the equilibrium electron con-
centration, and ny is the electron concentration if 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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stability was observed for th> internal referance of that lock-in (due to pre-

vailing 1in2 voltage transients) and an HP-3310A (or B) was empioy2d instead,
in conjunction with a voltage regulator.

’l by means of an Ithaco 3972 heterodyne 1ci-in detector. Insufficient phase

The sample holder provided for the simuitaneous irradiation of four ca- 3
pacitors. These were measured sequentially starting four miautes after the 3
source descent was begun, at which time the dose rate was negligible. Due to
the use of 3-Hz modulation, filter time constants 'arger than 1 sec had to be :
used, requiring low ramp rales. About one minute was required t~ obtain one 1
CV-curve. In order to forestall any field-inrduced transport during the meas- !
urement time, sample biases were reduced on all four devices at the same 4- ° !
minute point. During the measurement itself, biases 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 105V/cm), just sufficient to |
display the flatband shifts which were typically on the ¢der of one volt. 1
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
: 5102 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 “ar greater than
that of the ssoz, 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 ic five times greater than that of SiOz. goth
carriers are mobile in silicon, and the mobility ratio is in excess of 10” with
respect to estimated electron mobilities in 5102. The electric field strength
is a factor of five greater in the 5102 thar 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 Jittle ,
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 3
irradiation confirmed that the bias is indeed dropped entirely across tne ox-
ide, and this test is discussed beiow.
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Results of measurements of flatband shift after 1’04 vads (S1) irradiation
at 49K are shown as a function of gate bias in Figure 2-2 for a sample of 970 4
thickness. Shown on the same figure are comparabie datu taken at 77% using the
same experimental method (but nc optical excitation). Thesa latter datz have
been previously descrided successfully in terms of a field-depandcent charge
yield at low field intensities, :~4 hole transport out of the oxide at high
field 1ntensities.4 In that previous modeling of transport, it was assumecd

that all electrons ~ere 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 occurs at 4% 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 tiie possibility that the optical excitation
also resulted in local heating of the sample. The temperature-sensing resisior
was located some 5-6 mm away from the dual-in-line package to which the device
was bonded. Whereas it indicated a temperature of the sample mount of no mere
than 6%K during measurement, the proximity of the optical source to the device
makes it difficult to rule out some local heating of the oxide film with re-
spect to the sample holder. An upper hound of less than 19°K for the resultant
sample temperature is imp'ied hy the fact that carrier excitation was uptical
rather than thernal in nature. 7Yhermal excitation of sufficient carriers to
permit a CV measurement would have required a silicon temperature of about
19°. The conclusion that the excitation was in fact optical rather than
thermal was boced on the observation that the power which had to be supplied
tc the filamen* to obtain the required excitation in the silicon gradually
increased over time, suggestive of gradual oxidction of the filament. Since
the tharmal resistance betweer the Filament and the device should not be a
‘unctionr of time, the excitation mechaiiism had to be optical rather than
thermel.

A secerd question about this measurement coicerns possible excitation of
electrons out o, shallow traps by means of the optical signal used to generate
the m+fority carriers. The fact that we did not observe any change in fiatband
shift during the course of measurement, however, suggests that excitatior and
sweep out of trapped charge would l.ave to occur on a time scale short compared
t0 1 minute, implying inordinaiely large photoionization cross sections ¥or
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Figure 2-2. Flatband vcltage shift in MOS capacitors ai a
function of bias applied during irradiation to 10
rads{Si). Data obtained at 49K using optical excita-
tion and at 77°K without optical excitation are shown.
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such traps. A third possibility is that any shallow electron traps may be
subject to field-enhanced excitation much more readily than the deepei hole
{ :9%. Whereas this cannot be ruled out, it can be stated simply that if elec- 3
tion trapping does not prevail at typical sample biazes, than it holds no prac- ?
tical interest in any case. 3

el

: 2.2.2 Measurements of Flatband Shift at 18-20°K

The concern about possible optical excitation out of electron traps moti-
vated an alternative approach in which excitation of the requisite majority
3 : carrier concentration was achieved thermally. The irradiation was still per-
formed at 4°K, and the sample temperature subsequently raised just enough to
permit CV-measurement at 3 Hz. Preliminary to this measurement, the 5-Hz ca-

ottt i bt Ebi s

pacitance signal in accumulation was measured as a function of temperature in 3
order to ascertain the temperature dependence of the majoriiy 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 i

by virtue of the fact that it yields the magnitude of tue signal independent of
] signal phase. (The magnitude is derived from the vector of sum of the outputs
1 of two phase-sensitive detectors in quadrature.) 5 Hz was the lowest frequency 3
3 ; of operation at which phaselock to the reference could be maintained. Results i
are shown in Figure 2-3. Saturatioa of the capacitance signal is seen t¢ re- E
_ quire about 19-20%K for this sample. Results of measurements made using ther-
; mal excitation during measurement are shown in Figure 2-4. Comparison data
' taker at 77°K are shown in Figure 2-5. and the composite of these data sets is
1 illustrated in Figure 2-A. Again, results indicate no significant difference
’ between the charge buildup observed at 77% (where electrons clearly do not
play a role) and that observed after 4%°K irradiation.

YT T

On the basis of these results, one may draw the conclusicn that electron
E trapping does nct play a vole in charge buildup at 19-20%K on the tine scale cf
the present experiments. This temperature is just sufficient to excite a small
fraction of the shaliow phosphorus donor levels located 0.045 eV from the con- j
duction band. The fraction ionized may be determined as fcollows: the dielec-
tric relaxation frequency of 3 Hz at operating temperature implies a carrier
concentration in the bulk of 2 x 103 cm'3, on the assumption of 2 x 104 cmZ/V-
sec mobility. The net donor doping concentration is 2 x 1015 cm'3, yielding
'12. We would expect similar fractional ionization

;
¢
E
E
3
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an ionized fraction of 10
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Figure 7-6. Comparison of flatband-vnitage-shift data
obtained at 19 and 779K (composite of Figures
¢-4 and 2-5).
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of traps of such energy level positiocn 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 significant]y by raising the sample temperature to 19°k for measure-
ment. We have therefcre 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 199K for the purpose of achieving a dielec-
itric relaxation frequency of 3 Hz to accommodate CV measurements. The same in-
formation may be obtained by quasistatic techniques, as first described by
Kuhn.17 In this measurement, the majority carrier current is measured as the
MOS capacitor is swept between accumulation and depletion. The condition for
the validity of such data is that the dielectric relaxation frequency be high
encugh for the majority tarriers to follow the ramp. The signal bandwidih is
thus reduced, permitting reduction of the sample temperature commensurately.

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 permits operation at a temperature of

about 17°K.

The experiment was therefore repeated for a number of sample biases using
the guasistatic method. Results of a pre-irradiation run are shown in Figure
2-7 for a sample of 970 A oxide thickness. The capacitance voltage curve shows
two dips between the accumulation bias condition and flatband. A dip can re-
sult Trom 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 were 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

of our methods.
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Table 2-1. Comparison of 3-liz and quasistatic measurements of flatband voltage
shift at 200K after a 10%-rad irradiation at 49K.

Device # Applied Field FBatbqni {gltase Shift gvgltél
) uasistatic -
1 1.06 x 10° 1.53 1,55
2 2.12 x 108 1.82 1.79
3 3.2 x 106 1.72 1.70
4 4.26 x 10° 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 mandc. -d
an operating temperature of no less than 18%K. Results sttained under these
corditions are shown in Table 2-2, where they are compared to 3-Hz data taken
at 20°K before and after irradiation. After the latter measurement, the quasi-
static value was again obtained at 18%K. The data are once again in goou 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 20K 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 at 18%°K are identical to those obtained at 20%K.

The range of electron trap energy levels which could be effective in charge
buiidup is thus even further restricted.

Table 2-2. Additional comparison of 3-Hz and quasistatic measurements of
flatband voltage shift (dose = 10% rads (Si)).

Flatband Yoltage, VFB AVFB
Pre-Pad Post -Irradiation

Device Applied 3-Hz  Quasi- | Ouasi- 3 Hz Quasi- | Quasi- 3-Hz

# Field (200K) static | static (200K) static | static (209K)

x_108v/cm _(18%) | (189K) (189K) | (189)

1 1.61 -.160  -.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 +1.68 +1.69 1.84 1.74
4 3.23 ~-.184  -.190 +1.43 +1.41 +1.43 1.62 1.59
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2.2.3 Divect Measurements of Flatband Shift at 4%

The first experimental attempt to perform a 4.2°K experiment utilized the
fact that majority carrier charge for sensing the transition bétween accumula-
h tion and depletion can be made available from the charge stored at the inter-
; face under accumulation bias conditions. The experimental method is as follows:
The capacitor is brought to equilibrium in accumulation prior to irradiction by

E
p:
3
¢

? 1 momentarily raising the sample temperature to 19%K under accumulation bias. The E

1 sample temperature is then lowered to 4.2°K. As the temperature is decreased, g
1 . the majority carriers freeze out throughout the silicon bulk, but the accumuta- ;
f § tion charge remains in the conduction band in a thin vegion, on the order of f
4 ; 100 £ or so, at the surface. To establish the pre-irradiation flatband voltage, :

: the bias is swept from accumulation to inversion. At flatband, ai! of the major-
3 ' ity-carrier charge in the accumulation layer will have diffused into the silicon
4 L bulk, and the resulting currant transient can be sensed in the external circuit
' in the usual configuration for quasistatic capacitance measurement. Once the
charge has dissipated, however, it cannot be restored (in finite time!) at that
temperature, so the measurement is one-shot. After restoration of the appropri-
3 i ate accumulation bias, irradiation of the sample is initiated. The capacitor

‘ may either be brought to equilibrium charge distribution again at 19°K prior to
jrradiation 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 tc equilibrium in accumulation prompt]y.* After irradiation, the
flatband voltage may again be sensed by sweeping the bias once from the irradi-
ation bias to depletion.
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The statement that such equilibration does take place under gamma irradiation is
closely allied with the earlier assertion that the appliied 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 dosu i
rate. A current of 2.5 x 10-10A was measured at 41.3V bias {4.26 x 106 v/cm).
This implies an offective insuiator 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 Tikewise exposed to the gamma
source. Thus, the above value of resistance represents an overestimate of the i
induced conductivity of the oxide. Turning now to the silicon, the obgerved ;
dielectric relaxation frequency of 120 Hz indicates a resistance of 10/ ohms.
B The resistance 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 flathand shift at 49K with that
: at 779K is proof, a posteriori, that identical bias conditions must have existed

i
% across the oxide in both cases.
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In an initial measurement of the pre-irradiation flatband voltage by
this method, results were ound t~ differ from our expectations in several re-
spects. In the first place, the nbserved signal was found to be corsiderably
smaller than expected. The current waveform was therefore dominated -trongly
by capacitor displacement current. The 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 current,
a bucking circuit was added, and the resulting experiimental design is illus-
trated in Figure 2-8. Data obtained with this circuit are shown in Figure 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 dorors 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
donor sites is quite 1arge,18 so that carriers are readily trapp.d. 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
baen performed but for the availatility of a more direct experimental option.
Under the circumstances, this experimental approach was abandoned, and is
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Schematic diagram of the experimental method for measuring
flatband voltage utilizing accumulation charge. The nethod 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.

APPLIED BIAS (V)

Quasistatic measurement of flatband v¢itage at 4% using
accumulation charge. Shown are results with accumulation charge
present (Curve a) and without such accumulation charge (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 ihat it does ccnstitute a useful tool for the
characterization of semiconductors in the free:<out regime when suitably an-
alyzed.

An unambiguous method of establish®:c whether electron trapping exists
at 29K which is unobservable at 18-20%K cun:ists in measurring any charge trans-
pert which occurs under bias as the sample cemperature 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°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 20°K. The sample bias is held con-
stant throughout. A Keithley 616 was usad in the charge integration mode to
yield churge directly; also, current was measured using a Burr-Brown 3523L
electrometer operational amplifier. The total charge p (coul/cm3) generated
by an ijonizing dose -y (rads (Si)) in the oxide car be calculated from the
known pair creation energy of 18 eV. The relationship 1‘s4 p=1.26 x 10'6 Y.
At the applied bias of about 25V used in this experiment, nearly all of this
charge would be cocllected in the absence of trapping; i.e., the probability of
geminate recombination is sma]].4

In the first experiment, four capacitors were connected in parallel to
enhance the signal-to-drift ratio. The devices were exposed to a dose of
5x 103rads(Si). The maximum possible trapped electron charge therefore amounts
to about 9 x 10°10¢C. I all of this charge were to be transported through the
oxide, the charge measurement in an external circuit wouid be half of this, or
4.5 x 10’10C. The amount of charge actually measured when the tewmperature was
raised came to about 7 x 10'12C. 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 tc ascribe the observed charge ex-
clusively to electrons released from traps durina 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 electrdh trapping, and this limit is in-
deed a very low one.
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Since this experiment was critical to our conclusions, it was subsequently
repeated with fresh devices. Irradiation was to 104 rads (Si), and the charge
. transpcrt upserved on a single device amounted to 4 x 1072 ¢, or 1.8% of the
a maximum possible 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
s quantity of charge measured is not highly reproducibla, 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 3
1 possibility of radiation-induced shallow electron traps, by extension of the y
; measurement to larger doses, but this was not done. p

An additional experimentai method for CV-measurement at 4°K was pursued
in our desire to make the experiment as direct as possible, and the conclusion :
rigorous. Advantage was taken of the fact that the carrier concentration re- f
3 : quired to perform low-frequency CV-measurements can be generated by the ioniz-
ing radiation itself. The generation rate of the Co-60. gamma source was
3 x 10t carriers/cm® 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 104 cm'3 was estimated, lead-
ing to the expectation of a rather low dielectric relaxation frequency (about
7 Hz). Initial measurements were therefore made under gamma irradiation with 1
an excitation frequency of 1 Hz using the Ithaco 391A lock-in. The conditions
of measurement were not auspicious, since gamma irradiation of the long cable
runs to the sample holder gave rise to considerable noise. The resulting CV-

i ; curves were not promising for the recovery of flatband voltage. Ovperation at

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

' pacitance curve, in which the minority carviers are able to meintain equilibri-
um with the modulation in inversion, resulting in the observation of the oxide ;
L f capacitance buth in accumulation and in inversion. Measurements at higher fre- i
E 1 quencies were expected to yield the high-frequency capacitance, and this was

[ 5 confirmed. Signal-to-noise ratios also improved at higher frequencies. To
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establish the magnitude of the dielectric relaxation frequency under the given
! - generation rate, measurements were then riade of the capacitance sianal in ac-
% cumulatior as a function of frequency using the Ithaco 395 lock-in, and the
! { 7 results are shown in Figure 2-10 for the freguency regime of & Hz to 2 kHz.
*‘J‘ : The fit to the data indicates a dielectric relaxation frequency of about
x
4 33
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120 Hz. Measurements were therefore made of CV-curves using 100 Hz modulation,
and the curves obtained were free of significant noise.

Values of shifts in the flatband voltage at 4% obtained using the above
technique were found to be lower than those obtained using the conventional
2-Hz CV-measurement at 20°K. Comparisons were made for two oxide thicknesses
and fur a number of gate biases. The observed shifts ranaed 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-
ation was therefore performed to a dose of 4 x 104 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 cne. 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
supnosed that since the experimental method employed here is unconvantional,
some difficulties relating to the method itself might have given rise to the
discrepancy.
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A sequence of measurements was made post-irradiation in which the flat-
band voltage was tirst measured under gamma excitation at 4%, then the sample
temperature was raised to 20°K and the flatband voltage remeasured convention-
ally. Finally, the temperature was once again dropped to 4°K, and the source %
raised to remeasure the flatband voltage at 4%¢. Results of this sequence of
tests are shown in Tahle 2-3 for two runs. The flatband shifts measured at
4°K are cnce again smaller than those measured at 207K, but the significant .
finding is that these lower values are reproduced after the sample has been i
taken to 20%K, and any (hypothetically) trapped electrons have been released.

The explanation for the observation of a lesser shift at 4% therefore must lie
elsewhere then with electron trappinag, and our earlier conclusion stands con- .
firmed. It may be noted that whereas the {latband 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 techniques are in order, however.
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Table 2-3. Seguential measurement of Tlatband shifts at 49K and 20°K.

First Run:

1. aVg (49K, under gamma excitation, 100 Hz): 1.060V
2. aVg (20%, thermal excitation, 100 Hz):  1.275 5
3. Vg, (49K, under gamma excitation, 100 Hz): 1.060V R

Second Run: %
1. Avfb (a°K, under gamma excitation, 100 Hz): 0.762V ]
2. aVg (20°K, thermal excitation, 100 Hz):  1.077V
3. MV (4°¢, under gamma excitation, 100 Hz): 0.762V

It had been clear from the outset that this experimental approach was j
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- ;
voltage relationship. If a dose rate on the order of 10% of the prevailing i
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 ourseives in this experiment.
Unfortunately these speculations were not tested, but are nevertheless pre-
sented as a possible avenue for the examination of oxides under carrier-
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freezeout conditions.

In an attempt to understand gamma-ray effects on capacitance-voltage re-
lationships, measurements with and without gamma excitation were compaied at
various temperatures, and the results are shown in Figure 2-11. In Figure 2-1la,

| comparison is made of a CV curve cbtained at 4°¢ under gamma irradiation with a
| 20°K CV curve obtained without gamma irradiation. The flatband voltages in both
! cases are approximately the same in *this pre-irradiation measurement. The sig-
g nal amplitude in accumuiation is not the same in the two cases, however, despite
é ﬁy the use of an identical modulation amplitude and the use of a modulation frequency
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(100 Hz) less than the dielectric relaxation frequency. This could be due to
voltage division between the silicon bulk resistance and the lock-in amp!ifier
input impedance, but that possibility was not checked. When CV measurements
made at 20°K with and without gamma excitation are cbmpared,(ngure 2-11b), a
broadening of the capacitance step is observed which is indicative of charge-up
of interface and/or bulk states that are susceptib1e 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.

When 1-MHz CV measurements made at 77°K with and without gamma excitation are
compared (Figure 2-1lc), the effect of the gamma flux is simply to maintain the
inversion layer in cquilibrium.

2.2.4 Oxide Thickness Dependence of Charge Buildup

Jsing the conventional low-frequency cspacitance method described above,
samples with identically grown oxides but different oxide thiciness 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 106V/cm are replotted from
Figure 2-12. The observed thickness-squared dependence is consistent with uni-
form charge buildup within the oxide, as is cnharacteristic 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 swept out may be determined as fo]]ows.4 For uniform charge distribution,
the shift in flatband voltage Avfb is given by

Ny = () tox2 ' (1)

The maximum number of free ~lectron-hole pairs induced by a given dose is 7.9
X 101‘ pairs/cm3 rad (employing 18 eV per pair). We therefore obtain

Mg = 1.8 x 10° t,2 - (2)
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Figure 2-12. Flatband voitage shift as a function of field
applied during irradiation for MOS capacitors with var-
jous cxide thicknesses. Irradi«tions were performed at
49 and CV measurements then made at 209K.
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For an oxide thickness of 9701, this yields a maximum possible shift of 1.71V for
a dose of 104 rads(Si). The observed maximum shifts of 1.25V in Figure 2-12 and
1.45V in Figure 2-2 are somevhat 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 106V/cm. Previous modeling of such hole
transport data® at 77% also indicates that the charge yield is less than 100% at
this field strength. The net affect is that a charge of about 80% of the maximum
value is expected, or a peak flatband shift of about 1.4V. The dats 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 indicaiad. since :
the data are otherwise well-hehaved. The principal point here is the covrespon- é
dence betwzen the 4°K and the 77%K data, the latter being welil understood, and \
this purpose is still served despite any uncertainty in scale Tactor.

Dosimetry for all measurements was performed by means of an icnization gauge
calibrated for Co-60 ganmas. The gauge was placed at the sample position in the
absenc2 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 measurement
was made sing charge buildup itself as a dosimetric technicue. Charge buildup was
measured in the experimental samples at 77°K at 1 MHz in the helium dewar, and the
measuremenits were repeated in a glass dewar, for which the absorption was negli-
gible (<2%). 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.

sl ot 1 St A o 0 B s e s s

A second mezsurement was made to ascertain whether dose enhancement prevailed
at the sample position. The sample had originally been covered with a thin (30 mil)
layer of aluminum to assure dose eguilibrium, but a small hoie 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
terms of flatband shift were obtained.
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2.3 DISCUSSION AND CONCLUSION

It is the compelling conclusion of the present work that charge buildup
at 47K in irradiated 8102 films can be described exclusiveTy 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 iohizing 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 should
be further investigated. It seems highly 1ikely on general principies that
trap-limited electronic conduction should be observed on some time scale at
these lTow 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 heen mentioned thus far tha* shallow electron traps in oxides
have been the subject of study by others. Most recently, shallow neutral elec-
tron traps ha;e been studied in 5102 films by thermally stimulated current
measurements. 9 The distribution in energy of such traps was Tound to be about
300 meV below the conduction band. with an uncertainty of about 50 meV, and a
half-width of the distributior of about 200 meV. These findings are not in
conflict with those reported here. The electron traps in question have very
low capturz2 probabilities, and were found under conditions of electron injec-
tion which exceeded by thiee 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, we 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 5102 may be dependent on oxide processing. This pos-
sibility should be considered in further studies.
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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 um range for the deep gold level to about 30 um
for arsenic or boron. Operation of the detectors is confined to the tempera-
ture regime in which the carriers are substantially frozen out, which ranges
from slightly below 0°C for the gold acceptor, to about 10°K for boron and

arsenic.

Extrinsic silicon detectors make it possible to take advantage of the
well-established silicon integrated circuit fabrication technolcgy 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 rcadout devices, such as CCD's.
Progress is being macde in the development of MIS technologies for InSt and
other candidate intrinsic detector materials, which would perimit 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 thai. 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-
ences in optical flux must be measurable. A 1% temperature difference yields
a 1.8% difference in photon ¥iux at a detector sensitive out to 12 pm, for ex-
ample. If a 100-¢lement CCD is envisioned to couple out the detected signal
sequentially, then the requirements on permissiblc carria: transfer ineffi-
ciency are manifestly stringent. Thus, there is .onsiderable interc-t in
extrinsic silicon detector arrays.

This section describes results of an investigation of the mechanisms of
radiation effects on extrinsic silicon detecters. The work reported here
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constitutes the beginning of an effort that wfil 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

Radiaticn effects on extrinsic silicon detectors are best discussed in
terms of the various optical and transport parameters gqoverning 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 levei at
about 0.31 eV above the valence band, as established by means of carrier con-
centration versus temperature measurements. At temperatures sufficiently low,
the zinc levels are substantially unionized, and susceptible to optical exci-
tation of holes into the vaience 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, T(A), and is given in terms of the
optical absorption coefficient, a{a), and the reflection coefficient, r(i), by
the equation

~a(2)d
7(A) = (1-r()(-e¢ )

, (1)
1-r()) e-c"(}‘)d

where d is the sample thickness. This equation is straightforwardly derived
under the assumpticn of normal incidence, uncoated surfaces, and with inclusion

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

by

Q’()\) = U(A) NZnO s (2)

where o(A) is the spectral photoionization cross section and NZn° is the number
density of unionized zinc impurities. Photoionization cross sections typically
fall in the range of 10'1'5 to 10'17 cmz, and the soclubility limits for typical
desirable dopants typically fall in the range of ]015--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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Figure 3-1. Band diagram for the lowest acceptor
state of zinc in silicon. (A second, deeper
acceptor state exists when this level is
filled.)
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is thus uniform throughout the sample. The quantum efficiency then reduces
simply to

M) = oNd . (3) li

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, uTE, where p is the carrier mobility and T the
majority carrier lifetime. If the contacts on the sample are nonblocking and 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 (u7E)/4, where £ is the separation petween electrodes.
The quantum yield is then defined as the ratio of the number of mobile carrier
transits acrcss 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- i
: tum yield is given by

ST S T T S S A SIS i S

AR

i

Quantum Yield = 16 = MuvE/L . (4)

A related quantity in terms of which detectors are typically character- ]
ized is the current responsivity, RI’ which is the device signal curient nor-
malized to incident optical power:

s Ll e+t P o

Ry(4) = a(A)6/hv = qAN(A)G/ne (5)

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

Ts permit observation of the photoinduced carrier density, detectors are ]
opera;ed in the carrier freezeout regime in which the thermally gererated car-
rier concentration is less than or equal to that generated by the background
photon flux. The theoretical 1imit 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 source derives from the statistical
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
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.

RSV R, A, DL L IR

R

In general, extrinsic silicon detectors for thermal imaging in the 8-14
_ um regime employ one of the challow III-V dopants, such as arsenic. Residual
: acceptors in such material act to compensate, or ionize, the intentional donor
j impurity, reducing the concentration available for photoionization, and de-
f j 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

L bt v b o

il s s i 4809

gl LA e e

i - ] 1
T = = (6)
| . ¢, NAs* °nvthNAs+

AR SRR JOT N W

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

: . sites, the concentration of which is given by NAS+, LA is the capture cross
' section, and v, the thermal valocity. 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.

PRI AT

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

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

' level mcdel involving merely the intentional donor level of concentration ND
and the rasidual acceptor level, of concentration NA' The charge balance equa-

tion yieldsZC i

b bt L i S Al i Sl e L N hnt

Ny (no+ NA)

= exp(-E,/kT) . (7)

T it

Here Ea is the ionization energy of the doror level, Nc is the conduction band ;
density of states, B is the statistical weight of the donor level, and Mo is ;
the equilibrium carrier concentration at temperature T. In the freeze-out !

)
|
§ ,k . regime, this equation reduces to the simpler form

47 i




AT TR T

e A A RCE i Lo L it e it Mk fiind

i
;
E

NeMp
no = W exp(-Ea/kT) . (8)

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

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
jonize the zinc level partially. If the intentional dopant concentration is suf-
ficiently large compared to the residuval boron dopant concentration, then a two-
level analysis will once again be adequate. We have, in general,

NV(NA - Np - po)

= exp(-E,/kT) , (9)

which reduces at low temperature to the familiar form

NvNA
Py = ]gﬁ—-exp(-Ea/kT) (10)
D
and at high temperature to
BP,2
NN, - g) ~ exp(-E_/kT) , (11)

where it is assumed that NA > Py > ND. Here ND is the net compensation, given
by ND = NAs ~ NB' In the extreme nigh-temperature limit, we have, of course,
Po = NA’ independent of statistical weight (strictly speaking, Po = NA - ND).
Intrinsic carrier concentration has been neglected.

The above equations reveal that a complete specification of the carrier
concentraticn 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 ve discussed further below.
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For extrinsic detector material which is partically compensated (this
covers all cases of interest), van V11et21 has shown that the spectral inten-
sity of the fluctuations in device current which arise from the generation-
recombinatior process is given per unit frequency interval by

2

41 T \
S(F) = 41 - 8) (——— (12)
(f) No : (l + w7 )

where I is the gquiescent sample current, N0 is the total number of carriers
undergoing transport in the sample, £ is the fractional ionization, and w the
angular frequency. In the freeze-out regime £ is negligible. The rms fluctu-
ation of current in the time domain is given by

[--3

2 2
G8(t)) = I S(F)df = - (1-¢g) n 1 (13)

o N No

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 1ifetimes 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 tha present experimental context. In either event,
the domain of interest is less than 5 x 104112, for which the condition wr << 1

ic well satisfied. In this regime, the noise current in a bandwidth Af about fre-
quency f is given by

i£(£) = s(f)af = Taf (14)
Substituting for the current in terms of N0 and photoconductive gain G, we have

a9
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Ty ms = 296 (-;"—)R(Af)’i : (15) ]

The quiescent carrier concentracion is comprised of a thermally generated com-
ponent Meh and an optically generated component Ne» in terms of which we have ]

Nep + N\
s = 206 (-E—5) ¥ 0t (16)

where V is the detector volume. It is seen to be physically immaterial whether :
the noise arises from thermally or optically gererated carriers. :

The limits of detection which are imposed by material parameters are gen-
erally expressed in terms of detectivity (D), the reciprocal of the noise equiv-
alent power (NEP). The latter quantity is simply

NEP = i

n,rms/RI >

where R, is the responsivity, given by Equation (5). The specific detectivity, §
B!
or D*, is defined as the cetectivity normalized to unit area of illumination and

unit bandwidth, giving i

b* = (NeP)™! (A)% (af)® = RI(AAf)*’/iwmS . (17)
Thus, ?
* A % b !
- A g T 1
0 2he WA (nth tng ) (Ef) . (18) §

Uniform absorption over the sample volume is assumed. The absence of photo- i
conductive gain from this equation should be noted. This signifies that the
1imits of detection are influenced by photoconductive gain only insofar as
amplifier noise is important. Under conditions of ng >> LI and writing n
as T(a)p(r)v/d, where ¢(A) is the photon flux density, we obtain

e Stk S bt a3

, D* = A (Mﬁl)" . (19) ]
' 2he { @A) i
' i
: |
%‘ This basic equation has been developed here on the one hand because its ?
114 f

: '\,1‘
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elegant simplicity deserves once again to be sppreciated, and on the other
hand, because a number of treatments of it in the literature are not 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, figufes of merit for detectors othgr than the
detectivity are more appropriate. It is generally more relevant to defire the
detection limits in terms of minimum resolvable temperature difference or the
noise equivalent flux density. The appropriate figures of merit for extrinsic
detectors have been treated by Ne]son22 and by LoVecchio‘?3 tor the near-IR
apblications. 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 1limited solubilities
and low photoionization cross-sections. If quantum efficiencies are much Tess
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, Ac, given by the energy con-
servation criterion as

_ 1.24
TR (20)

a

For the detectivity at the peak response wavelength (Ap) under conditions of
broad background. for example, we would have

T(h) \ 2
* = p ¢
D (xp) (%’eff) Ap/th , {21)

where the effective background flux density 28 . off is given by

w

p
0
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Additional insight may be gained by considerihg the dependence of n, and
Nips respectively, on material parameters. We may write (for donor-type dopants)

s = Np%g,efsopT

i (24)
gg{r)o(r) dr

.Y

Cn NA

0

where it has been assumed that 1 = (anA)'l. Comparison of this equation with
Equation (8) for Ny, 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
r<ached under a given background is independent of the degree of compensation,
and this latter parameter is again seen to be significeint only with respect to
amplifier noise limitations. With respect to radiation effects on detectors,
this implies a considerably different sensitivity to detector parameters for

R ah e

hEL i auacil

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-

1 i e ot At L,

CRTTT I TR A TR e

; radiation on extrinsic detectors are now briefly discussed in terms of their
E permanent effects.

b A e

T is useful to distinguish between the effects of neutrons on extrinsic
decectors which affect the performance permanently, or cumulatively, and those
effects which are transient. The relevant time scale for the former is that of
i a mission, for example. The time scale of interest for the latter is on the
g order of trame times. A typical detector array will be employed with compensa-
% tion for quiescent background, or dark, signals and with normalization of re-

; sponsivity differences between detector elements. The relevant time scale in
that event is that with which the reference values for the detector elements
are updated in memory.

B L
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The detector material parameters which undergo permanent change under _ ‘é

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 scattering, 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 determired by all possible processes
which remove the carrier from the band, and is more appropriately refekred to
as a trapping time, since recombination across the bandgap is generally not in-
volved. For thermal imaging detectors utilizing the shallow I1I-V dopants,
such trapping occurs principally at the ionized shallow levels. via the Lax
giant-trap, or phonon-cascade, mecham'sm.18 Trapping in excited states of
neutral impurities appears also to be important at low temperatures (on the
order of 10°K) where the probability of thermal reexcitation from such levels
becomes neg]igib1e.24 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
removal rate of about 16 per neutron/cm2 was determined.25 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. 1f, for example, the detector were characterized initially by a compen-
sation of 1.6 x 1013 cm™3 boron, then a fluence of 1012 n/cm2 would result in
a reduction in lifetime hy a factor of two. In the case of deep impurities,
matters may be considerably different. The neutron-induced level spectrum of
acceptors and donors may extend closer 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 shaliower
than the intentional dopant will govern the resistivity. In that event, lower
operating temperatures would be required to reach the BLIP 1imit of carrier con-
centration than thcse implied by the impurity activation energy (Equations (8)
and (10)j. 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-
senic-doped silicon.zs 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 thé conduction band, and the gold level of interest is the
acceptor level near midgap. The case of gold is more of interest from a theo-
retical standpoint rather than as a practical detector material.

The carrier removal rate hac been determined in these 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. DNog-eared samples are used, in preferencs 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 veltages are sampled by means of electrometer operational ampli-
fiers of 1013-ohm input impedance. These amplifiers are maintained under con-
stant-temperature conditions within the cryostat, minimizing input capacitance,
microphonics, and pick-up. Measurement of the carrier concentration as a finc-
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 frrren out permits determination of
the electrically active fraction of the intentional dopant, the concentration
of compensating species, and the statisticai 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 sampie 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 mere than 1016 cm'3. The low-tenperature car-
rier concentration is determined by both the compensation and the statistical
weight. The steepness of the curve in this region, however, makes manifest the
experimental difficulty of obtaining precise values. The curve-tit is sensitive
to the chcice of statistical weight only in {he intermediate regime, i.e., where
fractional ionization'ranges between 10—3 and 10'1. A fit to this curve was
obtained with a ghoice of statisticai weight of unity, and the values NZn = 1016
cm'3 and ND = 1014 c:m'3 were determined. With a2 choice of statistical weight of
two; a s'ightly better fit was obtained, with the parameters NZn =5.6 x 1016
cm:' and Ny = 1.6 x 1015 cn3.28 With a chrice of 8 = 4, we find N, = 7.5 x
10*5, and ND = 8.8 x 1014. An additional variable in the fit is, of course,

the activation energy. A value of 0.3i eV was employed in all cases above. It
is apparent that the availability of data ovar 13 orders of magnitude does not
assure the absence of ambiguities in the fit, most particularly with regard to
the very important comnensation level. Since the exparimentally 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 dccurate vaiue of compensation ievel
are not entirely experimental. The fit presupposes that 0.,y a single level 15
impoitant in the determination of the carrier concentration, ‘in addition co any
Tevels which are comgznsating. The existence of excited states of the impurity,
and of other imLurity levels in lnwer concentrations, impact this simple pic-
tuse. For this veason, it is preferred that pounds may be placed on the per:
missible values of the rompensation level and the statistical weight initiaily.
This is5 done by studying material over a :ange of initial resistivities. If
these resistivities are sufficiently low, then it may be assumed that compen-
sation levels will not undergo significant change in the process of diffusion
o1 the intenticral impurity, ah]ess compiexes form with'that impurity. In this
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manner, a statistical weight of two had previously been determined for zinc.
This approa:n was taken in the present work, and the material studied was there-
fore heavily compensated, and not typical of detector-grade material.

Results of measurements of the temperature dependence for a zinc-doped
specimen, both before and &fter neutron irradiation, are shown in Figure 3-4.
The zinc concentration had been determined to be 9 x 1016 cm'3 for 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 101° em™? 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. 1If the pre-In-diffusion carrier
concentration is taken to be the compensation level, a carrier removal rate of
about 2 cmZ/n is indicated for the first irradiation, and a value of about
5 cmz/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 1015 by resistivity measurements at room temperaturz, where the sulfur
Tevel is completely ionized, and the pre-diffusion carrier concentration had
been determined to be 1.4 x 1015 c:.m"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
thus subject to some error. The value determined for the first run is 28 cm2/n
and for the second, 9 cmz/n. The second value is clearly the more reliable.
It is roughly comparable, though somewhat less, than the value of 16 cm2/n
found for the shallow arsenic level by Ka]ma.25 If the difference is indeed

real, then it implies that the effective acceptor concentration is less for
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sulfur than for arsenic, i.e. a fraction of the neutron-induced acceptor levels
Tie shallower than the sulfur level.

A more extreme case of a deep level is represented by the gold acceptor
state, which 1ies near midgap. The gold level structure is illustrated in
Figure 3-6. A complication arises in this case because of the existence of a
tri-gold shallow acceotor, in a concentration proportional to (NAU}3. Suffi-
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.

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 siiicon detector materials is that the effective carrier removal
rate, or equivalently the introduction rate ¢f compensating defects or defect
complexes, depends strongly on the depth within the gap of the intentional
doparit level. The neutron-irradiation-produced leval! 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 effeci that a
donor Teval at 0.19 eV from the cenduction band (sulfur) is compensated rearly as
effectively as a shallow doror (aisenic). Trus. few acceptor states are intro-
duced within the range of 0.045 to .15 eV from the cunduction band, a result

60

FYTGTRP R

PR

et e A, bt B2 e

e me et Ml




T T M I T T T g T

*pajedLpul aqe Apn3s
Siy3 ul pako|dwa a|dwes 3yj 10} SUOLILAIUDIUOD BALIDDdSBL U0} S3N|eA
*93e1s 403dadoe mo|jeys P1ob-(43 3yl pue ©1aA3{ Jouop dasp ay} ‘|3A3}
403d9200 deap ayj buimoys °uodL{Ls ul pLob 40j weabeLp [9Ad7 °a-¢ d4nbiy

mu wy grxg. "N A
| &l = - 3 A
Jojdanay pjob-11} (re0'0+ 3
o
Jjouogpog -— -— - - - = - - - - = ARd+>e
! wd orxg- "N
MI Oﬂ )
jopdaoypogy — — 9 — 00— - = - - - - = ws0- I
d
EU =
- @~o~ N
! uonesuadwe) snioydsoy ¢ - - - - u_._




B T Y emo— TR S X . bt oo e TR S0 oot e — - —

- L L d

‘OH T T
Au DOPED
. KCP 1.0A
10" O PRE-RAD

? o 3x10" nfem? _
" oL A 83x10" n/fem? _ 3
| z |
| z |
; = !
E Z10’F 7
: g
B O :
| =
g = 106" ¥ 7] ;
2 S
o' i
5 0% ° A ~ |
\‘v; .%

10 R
:
§ w0 - ‘ L |
f ) 4 w000 o) ° |
}
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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 3
valence band (zinc). It would be helpvul in the interpretation of these
data to have available the comparable data for a shallow acceptor, which will E
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 neuiron-induced donor distribution
extends to levels shallower than 0.31 eV in considerable measure. 1

S, u‘ww.,:ww-ﬂ%‘%*Qh“““*“?“\»*ii‘*"‘ﬁ?%,_ T

: The results for the gold level rear midgap indicate thut the net effect
of both the donor and acceptor distributions (in enerjy) introduced by neu-

: trors 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-tvpe, even though the domi-
rant 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 a1.28 There it is shown (following Bulliszg) 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 same during the irradiation,
and the specimen remains n-type. A shift in the Fermi level toward the valence
band wouid 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 by tvpe conversion, which was not ob-
served.

There are other methods of obtaining 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
trap concentrations.30 These techn ques have the drawback that they are not ;
equally sensitive experimentally to all types of traps. Typically, such §
methods are sensitive to traps in only one-half of the bandgap, making it
necessary to study the other half in a sample which is fabricated differently,
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 l1ook at the dominant traps, whereas in the prasent experiment, tails
of distributions may have profound effects.

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 be]ow.3o 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 licely 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 t¢ 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, mas have more re' sance to actual detec-

tors. 1In practicai detectors, levels of compensation are typically much swaller

than those characterizing the specimens employed here (~1015 cm'3). Detectors
for low background applicaticns 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 for a specific
value of compensation, or cdark resistance, not necessarily the minimum. Even
in that event, however, compensation lTevels would be much closer to 1013 cm'3
than to 1015 cm'3. If a value nf 1013 cm'3 is assumed tv prevail, then at a
carrier removal rate of 10 cmzln, the responsivity of the detector would de-
grade by a factor of two under a fluence of 1012 n/cmz. The fact that the
given specimens did not appcar to undergo significant change under much 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 arseniuzs are much higher than the carrier removal rates
measured at room temperature for shallow dopant material. The latter were
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measured to be between about 1.5-3 for n-type material, and about 3 for p-type
material, using the same irradiation facility employed in the present measure-
ments.31 Room temperature irradiations were employad, whereas dry ice irradi-
ation was used here, and 10K irradiations were uscd for arsenic. The data for
sulfur were analyzed without regard for mobility changes under irradiation.
These cnuld have modest impact on the values determined for net carrier

removal rate. In subsequent experiments, it is anticipated that better alues
will be obtained for carrier removal rate, since the carrier concenirat.on and
the mobility will both be measured, and since rasponsivity measureneits will be
macie that will yield corroborative information about the rate of irtvoduction
of compensating defects. The measurements will also be made upch irradiation
at detector operating temperature, so that immediate comparison f pre- and
post-irradiation values will be possible without an intervening change of
sample temperature.

The above data will be taken as a matter of course on all the detector
materials to be studied. However, the primarv focus of subsequent studies will
be the response to transient illumination, rither than permanent damage effects.
Regarding the atter, 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 emrioying relatively deep dopants that is n~t ex-
plainable in terms of The intrcuuction 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 illum-
ination of the deep impurities in addition to that of the shallos dopants stems
from the fa.u that neutron-induced defects may result in profound changes in the
recombination, or trapping, properties of detectnrs. Any levels which are shal-
iower than the intentional dopant level will te 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-limiting of the optical input signal can be used to insure that tho
deeper levels are never excited.
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- SECTION 4.0
MECHANISMS OF RADIATICN 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 phenomena. 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 pertormed 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 neuiron damage coefficient appropriate for describing increases in the gener-
ation-center density in silicon depletion regions. The rate of increase in
dark-éurrent density for neutron-irradiated CCDs was measured and comparison
then made with results of calculations. The effect of a moderate reduction in
operating t2mperature on the resoonse of LCDs to neutron bombardment is des-
cribed. Examination of the effects of ionizing :adiation on CCDs revealed an
anomalous increase in dark current density for Hughes Aiircraft devices at
relatively low total doses. At high doses, observed incraases in dark current
are attributed to introduction by (306'0 gamma rays of generation centers in the
depletion-region bulk and at the 5102-51 interface. Results of short-term
amealing studies nn CCDs following pulsed neutron bombardirent are alsc pre-

sented,
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4.1 NEUTRON DAMAGE MECHANISMS IN CHARGE TRANSFER DEVICES
4.1.1 Introduction

Charge transfer devicas (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-covpled devices (CCDs) and charge-injection devices (CIDs). Charge
transfer devices are fabricated using silicon MOS technulogy, and thus are
susceptible to the transient and permanent effects of jonizing 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.

Several investigations of the influence of neutron bombardment on the
operation of CCDs have been made in the past few yeanr's.M'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-
amining the mechanisms of dark current increases. As an uid to obtaining
mechanistic informaticn, neutron effects on MOS capacitors, which are the basic
cells of a CiD, were studied extensively. The MOS capacitors were usec 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 (~3Q2-cm) and n-type (~0.8 2-cm) <100:>silicon substrates with both wet
and dry oxides. Wet (pyrogenic) oxidation was performad at 925°C, followed by
a N2 anneal at 925°C. cry-oxide growth was performed at 1000°C. Circular A1
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electrodes (~25-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 ~10004 for the three lots studied, which are referred to as'
KA-09 (n-type), WET N (alsc n-type), and WET P. The thickness of the dry

! oxides was ~90UA for the two lots studied (DRY N and DRY P). The CCDs investi-
: gated were n-buried-channel devices alsc fabricated by Hughes Aircraft. These

3 : units are 128-bit analog shift registers employing a four-phase clock. They

% i are hardened to the effects of total ionizing dose; processing details have been
described previous]y.37 (Devices studied were from two wafers (#15 and #19)

7 ‘ of lot BN-09 which were fabricated using Mask #2128.)
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4.1.2.2 Measurement Techniques for MOS Capacitors

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

ductor interface. As noted above, the fundamental cell of a CTD is an MUS
capacitor. Schroder and Nathanson38

pointed out that for an MGS capacitor biased
Eﬁ : 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 associatgg thh the 1atera11z1depleted
region have been discussed by Pierret and Small,” *"" and by Takino." = In the
study of silicon properties using an MOS capacitor, there are three "times"

of interest: (1) depletion-region storage (or charge-up) time Tgs (2) minority-
carrier generation lifetime Tg; (3) minority-carrier recombination lifetime T
Storage time is defined as the time required for an inversion layar to be es-
tabished ir an MOS capacitor driven into deep depletion. This quantity is
readily obtained fvom measurements of capacitance-versus-time (C-t) following

application of a step voitage which drives a device into a deeply-depleted i
state.

) st ittt a s
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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 time associated with the
thermal generation of carriers in the depletion region bulk. Recombination
lifetime in the neutral bulk has its usual definition. Jn an unirradiated MOS
capacitor at room temperature, T and Tg are typically on the
seconds whereas T ic on the order of secounds.

order of micro-
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Figure 4-1. Schematic of an M0S capacitor zn n-type silicon
with an applied bias Vy; more negative than the flatband
voltage. The iaterally cdepleted region is illustrated.

Generation lifetime is of fundamental importance because it provides a
direct measure of properties of bulk generation centers, and thereby providés
information regarding radiation-iaduced dark current increases in a CTD. To
obtain Tg, a typical approach has been to make & C-t measurement and interpret
the results using Zerbst ana]ysis.42 In principle, this analysis yields the
generation lifetime and the surface generation velocity at the 5102-51 inter-
face. In practice, there are potential problems with Zerbst aralysis, as dis-
cussed by various workers.38’4o’4l’43’44 A major problem is the proper separation
of surface and bulk generation processes. Surface generation velucity s (and
surface recombination velocity) is a function of surface potentia1.45 The max-
imum value of s, denoted as S0 will occur when a surface is depieted. The
value of s in eithu: accumulation or inversion will be significantly less than
So° During a C-t measurement in which a device is pulsed from accumulation in-
to deep depletion, the surface generation velocity under the gate electrode
after pulsing shouid initially equal So but will then decrease as a function of
time as the inversion layer forms. This layar does not form in ithe laterally
depleted region, however. Thus, the situation shown in Figure 4-1 exists in
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which the 1atera1 region |s character; zed by So and the gath rLciJn is charac-
ter1zed by s.

In a C-t ineasurement, carrier generation at interface states under the ’
gate e1ectrode can be made neglibible compared to other genzration componerts - . _ ‘?
I

- s
I 2 T e ORI wro g .

by pulsing a device from inversion ‘Lo stronger inversion instead of pulsing *rom
accumulation to inversion. Y In this situation, one obtains en effective gerer-
- ation lifetiie 7 from anaiysi¢ of C-t data sirce generation at the laterally
depleted surface can still be important. The effect of the lateral component
) ~ dininishes as the size of an MOS rapacitor increases. In the present study.
; devices employed were large enough such that generation in the lateral region
was unimportant. Thus, generation lifetime associated puvely with the
cepletion-reqgion bulk was ohtained.
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Measurements of storage time were made using a PAR Model 410 1-MHz CV
.~ system. Capacitors on an n-type substrate were pu]sed from ~5 to -10V: devices
o a p-type substrate were pulsed from +5 to +10V. Storage time has”defined
here as the tiwe required to reach the [1-(1/2)] recover’ point on a C-1 curve.
That is, if the inversion capacitance is denotéd by Cye and the initial capaci-
tanrce in deep depletion by Cdo’ then T is detTined here as the ti:ie required
for tne capacivance to recover tu a value equal to Cdo + 0.63((:df "Cdu)‘ (The
ipp]icutions of this Tg definition on the relationship between Tg and Tg are i
discussed below.)
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Generation lifetime 7. was cetermined by Zerbst analysis™~ of capacitance-
versus-iime data obtained in the above manner. Sciirodec and NathansonBexmodi-
fied the analysis of Zerbst to account for carrier generation in the laterally i
depleted region shown in Figure 4~1. The differential equation obtained is
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: 3 dt\C NgCox 1Ty T ¢ Cae/  NgCox Ss
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In this expression C 1s time-dependent capacitance, Cox is oxide capacitance,
Nd is donor concentration. So and s are defined in Figure 4-1, and r is the

radius of the MOS capacitor. The factor [(I/Tg) + (4so/r)] is termed the ef-
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fective generation lifetime Tge. The second term was determined to be neqli-
gible compared to the first for the present exrerimental conditions, so that
- ag(= Tge) was obtained.
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Zerbst analysis involves obtaining C-t data and then determining the
quantities

d(l)z (1 1)
-=lf) and |5 - 77—} .
at\c t " T,

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 51-5102 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 are in order. Zerbst analysic as presented above as-
sumes a uniform doping concentration in the semiconductor. Takino41 has modi-
fied the Zerbst analysis to take into account the effects of a nonuniform

25x10" . , — -
(o] A
KA-09. 4” (o) P e
20}  PRE-RAD 06%” o
—— o - -
'-I‘ o/ -~
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<. 151 0.0 §
o e
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0.5} cpd99°°6°o -
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! 1 1 1
0 0.2 0.4 0.6 0.8 1x10*

(-(-l:- - EL) (F'lcmz)
df
Figure 4-2. Zerbst plot for an unirradiated MOS capacitor. Values

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 modification would
only have a second-order effect on the present expurimental results.

Simmons and Nei44 noted that the carrier generation rate during C-t meas- :

urements s not necessarily constant and that the electron and hole generation
rates can differ. In particular, if the bulk generation center density (Ng) is !
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
2f Simmons and Wei we have determined that as long as Ng & 1013 cm'3, the
effects they discuss are unimportant. It is quite reasonable to assume that i
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 g
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 methed involves measuring the output signal with
J‘ ' the clocks freely running at some frequency fc. To compare this approach with
M
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Figure 4-3. Dark output voltage versus integration time for an un-
irradiated CCD. Measurements obtained by two methods are i1-
lustrated (ti = 128/fc for continuous clocking method).
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the integration method, one can convert to an equivalent integration time by
the relation 128/fc 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

Gl A 4™ et

‘ 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
J‘ : manner described above for each method. The expected linear variation with in-
‘; tegration time is exhibited, and the agreement between the two methods is good.
:"
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The quantity of practical interest in a CTD is the dark current density
Jg* This quantity is given by Id/A. wheve 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

= \ ?
Jg = KVg/At, \2)

d
where t, is integration time and K is a constant for a given device. To evalu-
ate K, one needs to measure current through the CCD and the corresponding output
voltage for some reference time tref' For twelve HAC CCDs, K varied from 7 to

9 x 10'13 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 value for

dark current dencity of 15 nA/cnn2 (A = 38.7 x 1076 cmz).

A1l devices were irradiated at room temperature, which ranged from ~24
to ~33°C. For purposes of comparison, all CCD data were corrected to 25°¢ using
a measured dark-current temperature dependence of exp(-0.63 e//kT).

4.1.2.4 Irradiation Prucedures

A1l irradiations were performed using the TRIGA Mark F reactor at
Northrop Research and Technology Center. For MOS capacitors, the react.o was
operated i 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 docimeters; a plutonium-to-sulfur ratic
of 11.9 was used to obtain > 10 keV fluences. Gamma dosimetry was performed
using CaF2 thermoluminescert dJosimeters. For CCDs, the reactor was operated in
both pulsed and steady-state modes. Shielding was the same as givea 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 efrects between the time of
irradiatiorn and the time of post-irradiation measurements, irradiated MOS
capacitors were placed in storage at dry-ice temperature within one-half hour
foliowing irradiation. A device to be characterizad post-irradiation was
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removed from dry ice and left at room temperature for one and cne-half hours
in ordar to achieve stability. Measurements of C-t were then made.

4.1.3 M0S 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 b
et (3)
Ts o Ks
1 1 ¢
- 1.2 (4)
Tg Tgo Kg

s(post) = s(pre) + Ki Y . ()

in Eq. (3), Tso and T, are values of storage time measured pre- and post-
irradiation, respectively, ¢ s neutron fluence, and KS is storage-time neutron
damage coefficient. Similar definitions apply to Eq. (4). Equation (5) relates
pre- and post-irradiation values of surface generation velocity; v is the total
jonizing dose received during neutron bombardment (primarily due to gamma rays)
and Ki is the damage coefficient associated with the increase in 5 due to the
effects cf jonizing 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:
Ks(nntype) = 1.2 x 1013 n-sec/cmz; Ks(p-type) = 5.0 x 1013 nusec/cmz. The cor-
responding gereration 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:nt, and the following damage coefficient is ob-
tained: Ky = 7.0 x 106 n-sec/cmz. The dashed lines shown in Figure 4-5 correspond
to expectéd behavior for recombination lifetime, Tr,in neutral bulk material (and
the associated damage coefficient Kr) based on the following low-injection-level
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| values: Kr(n-type) =1 x 10° n-sec/cm"; Kr(p—type) =2 x 10" n-sec/cm”. Thus,

i values for Kg/Kr are on the order of 70 and 35 for n- and p-type materiai, re- ;
3 spectively. Note in Figure 4-5 that there is no dependence o* the generation ;
lifetime data on ouxide growth condition. No such dependence is expected for

| damage introduction in the depletion region bulk. Aiso, the fact that results
- f for n- and p-type material are in agreement indicates that the dominant neutron- 1
% «% induced generation center is the same in both cases.
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Figure 4-5. Generation iifetime 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 foilowing damage coefficients re-
sult: K?(n-type) = 6.5 x 10'3 cm/s-rad; Ki(p-type) = 1.5 x 10'3 cm/s-rad. Tt is
interesting to note that significant changes in surface generation velocity are
producad by a total dose of less than 100 rads. The observed increase in s can
most 1ikely be attributed to the introduction by ionizing radietion of interface
states. In previous studies by various werkers on radiation-hardened oxides,
such as those contained in the presert devices, substantially higher total
doses were required before significant changes in interface-state density were
observed. This suggests that the present experimentai approach may be a sensi-
tive tool in basic studies of interface states introduced by ionizing radiationX

*It is assumed here that the observed change in s (Figure 4-6) is an effect of
jonizing 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.

17

oo <t ass il L Ma 2

oo . s it o

el BB acm i ¢ et )t L




: : 1B ]
] MOS CAPACITORS
2K N-TYPE P-TYPE %
. A WET N A WET P |
S a DRY N | DRY P j
’ : O KA-09
| 10 (et oxide) o _
/s
/ ;
s /
i _ Ky(n-type) = 00 ) |
] - 7/ j
: g 6.5x107 cm/sec-rad N\, ° -/ ;
5 / / ?
— / m’
N_ / //
v / y
' 8 / /S A i
| ] d 7 ‘
2 o/ / ) i
“ © ’
i Vg A :
! Co / '.
: "/ /\Q\\. s -3 |
0' ,l/ K, (p-type) = 1.5 x 10 cm/sec-rad -
] ..
’
| |
; 10°2 l ! |
| 10 102 10° 104
o DOSE (rads(Si)]
!
f i Figure 4-6. Surface generation velocity increase in irradiated MOS
b capacitors. The unity-slope fits yield surface-generation-
Yy velocity damage coefficients.
W
b 78
!: A A




e I e e e R e

J

.

Table 4-1 lists trhe damage coefficieni values obtained here and also
gives previously obtained va]ue546 of Kr. There is more than six orders of
magnitude difference between values for KS and K and nearly two orders of maj-
nitude difference between values; for Kg and Kr (for n-type). The Kg versus K.r
difference is considered first.

Table 4-1. Experimentally determined camage coefficients. Values
for Kr are from Reference 46.

n-type p-type ;
K 1.2 x 1013 n-sec/em? 5.0 x 10! n-sec/cm?
. 7.0 x 108 " 7.0 x 10° :
-
K, 1x 10° ! 2 x 10° "
s -3 N -3
KY ~ 6.5 x 10 cm/s-rad ~ 1.5 x 10 cm/s-rad

He‘:man47 verformed a detailed analysis of a capacitance-versus-time
experiment and obtained the following expression:

(_(Cm’_f_)__l_) \ (Equ ] ng.)= _ Sl
(Cdf/Cdo) -1 ¢ Cdo Ndcox

(6)
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 on 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 Ndcox/chf' For the present conditions, the first term dominates onl:
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, 7. was determined experimentally frum the [1 - (1/e)]
~pcint in capacitance recovery. However, Eq. (6) is based on recovery (or re-
“luetion) of the depletion width, i.e., on the generation of charge. This con-
sideration results in a slight modification when corparing the present experi-
mental results with analysis. For our conditions, recovery of the depletjon
width to the 63% point corresponds to recovery of éapacitance to the 45% point.
This considervation results in a reduction of the experimental values of Tg and

KS by a factor of ~0.75 if tney are to be compared with calculations using

Eq. (6).
The carrier gerieration rate in a depletion ragion is given by ni/ZTg.
Jde therefore obtain
C. (2N,
L C—O&(—E‘“q)'r . (7)
af \"y /9 |
and thus g
i
C (2 NJ) 3
ox U b
K. = = K . (8) '
s Cgp\ni /9

For the a-type devices used here, "q. (8) yields « value for K /K  of 1.0 x 10°

3 as compaced to the experimental value of 1.7 X 106. Upon reducing the latter

value by a faccor of 0./5, we obtain 1.3 x 106 which is in reasonable agreement f}
i with the calculated value. For MOS capacitors on a p-type substrate, the ex- [
4 1
é parimental value of KS/K is ~7 X 106, which reduces to ~5 X 106 when the 0.75 ]

factor is applis .. The calculated value for KS/K in the p-type case is ~7 x

106, which agrees reasonably well with the (reduced) experimental resuic. j

E We now discuss the reason for the large differences between generation-

3 lifetime and recombination-lifetime damage coefficients. As nocted above, values
for Kg/Kr are ~70 (n-tyne) and ~-35 (p-type). Qualitatively, this discrepancy '
is expected and two contributing vactors can ke cited to account for it. The
first factor foliows directly from consideration of a one-level Hall-Shockley-

f , Read (HSR) model. It can be shown that for equal concentrations of recombination
centers ‘in t*e neutral buik) &nd generation centers (in the depletion region),

Biak At EDdn Tt 3 nm e wahe o 1 24 KL s s

: the inequalii, ' = 7 must hold. If gencration in the depletion region occurs
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through the same level as recombination ir the neutral bulk, and if this level
is at midgap, then Tg =T In general, one expects the dominant generation
level to be at or near midgap but recombination is 1ikely to be dominated by
some other level, so that Tg > Tes and thereby Kg > K A second reason for
expecting Kg 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.48+49  The interior of
such a region is near intrinsic, and thus its associated potential well will be
nearly negligible in a depletion regicn. Defect levels introduced by neutrons
will increase the carrier generation rate in a depletion region and thus de-
Crease T . However, the enhanci~g effect of disordercd-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 Kg to be greater than Kr' At Tow injection leveis, a defect within a dis-
ordered region is on the order of a factoir of 5 to 10 times more effective for
recombination than if it were isolated.’® C(lustered 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

.
12
[

the difference in values of Kg and Kr will be up to an order of magnitude larger
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

g
reasonable.

Measurements of storage time in MOS capacitcers were 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 pre-irradiation case, band-to-band excitation is the dominant mechenism at
high temperatures (1000/T< 3.0) as evidenced by an activation encrgy approxi-
mately equal to the bandgap energy. At lower temperatures, the temperature de-

penderice is dominated by that of n;. 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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shown in Figure 4-8 where generation lifetime is observed to be only very
weakly dependent on temperature both before and after irradiation. Such be-
; havior is reasonable based on a one-level expression51 for Ty ,
|
cp, +Cn i
9 T Zc i N %ﬁl : (9) ?
: pnagn i
1 z (A11 terms have their usual definitiun.) If the dominant generation level is at
f midgap, then Ny = py and the temperature dependence of Ny (or pl) will be equal to
! that of n. Therefore, this strong temperature dependence cancels, leaving only
: J‘ : that of the capture prebabilities. 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 temperaturs dependence pre- and post-irradiation, the indica- L
tion is that the dominant radiation-induced generation level is coincident with 4
(or very near) the corvesponding pre-irradiation level. The results of Fig-

ure 4-8 also reveal that Kg is only very weakly temperature dependent over the
range studied and that surface generation velocity is temperature dependent

over porticns of the range examined. The 1.tter behavior can most likely be

accounted for in terms of the temperature debendence of parameters associated }
with a generation level (or levels) at the SiOz—Si interface. ;

4.1.4 CCD Results

Figure 4-9 shows change in dark output voltage for several CCDs follow-
) ing both pulsed and steady-state neutron bumbardment. These devices were un-
powered during irradiation and dark voltage measurements were made using the ;
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Figure 4.9. Change in dark output voltage due to both pulsed and
steady-state neutron bombardment for CCDs irradiated in an
unpowared mode.
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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 flueice is oh-
served and a value for dari-current introduction rate L‘A(Jd - Jdo)/A¢J of ~4 x
10"11 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-
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 charge 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.) 1In general, the data indicate a strong bias dependence
ot jonization-induced increases in measured dark current. It is not presently
clear which region in the CCDs investigated exhibits an extreme total-ionizing-
dose sepsitivity. (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 iesign and/or
processing procedures and therefore is most likely not of gene-al interest.

The results of Figure 4-¢ 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-tei-m 3Innealing 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
‘rradiation 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 above. Thus, informaticn regarding
the transient annealing behavior 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 jonizing 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 10ll n/cmz) under three bias conditions: (1) DC (-8.5V);

(2) clocked t0 to -8.5V, 5 kHz square wave); (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-
minations of Tg and T were performed and damage ccefficients then determined.
Vaiues 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 Kg 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
chadue to generation of carriers in a depletion region of width Xy is given
by

Jg = an; xd/2'rg . (10)
Using Eq. (4), we obtain !
qn; x 1 ¢) qn; x,¢
J=——1—d(—+—=J + = (11)
d 2 Tgo Kg do ZKg
and thus
i&il;;:k&g _AN%g (12)
do 2K :
g
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At room temperature, n; = 1.4 x 1010 cm'3; from Figure 4-5, Kg = 7.0 x 106

n»sec/cmz. The depletion region width is estimated to be on the order of 2 to

3 pm, which includes all of the 0.3 ‘m n-type epi layer plus a portion of the

30 Q-cm p-type substrate* This yields a calculated range for d(Jd - Jdo)/«a

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 (Kg) needed to predict
neutron-induced increases in Jd in a CCD, and the resulting agreement between
calculation and experiment is satisfying. We further note that Kg should-be of
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 - Jdn)/dcb derived from data obtained
by various workers with the present result. [t should be borne in mind that
values for this quantity are expected to be in agreement only if Xq is the same,
based on Eq. (12), and also if all experimental conditions are the same. For
is approximately the same in all

purposes of comparison, we assume that X4
33 and Chang35 were obtained using a

cases. The present data and that of Hartsell
fission reactor, and their values for d(Jd - Jdo)/d¢» agree within a factor of

~2 with the current value. The value obtained by Sa's 4 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 - Jdo)/d¢'is in reasonable

agreement with values derived from data obtained by Hartsell 3 and Chang,?? the

two cases for which comparison appears appropriate. One further comparison can
13 2

be made. Williams and Nelscn3 obtained a value for KS 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 g (and there-
fore Ks) depends on the magnitude of the voltage step applied in a C-t measure-
ment and on the doping concentration. Storage time and its associated damage

coefficient do not have the fundamental physical significance that Tg and Kg

have.

Lowering the cperating 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 1ikely larger than that used here.
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Table 4-2. Comparison of values for d(Jd - Jdo)/d«b derived from
data obtained by various workers.

d(‘]d - Jdo)/d¢ Radiation
Reference (nA/neutron) Source Comments
o ?—#g——.—__—?___‘_%
33 ~9.6 x 10'11 Fast-burst reactor Buried channel
Hartsell 1
~5.6 x 10 Fast-burst reactor Surface channel
L.
34 -10 Cyclotron (0 to
Saks 1.9 x in 30 MeV neutrons, Buried channel

15-MeV peak)

35 -11 Buried channel
Chang ~2 x 10 Fast-burst reactor and
Surface channel

11

Present work ~4 x 107 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 preserit a graph that allows the selectioi of an operating temperature
which shouid prevent post-irradiation dark current from being larger than some
specific value.

The temperature dependence of Jd [Eq. (10)] is dominated by that of ny e
where

n, = ¢, 7/? exp(-E(/2KT) = C) F(T) . (13)

(C1 is a constant and Eg is bandgap energy.) Upon defining a second constant,
Cz, as q xd/2 , we obtain

c,C,f(1) ¢
- A2
J Jgo * Kg ;

(14)

Plotting log f(T) versus reciprocal temperature yieids a slcpe (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, T is only weakly temperature
dependent. Using the pre-irradiation value for the activation energy of 7. in 1
Figure 4-8 (0.05eV) results irn an overall temperature dependence for Jdo of
exp(-0.63 eV/kT). This dependence is in good agreement 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 Kg is only weakly temperature dependent, as
discussed above.

Upon normalizing Jd to Jdo’ we obtain

J TP
d 0
—_—= 1+ —%———. (15)
Jdo g
This expression was used at 303% (i.e., Jdo =1 before irradiation at 1000/T = :

et

3.3°K'1) to obtain values of normalized dark current density as a function of
fiuence using K_ = 7.0 x 106 n-sec/cmz. A value of Tgo was selected (14 usec)
so that Add/A¢> would equal 4 x 10'11 nA/n for .JdO =20 nu/cmz, a tvpical dark
current density vor the (CDs studied. Curves with a -0.63 eV slope were then
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 Jdo at 303%K in Figure 4-10. If the expected flueince is 1013 n/cmz,
then this figure indicates that operating the device at T = 269K will keep J,4 =
unity following irradiation. Thus, a relatively moderate lowering of the oper-
ating temperature in a CT0 should result in a substantial radiation tolerance in
terms of neutron-induced increases in dark current.
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4.1.6 Summar.y

A study of the mechanisms cf neutron-induced dark current increases in
charge transfer devices has been performed using MOS capacitors and CCDs as test g
) vehicles. M0OS capacitors were used to obtain neutron damage coefficients as- '
% . sociated with storage-time and generation-lifetime degradation (KS and Kg,
LAy respectively) and gamma-r-y damage coefficients associated with increases in
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Figure 4-10. Normalized dark current density versus reciprocal
temperature with neutron fluence as a parameter. The
effect of a reduced operating temperature on radiation
tolerance is illustrated.
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| surface generation velocity at the SiOZ-Si interface. In terms of the radiation
: response of a buried-channel CCD, the quantity determined having the most funda-
o mental significance is K_, the generation lifetime dawage coefficient. A unique
value for this coefficient of 7.0 x 106 n-sec/cm2 was determined for devices on
both n- and p-type suhstrates. This value was then used to calculate the ex-

|
| - .
) pected change in dark -urrent density with neutron fiuence in a CTD. The cal-
1 *& i culated value is in good agreement with the present experimental value of ~4 x
L 4
o
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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/l(g were obtained and
found to be greater than six orders of magnitude. These substantial di:ferences
were accounted for reasonably well for both n-type and p-type material using
the model of Heiman.47 A qualitative explanation was presented to account for
the substantial difference between recombination-lifetime and generation-1ife-
time damage coefficients which is based on consideration of the Hall-Shockley-
Read model and alsc 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.
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4.2 ADCITIONAL STUDIES OF RADIATION EFFECTS ON CHARGE-CQUPLED 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 curing

the second half of the program. In addition, data are presented which sarve

to reinforce and provide further insight regarding several of the points hriefly
made above. The primary subjects included here are: <) effects of jonizing
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

TP TR T e

Trerrpy

dark-current density.

4.2.2 Experimental Procedures
Techniques used to measure dark current were the same 2s those described

in Section 4.1.2.3. The radiation facilities employed were the TRIGA Reactor

and the Co60 source at Northrop Research and Technology Center. All measure-
Data were corrected

ments were made at room temperature, which was monitored.
to 298°K based on the measured temperature dependence of dark-current in CChs,

s mentioned above. 1lwo types of n-buried-channel CCDs were studied: devices

febricated by Hughes Aircraft (described in 4.1.2.1 and in References 35 and
Figure 4.11 shows a
Note that this device

M s L IRT T -

54) and the commercially available Fairchild .CCD 3i1.
! block diagram of and pin identification for the CCD 311.
contains two 130-bit analogq shift registers which normally are multiplexed.

We operated the clocks for these two shift registers 180°% 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

e e

L e e

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 cf the circuit used
60). This circuit permits active

in radiation testing (both reactor and Co
The drive

‘ measurements to be made during pulsed or steady-state irradiation.
! circuit iliustrated in block form in Figure 4-12 is shown in detail in Figure
|

! 4-13. f(digure 4-13a depicts the clock waveform and signal input generator. In

F<jurc 4-13b, the circuit used to provide power for the CCD 311 and for the
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E \ Figure 4-11. Block diagram of and pin identification for the
E 5 Fairchild CCD 311.
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Figure 4-12, Schematic diagram of the circuit used in radiation
testing of the CCD 311.
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a) Clock waveform and signal input generator;

b) Crrcuat to provide power for the CCD 311 and for the

circuit chown ir Fignre 4-12a.
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circuit of Figure 4-13a is presented. A timing diagram showing waveforms
applicable for the circuit of Figure 4-13a is given in Figure 4-14 Deta'ls ’
of the pin connections for the CCD 311 during.irradiation‘ara‘Shown in’Figufe
4-15. Figure 4-16 shows the differential amplifier circuit used to eliminate

the rosel pulse at the output (refer to -Figure 4-12). In Figure 4-17, the drive

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 irraciation
studies.

A schematic diagram of the Hughes Airciaft 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
power applied. These previous data are shown in Figure 4-3i% where the chaige
in output dark voltage (proportiunal to dark current) 15 plotted versus
neutron fluence. The oper symbols represent'data for powered devices and the
solid symbols are for unpowered parts. {"Tewerad" is defined here as the
application of typical ac and dc voitages to a11~appropriate terminals of the
CCD with the exception 0° the input.'vNo charge was input to the CCD for the
purpose of permitting dark current measurements by either cf the mathods desﬁ
cribed in Section 4.1.2.3. The "unpowered" coendition refers to irradiation of
a CCD with all of its leads imbedded in conductive foam.)

An extreme sensitivity of the powered parts as compared to the unpowered
units is evidenced ip Figure 4-19. Ionizing radiation is also incicdent on the
CC0s 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,
CaF2 TLDs were used to measure the concomitant fcnizing dosz. Figurz 4-20
shows the data of Figure 4-19 replotted in terms of change in dark voltage
versus total dose. Also shown are data points obtained for HAC CCDs irraciated
in a Co60 source. Device 19-41 had received no previous irradiation. It was

96

s R
PN A 5 T e s

il e T et S it

el e P kb A L dri,




T T T T e T T I N I L R S sl TS
T R R TR R R e

ewox_ML_ML_N_MLN_NN_N NN UL U o sy,
» o

o[ 1 . .
(S mu I s WY e TN s NN e N e I e SN
LT

— Ky

e — I

T ML L I s

L2

*st = = Tl e o
+Ny

*5a - i U S

+

.
"0 SIATE PULSEWIDIH = "CLOTK" PERIOD
OR 3 msec, WHICHEVER |5 WSS

B - L ". ! .. 3
T F o . - .
R S
o MLMW“H& | W BT e MT LIRS e " g %

; Figure 4-14. Timing diagram for the CCD 311i. Waveforms
i aprlicable for the circuit of Figure 4-13a are shown.
i W

== 01
3 af

P,
@-‘A—E"M
- cco
LI

©3—-° A 'E“'ZA

1

]

i

—ZVia %) :

500 _alvg THERISTOR z
son§ v R ;
2 oo _%muf 06 i

o'_l T 5] i

| i

]

* 1

i

Figure 4~15. Pin connections for the CCD 311 during irradiation.
(See Tigure 4-12.)

0T ksl i bttt

g7

R
BT O O N : AL A o
- Sl v L RN Voo P e e b A L okt i




GND

+ K

5na

{
E 50 i
1
‘ CS ]
INC :

A7pf

PR LT
Sare

Figure 4-16. Differential amplifier used with the CCD 311 to

eliminate the reset pulse at the output. (See Figure i
4-12.) 1
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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 g8r
the Hughes Aircraft CCD. Except for the two designated “Co®V",
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 abscisse.

first ir-adiated to 130 rads with power applied and the resultirg change ir
dark voltage was subcstantial, as shown in Figure 4-20. The 130-rad data point
showr for this device is in general agreement 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 efrect of ionizing irradiation, and

not of neutron bombardment. After a 16h anneal at room temperdture, Vd for
Device 19-41 decreased to 65% of the 130-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
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

in the first vombardment.
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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 previousiy neutron ircadiated
twice and had received ionizing doses of 180 rads (unpowered) and 170 rads
{powered). Three months iater the C060 experiments were performed, and at that
time the dark current density for this device was 50% larger then its pre-
irradiation (virgin) value. The first unpowered gamma irradiation was to a
tctal dose of 100 rads, and no change in dark current was observed. This
result indicates that the ionizing-radiation sensitivity of HAC CCDs to ionizing
radiation arises only when power is applied. However, a second unpowered
irradiation of Device 19-33 to an additional €60 rads caused Vd to increase
significantly, as shown in Figure 4-20. (Also shown are results of long-term
room-temperatue anneals of 30 and 1600 hours. Significant recovery was noted.)
This result could cause one Lo 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 unpowered state, are attributable to the effects of both
neutrons and gamma rays. However, vesults of neutron bombardment of the
Fairchild <€D 311 (discussed below), which is insensitive to ionizing radiation
(also discussed 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 efferts of neutrons. It is possible that results
of Co60 bonbardment 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, Fairchiid CCD 311s were irradiated in the COGO

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
irrudiated unpowered. Device 1 was still functioning at 105 rads (the highest
dose examined for this unit), and the increase in dark current density was

only ~20%. Device 2 was still operational at 3 x 105 rads but failed some-

where between that dose and 106 rads. Deyices 22 and ¢5 were irradiated under

power. Device 23 exhitited a strong increase in dark current (saturated) at
3 X 104 rads and failed to operate after 8 x 104 rads. Device 25 failed at
9 x 104 rads. It is interesting to note that 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 explore 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 cocnsiderable 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 valve after a thirty-day room-temperature anneal. It is not
presently clear whether the irradiatior 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 twc devices. However, this aspect
of the data is unimportant for the present puirposes. We concentrate here on
the trends evident, and results shown for all three devices in Figure 4-22 are
qualitatively similar. One additional difference was that Device 19-21 was
operated at a constant clock frequency (500 kHz) during irradiation whereas
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Figure 4-22. DJark current density versus ionizing dnse for
Hughes Aircraft CCDs.

the clock frequency was varied for Devices 19-62 and 17-65. This difference in
procedure is prcbably not ot importance. A final note regarding experimentatl

procedures: the dark current measurements ot Figure 4-22 were made with the

C060 source lowered into the floor (i.e., dose rate equal tc zeru). MWith the

source raised, the presence of ionizing radiation enhances the dark cLyreent and

also produces noise in the measurement system.

Three dark-current regimes are evident in Figure 4-22. A strong increace
in Jd is noted in the vrange 102 - 103 rads. This is followed by a strong
[
decrease in Jd in the range 104 - 107 rads. In the third regime (>10s rads),

Jd 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 aepletion-region bulk due to bombardment by the ~1-MeV
C060 gamma rays; 2) an increase in the generation center density at the SiOZ-Si
interface due to production of interface states by the ionizing radiation.
{Note that the first effect is productiun of displacement damage by ionizing
Both of these effects shouid increase linearly with dose.

radiation).
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Figure 4-23. Change in dark current density versus ionizing

dose for a Hughes Aircraft CCD. Data shown were derived

from 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'“ 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 werk of Chang and Aubuchon3‘r”54
are shown, along with a dashed line corresponding to the rate of change obtained N
in Figure 4-23. Thew 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. Radiation-induced production of inter-
face states should be enhanced by the application of a field across the gate
oxide.56 There is a slight indicaticn in Fiqure 4-24 that powered devices
exhibited a larger :ncrease in dark current density, but further study is
needed to confirm this point. (In the precs:nt program, we irradiated a HAC
CCD in the Co60 source with no power applied up to a dose of 3 x 106 rads.

Dark current exhibited a linear increase with dose at high doses. However,
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the rate of change observed was a factor of ~3.5 larger than that showr in
Figure 4-23. Clearly, additional investigatior of the bias dependence of

tonizing radiation effects on CCDs at high doses is needed.

In this zero-bias

experiment, 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-

cus:.ion above in conjunction with Figure 4-20.) Note that at 106 rads in
Fiqure 4-24 the dashed line passes roughly through the middle of the scattered

data points, indicating some success in predicting the experimental observations.

At 10° rads, the dats points are all higher than the dashed lin2 and this may
be due to remanence of a portion of the aromalous enhanced current evident at
Tower doses (Figure 4-22). We now discuss this anomalous current.

The strong increase in dark current density at low doses, shown ip Fiqure

4-22, is guaiitatively consistent with the data shown in Figure 4-20.
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former case, the ionizing dose was obtained from a Co = source wnereas in the
latter case the iorizing radiation was concomit at with neutron bombardment.

A starting point for a modef 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 ‘here is a channel-stop diffusion that is also
present. Figure 4-25 is a schematic cf the field oxide and the channel stop.

A relatively small total ionizing dosc can give rise to signi‘icant positive
charge buildup ii. a Field oxide.57 This evfect is enhanced if a bias is
applied across that oxide layer. Pesitive charge buildup will result in for-
mation of a depletion region in the underlying p-type substrate. Tnhermal
generation of carriers will occur in this region and these carriers could
substantialiy increase the CCD dark current if they were chle to couple inte:
tne channel. However, tne chani:el stop should prevent this from nccurring. At
higher doses, negatively charged interface states will form at the field oxide-
sivicon 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 piroblem
with this model is that it is not clear how carriers thermally generated
excternal to the CCD channel can couple into the channel and enhance the dark
current. The anomalous response of HAC CCDs to ionizing radiatior is most
1ikely associacted 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

-+

+-

+~
+ + +
J(_ J o0&
CHANNEL-STOP SILICON
DIFFUSION

Figure 4-25. Illustration of charge buildup in the field oxide
for a CCD.
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One final point shouid be noted regarding data shown in Figure 4-22. For
Device 19-62, dark current density was measured after a 12-day post-irradiation'
anneal at room temperature. Dark current increased by 50% over this period of
time, as shown in the figure. This behavior indicates that annealing of the radi-
ation "damage" respensible 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 oark-
current increase in the 102 103 rads range. Qualitatively, such benavior appears
inconsistent with the model depicted in Figure 4-25 since the amount of radiation-
induced positive charge in S1'02 tends to decrease with time following 1rradiatioﬁ'
whereas the interface-state density tends to remain constant or increase over the
same time regime for a thermal-oxide/silicon Tnterface§6 (To determine whether
this statement applies for a field-oxide/silicon interface would require further
study.)
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4.2.4 Neutron Effects

The relative absence of ionizing radiation effects on dark current dgnsity
‘n the Fairchild CCD 311 as compared to the HAC CCD makes it a good. test vehicle
for examining neutron effects cn CCDs nowered during hombardment. Results of neu-
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-siate irradiationé.
(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
reutron fluence. Data over a fairly wide fluence range are fit quite well by a
unity-slope line as shown in the figure. The <lope obtained, 3.5 x 1of11 nA/neu- ‘é
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.) .;;

R Y T O e TR IR BN e P i

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 opberated at a clock frequency of 2 kHz during bombard-
ment, and the continuous clocking method was used to monitor dark current as
a function of time. This device was bumbarded by two neutron puises a few hours
apart. Both bursts were ~20 msec wide ($1.90 pulse) and shielding was as fol-
lows: 1/4" boral 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

second burst. Sulphur pellets were used for neutron dosiqetry and Can 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 shielding conditions. We obtained a flu-
n/cm2 (>10 keV) for the second pulse {gamma dose = 13G rads(Si)).
For 7" H20 shielding, the plutonium-to-sulphur ratin is estimated to be ~9 and we
thereby obtained ~2.6 x 1010 n/cm2 (>10 keV) as the fluence for the first burst

ence of 4.4 x 1011

(gamma dose == 60 rads(Si)).

Figure 4-27 shows dark current density versus time for Device J6 follow-
ing the two neutron pulses described above.
regime 7-2400 sec after each burst.

erratic behavior for t < 7 sec.

density for Device J6 at 298%K was 4.6 nA/cmz.

neutron burst (~2.6 x 1010

FLUENCE (njem2 >10 kev)

Fairchild CCD 311.

) The pre-irradiation value of dark cuirent
At 2400 sec after the first
n/cmz), the value of Jd at that same temperature

108

Data are displayed for the time
Following the first pulse, no useable
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
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was 5 4 nA/cm , SO onty olight perwanent, damage was incurred. At 2400 sec
foi!ow1ng the second burst (4.4 x 1011 n/cm ), J = 27 7 nA/cm as shown in.
Figure 4-27. At 7 sec, Jd is a factor ¢f 2.7 Iarger than this value.
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f ! Figure 4-27. Dark current density versus time following pulsed E
3 ] neutron bombardment for the Fairchild CCD 311 (Device J6). §

For times less than 7 sec after pulse #2, several nhenomena 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 %o ioniuing radiation
; § associated with the burst. At t = 0.2 sec, the two shift registers in Cevice
f J6 had a significantly different dark current. One register had a relative
i Jd of 2.5 x whereas the second had a value ¢f 12 x. Between 0.2 and 1.9 sec,
! Jd decreased monotomically (and significantiy). At t = 1.8 sec, for the first
register Jd = 1.3 x and for the second register Jd =Hx. 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 A
Reference 55 for additioral discussion of the contribution of icnization to 3
Jd in CCDs before reertry of the control rod occurs.) At t = 2.2 sec, Jd = 1.2 x
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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
vith time. We interpret the data as follows. For t = 7 sec, Jd 15 dominated
by thermal generation of carriers at neutron-produced centers in the depletion
region bulk. As ti~ inc,eases, Jefect resrdering occurs, thereby reducing
the 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 sec,
apparently electrical stability of the CCD is being restored subsequent to the
large signals experienced at carlier times. (In this regard, we pertormed an
experiment on an unirradiated CCD 311 and observed a recovery time corstant

of 1 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-
ces.58 We define a dark-current annealing factor (AF) as follows:

J (t) -J
_d do
AF = 3;17;7—_ Jdo (15)

In this equation Jd(t) is dark current density at any time ¢ following pulsed
neutron bombardment, Jgo 18 the pre-irradiation value, and Jd(w)'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 relatively
large nurhers in the denominator, so a moderate degree of experimental error
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Figure 4-28. Dark current annealing factcr versus time for the
Fai»child CCD 311. Data shewn were derived from Figure
4.27.

can have a large impact on the annealing factor. However, this ipact is
stronger in the direction of a larger AF as opposed to the direction of closer
agreement between ithe two data sets in rigure 4-28. To examine how much
experimental error wouid be required for the data obtained foilowing pulse #1
to bring that data set into better agreement with the results obtained after
puise #2, we varied Jd(w) and Jdo' For example, assuming 10% error, AF was
recalculeted by increasing J, (<) by 10% ana decreasing J, by 10%. This con-
stitutes u worst-case error situation in which the AF caiculated 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
than + 20%, and most 1ikely was considerably smaller. Even iy the ervror was

+ 50%, AF after pulse #1 would still be signiticantly larger than that obtained
after pulse #2. Hence, the discrepancy evidant in Figure 4-2C appears to be
real, bu% additional low-fluence data would be required to confirm it.

There is also a potential problem with the pulse #2 AF data in Figure 4-28.
Measured dark voltage at early times (i.e., 7 sec) was very close to the maximum

111

s el L EATEY T T et ) RATLA R oA M) Tk g e 0k

R




N AR s S L

b A

~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 tha pulse #2 AF data were influenced by the
approach of dark voltage to near its saturation vaue. That is, we suspected
that at early times the device was not in a linear operating range so that the
variation of Vy with frequency was noniinear. To avoid the possible effects of

saturation, additional measurements were made on a second CCD 311 (Device J3) at
higher clcck frequencies.

00 N T —_
4 12 2
L A . PULSE #2 (2.5 x 10°“ nfcm®)
A =
A :
A i
°
20 - . .
¢ ®
o ®
5 | * o4 i
.§_ PULSE #1 (2.5 x 1012 nicm?)
_‘ﬂ
00— =
CCh 311
DEVICE )3 2
i Jm-BMWm i
0 - L
10 102 03
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 = 330
rads (Si)] for Device J3. Note that the pre-irradiation dark current density
(73 nA/cmz) is considerably larger than that for Device J6, so that a consid-
erably higher fluence was required for J3 to cause a significant increase in
dark current. For pulse #1, the clock frequency during bombardment was 200 kHz.
This frequency was sufficiently hign to keep Vy substantially less than its
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saturation value at early times following bombardment. At t = 15 sec, the
clock frequency was decreased to 20 kHz for the purpose of increasing the
signal amplitude during later-time measurements. For pulse #2, the clock
frequency was 500 kHz curing bompardment and was decreased to 50 kHz at

t = 2 sec.

Figure 4-30 shows AF versus time for the two data sets of Figure 4-29
(Davice 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 = 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 5
note that no fluence dependence of short-term annealing in neutral bulk silicon E
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Figure 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 compar: the observed change in Jd at long times
following pulsed bombardment with 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/cmZ) Aqd ) AJd )
(nA/cm”) (nA/cm®)
J6 1 ~2.6 x 1017 0.80 0.91
11
Jbé 2 4.4 x 10 22.3 15.5
12
J3 1 2.5x 10 8z2.4 87.5
J3 2 2.5 x 1012 83.3 87.5
Table 4-3. Comparison of measured and caiculated "permanent" changes

in dark current density for irradiated CCD 311s. Measured
values are based on the value for J, #t times » 2000 sec follow-
ing pulsed neutron bombardment (see Figuves 4-27 ard 4-29).

Calculated xalues 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 AJd is good, which demor:trates 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, L0

the appropriate value of AJ,/A¢ to use at that time is (1.7)(3.5 x 10'11),
or 6 x 107} nasn.

of Equation (15).

The basis for this calculation is obvious upon inspection

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.ss’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.ﬁo On this basis,
one might speculate that the higher AF in the depletion-region case is due to
the extromely low free-carrier density in that region. However, since the CCD
gates were clocked during the transient recovery period, most of the cepletion »
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 ’ ]
responsiole for the relatively slow transient recovery observed. Further study ]
will be required to clarify this point.
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£ 4.2.5 Summary. ;
: In this section, results of an investigation of neuiron 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 jonizing radiation when irradiated under power. Dark current
density for this device exhibits a strung i1ncrease in the range 102 - 103 rads, ;
followed by a significant decrease in the range 104 - 105 rads. At higher ]
doses, Jd increase linearly with Agse and this is attributable to production
of generation ce.ters in the depletion-region bulk and to production of elec-
tronic staces at the 5102-51 interface. Dark current in the Fairchilu CCD 311
was relatively insensitive to ionizing irradiation, both in unpowered and
powered conditions, up tnvvlos rads, where device faiiure was observed. Stud-
ies of the transient and perm .neni ef’ects of neutron boinbardient on the CCD
311 were performed. Th-> :ate of chauge of dark cur:ent density with neutron
flience was found to be 3.5 x 10"11 nA/neutron foi measurements made approxi-
mately one hour aite: scealy-state neutron irradiation. Shoivt-term annealing
measurements were pertormed in which dark current density was monitored as a
function of time foll wing pulsed bembardment. As an example, at 20 sec after
‘ irradiation the dark cu-reni arnecaiing factor was ~1.7. This me-ns that the 3
. appropriate value for Add/A¢ at that time for the CCD 311 is 6 x 10'11 f
nA/u as oppesed to tie long-term value of 3.5 x 10'11 nA/n.
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SECTINN 5.0
NEUTRCN DAMAGE COEFFIZAENY FOR SILICON DEPLETION REGIONS

5.1 [INTRODUCTION

A damage coefficient approprizte 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 thac this
damage coefficient might be generally useful for predicting the effects of
neutron bombardment on silicon devices. In the present sention, we explore
that possibility. A presentation of the analytical backgrourd is given first,
followed by a comparison of calculations with experimenté] results obtained on
silicon devices at several laboratories.

T R

el ohnd

5.2 ANALYTICAL CONSIDERATICNS

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
Cncer(p"'"i )

Calndml + ¢ lprpy) ()

Q-

In this expression, p and n are hole and electron concentrations. cp and c, are
hote and electron capture probabitities, n, is the intrinsic carrier concentra-
tion. Nr is the recombination center concentration, and ny is the electron con-
centration that would exist if the Fermi level were located at the recombinaticn
level. (A similar definition holds for pl.) In the space-charge region of a
reverse-biased p-n junction, p,n << n;- Also, for a level near midgap, NysPy &
: nys SO that r,p << nysPq- Equation (1) thus reduces to the following expression

for the thermal generation rate G of carriers at generation centers in a deple-
tion region:51

D e Ll as . o A

2

c. cNn, i

6= - i (2) K

"t SPy g%

(Ng is the generation center concentration.) Generation lifetime 7_ is a charag; ;

teristic time associated with the thermal generation of carriers and is given b_y‘1 3§

A
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Thus, the g neration rate is given by51
G = - n1./2'rg . (8)

(See additional discussion of this relation in Section 5.4.) The current density
in a reverse-tiased p-n juncticn due to thermal generation of carriers in a deple-
tion reyion of width X4 is given by

X
d qng X4
J§= f quldxaqu]xd*“-é—;g—- (5)
0

(The appr~ximation is due to the assumption of a uniform generation rate over the
entire depletei region. See further discussion ir Section 5.4 on the validity of

Eq. (5).)

The generation current density Jg typically dominates reverse current
flow in a silicon p-n junction below ~400°C.51 In certain device structures, it
is possible for carrier generation at interface states to be an important compon-

.ent of reverse current. We assume for simplicity here that dark (or leakage)

current in neutron-irradialed silicon devices is dominated by Jg. The primary
effect of reutron bombardment is to decrease v_ due to intvoduction of generation
centers in the depletior region. As roted in Secticn 4.1, this degradation proc-

ess can be expressed as

1 _ 1 P
1-1.2. (6)
Tg T90 K;,

In this expression, Tgo and Tg are pre- and post-irradiation values of generation

lifetime, respectively, ¢ is neutron fiuence, and Kg is generation-lifetime damage
coefficient. Substituting (6) into (5), we obtain

qn. x, qn. x, ¢
J=~—]—2—d(%+%)=\]o+~—h—i—, ()
9 o g/ 9 g
and thus the neutron-induced change in generation current density is given by
Jg-Jgo=qn1.xdq¢s/2Kg . .Y
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As described in Section 4.1 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-
datfon of t_ 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 Kg which describes the data in Figure 5-1 quite well is 7.0 x
106 neutron-sec/cmz. We also fourd (see Section 4.1) that Tg0 and T_, and
hance 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 a’iso is a good value for use over a moderate
temperature range (~240 to ~370%K, the range studied). The implication is
that the ;;resent Kg value is of general usefulness in predicting neutron
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 junction is to degrade t_ and thereby
increase Jg. This effect is important at moderate fluance levels (‘&1011 nlcmz).
as shown in Figure 5-1. At relatively high fluences (e.g., > 1013 n/cmz), 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

piaced on changes in Jg due to Tq degradation, but mention nf carrier removal

effects is mad2 where appropriate.

The rate of change of generation current density with neutron fiuence
can be expressed, using Eq. (8), as

)
Assuming a tenperature-independent value of Kg (7.0 x 106 n-sec/cmz), we can
calculate values of this derivative. Figure 5-2 shows results of such calcu-
lations at 270, 300, and 336°K as a function of depletion region width. As an
example, for a l-um width, the value of the right side of Eq. {9) (from

= qnyxy /2K, . ‘9)
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Figure 5-1. Neutron-induced change in reciprocal generation lifetime for MOS i
capacitors on bulk n- and p-type silicon. These data yield a genera- ;

? tion lifetime damage coefricient Kg.

1

% Figure 5-2) is 1.6 x 1011 nanvamps per neutron. Thus, a fission neutron

E \ fluence of 103 n/cm® (> 10 keV) should cause an increase in generation cur- 1
E i rent density of 160 nA/cm’.
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5.3 COMPARISON OF CALCULATIONS WITH EXPErIMINTAL DATA

Avaiiable experimental data are now corpared with results of calcula-
tions using the anzlytical approach described above. The data considered here
are: (1) CCD data presented in Section 4.0; (2) PIN photodiode results obtained
by Kalma and Hardwick;61 (3) JFET data of Kern and McKenzie.62

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 (Figuve 4-26), the value for this
rate is 3.5 x 10'11 rA/neutron. Upon comparing these experimental results with
the calculations shown in Figure 5-2, depletion region widths of ~2.2 and
~2.5 pm are indicated for the Fairchild and Hughes devices, réspective]y. How-
ever, calculated deep depletion widths for these device types are considerably
1arger.* 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¢_ e V 1/2
x, = (—-TL (19)
d q Na :

For the Hughes Aircraft CCD, the substrate dopant concentration Na is ~5x
1014 cm'3, corresponding to ~30 (-cm material. Also, gate electrodes were
clocked between 0 and 10V. We assume that all of this voltage appears across
the n+p junction and th:t none of it is dropped across the gate oxide. Equa-
tion (10) then yields 5.1 wm. The n-type epi layer (0.8 um thick) is also de-
pleted in normal operation of the CCD, so the total depletion width is 5.9 um.
For the Fairchild CCD311, the range given fcr the substrate resistivity is 15 to
60 G-cni. Upon using Eq. (10) with Vr = 10V and also adding the thickness of
the n-type epi layer (0.5 um), we obtain a range of ~4.1 to ~6.5 um for the
total depletion width, with the mean value being ~5.3 um. Thus, the ratio of
calculated x4 (a. (10)) to apparent Xd (Figure 5-2) is ~2.4 for CCDs from
both suppliers. Ststed another way, there is an apparent discrepancy by a
factor of ~2,4 between C({D dark current measurements and calculations of the

neutron-induced change in this quantity using £q. (9). Possible reasons for
this discrepancy are discussed below in Section 5.4.

*
The pre§ent ga]cu]ation§ of x4 are considered more accurate than the estimated
range given in our earlier work (reported in Section 4.1).
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Kalma and Hardwick61 measured the radiation response of various com-
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.sl’63 It is assumed here that the measured capacitance is attributable
solely to the depletion layer of width X4 in a given PIN diode. This width
was then calculated using the relation Xq = ¢A/C, where ¢ 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 repiot kalma's data, for convenience nf analysis,
in terms of the change in dark current density (Jd - Jdo) 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 - Jdo 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
value. At 1011 n/cmz, 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 currcnt component (i.e., other than that due
to carriers thermally generated in the depletion region) contributes at lower
fiuences.

Figure 5-4 presents experimental data and calculations for tﬁe Hewlett-
Packard PIN diode. Agreement is good at the highest fluence. (It should be

noted that in Kalma's paper61 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 Spectron1~s
PIN diodes. Data points were derived from the work of Kalma and Hardwick.b
Results of calculations are alsc shown,
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Table 5 2 The ratio of calculated “o experimental values cv the quantity

Jdg at various neutror fluences based on informaticn in Figures
5-3 to g
DEVICE 101 wem® | 1012 nzem? | 1013 n/em? | 10'* n/cm2
h——lﬁ———*ﬂmﬁ_—ﬁ—_-
SPX-2232 0.32 0.36 0.38 1.18
SPX-3290 V.42 0.63 0.86 1.2
5082-4207 6.23 0.30 0.54 0.86
PIN-GS5D 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 RIN-OSD)

in Figure 8 for the Hewlett-Packard device. The data point shown here in
Figure 5-4 is the correct one.63) 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 buildup 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 SiOZ does saturate, but further study would be
required to determine the mechanism responsible for the enhanced current at Tow
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-050, 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/cmz. At that fluence,
Kalma noted a significant (i.e., factor of ~4) drop in capacitance for this de-
vice, apparently due to carrier remova].63 Since the PIN-05D was not operated in

full depletion, carrier removal should result in a wider depletion region and thus
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an increase in dark current. However, the measured current at 1014 n/cm2 is sub- 3
stantially less than would be expected if no change in depletion width had occur- i
red. (Note that a constant, pre-irradiation, value of Xy 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/cmz, 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/cmz, presumably due to carrier remova1.63 If the lower value of capacitance
is used to calculate a new value of Xq: then the agreement between experiment and
calculation is within 5% at 1014 n/cm2 for the PIN-020A. In view of the scatter

kS in the data for United Detector devices., such close agreement is probably fortuitous.
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o
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: Comparison of calculations with experimental data for EG&G devices are

f shown in Figure 5-6. Calculated results unverestimate the data at the two lowest
%’ fluences and overestimate the data at the two highest fluences. At 1013_n/cm2, | i
¥ agreement between theory and experiment is within ~25%, with the discrepancy

being considerably larger at other fluences.

< oottt 182, o e 5t o Lt b

E 4 Kern and McKenzie®? measured leakage current in JFETs before and after

4 ) 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
7 in leakage current after 1.1 x 1012 n/cm2 was 3 x 10'12 A. The volume of the

3 : devices studied, assumed to be fully depleted, was 2.04 x 1078 cm3. Equation (8)
E can be expressed in terms of generation current instead of current densityv:

TP O T PRI PPN

o o A bt b S0 s, o

g

Ig'lgo=q"i¢di/2Kg . (1)

(A is area.) We equate the di product to the volume of the depletion region ;
given by Kern and McKenzie. In order to calculate Ig - Igo’ a value of Kq ap-
propriate for 14.8 MeV reutrons is needed. For recombination center production
in neutral bulk silicon, fusion neutrons are a factor of 2 to 3 more effective.64
Assuming that 14.8-MeV neutrons are a factor of 2 more effective than fission
neutrons in producing generation centers, K_is then reduced to 3.5 x

108 n—sec/cmz. Equation (11) then yields agvaiue of 7.2 x 10'12 A for change

v in generation current, which is a factor of 2.4 larger thau 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 comment: Kern and McKenzie's data i.dicate that neutron bombardment
produces a generation level very close to the Tevel 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 summarize the above comparisons of calculations with experi-
mental results. For CCDs fabricated Ly 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 Mcl(enzie,62 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 photodicde
data of Kalma and Hardwick,61 results are varied. As shown in Table 5-2, at
Tow fluences (i.e., 1011 and 1012 n/cmz) the calculated increases in dark cur-
rent underestimate the experimental valves. 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 & rough indica-
tion of the degree of agreement between experiment and calculation for the PIN
diodes. {Because of the anomalously low mecasured dark current for the PIN-05D
after 1014 n/cmz, ratios for this device type were nmitted in calculating average
values.) The cverage discrepancy is a factor of 3 at the lowest fluence and a
factor of 1.5 at the highest fluence. Overall, agreement is better at 1013 and
1014 n/cm2 than at the two lowest fluences. Note that in the most successful
cases (SPX-3290 and PIN-020A), agreement beiween theory and experiment is within
a factor of ~2 when all fiuences 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 Xq+ Upon normalizing the g?ange in dark current density to
this quantity, the data of Kalma and Hardwick = should become independent of de-
vice type if it is assumed that the present model fu]ly describes their results.
Figure 5-7 shows the results of such a scaling. Also shown is the calculated
value of (Jd - 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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Tigure 5-7. The quantity (Jd - Jdo)/xd versus neutron fluence for various PIN

diodes. Data were derived from the work of Kalma and Hardwick61 as de-
scribed in the text. Values of X4 employed are given in Table 5-1.
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(The approach used tc obtair the calculated fit in Figuie 5-7 should
be of general applicability for devices in which measurad dark current is
domirated by generation current (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.
—d_ 1
Vo 2 Kg . (12)

At 300°K, we obtain a value for AId/V¢ of 1.6 x 10'16 amps/neutron-cm for fis-
sion neutrons. Multiplying this value by the depletion-region volume and by
the neutron fluence will give the predicted change in dark current for a given
device.)
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In the process cof 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. Grove51 gives the expression for G stated above (Eq. (?)), and
then equates this expression to ni/ZTg (Eq. (4)), which leads to the T relation
given in Eq. (3). That is, Grove states that G = n]./Z-rg in general for a single
generation level. (Note that he doec not assume this level to be at midgap.) On
the otker hand, Sze,65 whe also employs the same G expression as Grove (Eq. (2) }
above), states that G = ni/Tg in general. He then obtains an expression for 7 ;

| which differs by a factor of 2 from that civen by Grove (Eq. (3) above). It is {
5 nnt our intent to resolve this conflict here, but it does have an impact on the |
Tg and Kg values obtained in the oresent work. 1In Eq. (1) of Section 4.1, a K
differential equation is given which is hased on the mndification of Zerbst

A kb 4 MLt it e Pt

analysis42 performed by Schroder and Nathanson.38 That equation actually
differs slightly from the one developed by Schroder and Nathanson because
they assume G = ni/Tg whereas Eq. (1) in Section 4.1 was developed41 as-
suming G = ni/ZTg. Thus, we have been consistent in our analytical approach
here in that the same G expression was used in the Zerbst analysis used to
obtain 7_ (and hence K_) a5 in the analysis used to obtain an expression for
Jg (Eq. ?5) above). If instead we had assumed G = ni/Tg. then all T values
and also the value for K would be a factor of 2 larger. That is, K, would
qua] 1.4x 107n-sec/cm2. Thus, care must be employed when using KgJ: 7 x
10

n—sec/cmz; one must assume G:=n.;/27 when doing so. It is important to

9
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note that calculations performed using Eqs. (8) and (3) (e.g., the caiculations
shown in Figure 5-2) are independent of the G expression assumed as lona as

the same expressiun is used consistently (i.e., in Zerbst analysis and 1u sub-
sequent calculations). We therefore conclude that the generation rate expres-
sion assumed here does not account for the discrepancies noted above betveen
calculations and experimental data for various devices.

Grimme15566‘67 has performed experimental work and analysis which in-
dicates that for levels deep in the forbidden gap the etfective 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.sg)
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 10V. Braun
and Grimmeiss67 calculate for a linearly graded p+n junction {not the actual
case here, but close encugh for the present purposes) with 10V applied that the
percentage of the depleticn region width effective for carrier generation is
80%. This factor reduces the discrepancy between experiment and calculation
forr CCDs to a factor of ~1.9. (If we further assume that some portion, say
15%, of the anplied aate voltage is dropved across the oxide. the discrepancy
factor is reduced to ~1.7.)

For the JFET experiments of Kern and McKenzie,62 a DC reverse bias of
5V was applied to the gate p-n junction to deplete the device. Once again
using the linearly graded p+n junction calculations of Braun and Grimmeiss,67
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 and Hardwick.61 it is not presently
clear how to make an appropriate correction for the effective generation
volume  (However, see Footnote 10 in Ref. 69.) As seen in Table 5-2, at the
two lowest fluences such a correction would serve to increase the discvepancy
between calculetion and experiment. It appears that an additional current
component, i.e., other than generation current, is important at such fluences.
At the two highest fluences, a generation volume correction would decrease the
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observed discrepancy in most cases. One further note: leakage current meas-
urements on PIN diodes were performed at room temperature, wnich 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 n,. We also note that the active aveas listed in Table 5-1, which
were used in all calculations, were not measured but were obtained from manu-
facturer;' 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 conciude, we have found that leakage current data obtained for various
neutron-irradicted silicon devices, including CCDs, PIN diodes, and JFETs, can

be described reasonably well using a model which incorpo-atas Kg, the generation
lifetime damage coefficient determined using MOS capacitors. Agreement between
calculations 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/cmz). Such agree-
ment suggests that the present calculational approach is suitable for making
reasonably accurate estimates of neutron-induced increases in dark current for
stlicon devices, From a basic mechanisms viewpoint, further work will be re-
quired to resolve the remaining discrepa:cy between calculated and experimental
results.
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