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ABSTRACT

Buried channel CCD shift registers have been
irradiated with 15 MeV (average energy) neutrons
in steps to 3x1013 n/em?. The {rradiations were
performed at 80°K and 2959K on operating devices
with normal clocks and bias voltages applied. Dark
current increased from the pre-irradiation value
of 7 nA/cm? to 1600 nA/em? at 1x1013 njem?. The
input gate threshold shift observed at 809K was
-0.9 volts per 1013 n/cmz, a factor of 4 less than
that predicted from a first-order calculation of
the equivalent ionization dose of neutrons in the
oxide. Tramnsfer efficiency measurements yleld a
bulk electron trap creation rate for neutron irra-
diation (AN;/A@) of 14.0 eml at 295K with a trap
emission time constant of 25us. At 80°K, the trap
creation rate is 2.0 em~l.with an emission time
constant of 100 mws.

I, INTRCDUCTION

Charge-coupled device (CCD} structures are
attractive for application in space and strategic
systems. Since these systems generally operate
in a radiation environment, the behavior of CCDs
is such environments must be characterized. The
effects of both ionizing and displacement damage
must be ynderstood and controlled.

As in all MOS structures, ionizing radiation
results in a build-up of pesitive charge in the
oxide and an increase in the surface states of a
ccp.l Since the charge transfer process in a CCD
is relatively insensitive to flat-band voltage
shifts, a carefully designed and properly operated
CCD can function satisfactorily with as much as
several volts of shift.?2 Some of the device pro-
perties which may be affected by ionizing radia-
tion are (1) input threshold voltage, (2) dark
current, (3) on-chip output amplifier gain, and
(4) transfer loss to surface state trapplng.

In addition to ionization effects, particle
radiation can deposit energy in an MOS structure
via displacement damage., Imn the silicon substrate
this results in the creation of bulk traps which
cause a reduction in the minority carrier lifetime
and the removal of free carriers. The effects of
bulk damage in CChs tend to be obscured by ioniza-
tion effects for charged-particle radiation. High
energy neutrons, however, cause a large amount of
displgcement damage with velatively little ioniza-
tion.

In this work we report the effects of high
energy neutrons on the properties of an unhardened
CCD.  The devices were irradiated while operating
with all normal clocks and biases applied in orderx
to simulate real conditions. Several devices were
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irradiated while operating at 80°K to reproduce
conditions for proposed low temperature CCD appli-
cations. Buriled chamnel CCDs with high preirra-
diation transfer efficiency were used to minimize
the effects of surface state and preirradiation
bulk defect trapping relative to neutron induced
defect trapping.

IT. EXPERIMENTAL CONDITIONS

The devices irradiated are 150-bit 4-phase
buried n-channel CCD shift registers.4 Pertinent
structural parameters are: 0.3x5.0 mil phase pates,
1500 A gate oxide, 6000 A buried n-chamnnel with
implant dose 1,5x1012 phosphorus., The shift
registers were operated at 500 KHz with 15 volt
clock swing at a 60% duty cycle. When measuring
transfer efficiency, the signal charge in each
'one' was kept at .375 or less of a full well to
insure there was no trapping of signal charge by
surface states, The fill-and-spill input technique
was used to inject a burst of ones which are of
equal magnitude to wery high precision.

The neutron irradiations were performed at the
NRL cyclotron. The energy spectrum of the neutrons
is a Gaussian distribution O to 35 MeV with a broad
peak at 15 MeV, The maximum neutron flux employed
was 5x10% n/em?-sec. The amount of gamma radiation
in the neutron beam was calculated to be 103 rad
(8i) per 1013 n/en?,

The CCDs were operated with all normal biases
and c¢locks applied during the irradiation. Device
BC 57-7-7, which was irradiated at liquid nitrogen
temperature, was maintained at 84°K throughout the
entire sequence of alternating irradiations and
measurements, Device BC 57-7-3 was irradiated at
84%% but room temperature measurements of device
characteristics were made after each irradiation.

IIT. EXPERIMENTAL RESULTS

The CCD shift registers were irradiated
throu%h a sequence of doses to a maximum of 1 or
%1013 n/em?. Device characteristics which were
measured after each dose were (1) input gate
threshold voltage, (2) full well capacity, (3)
output voltage to cutput charge gain of the on-chip
output amplifier, (4) CCD dark current, and (3)
transfer efficiency. At 3x1013 n/cmz, about a 7%
decrease in the gain of the output amplifier was
observed. There was no change in the full well
capacity up to the maximum dose.

Measured values of the input gate threshold
voltage shift for devices at 2959K and 849K are
shown in Figure 1. The magnitude of the threshold
shift is larger at 849K than at 295%°K as expected
from results on the effects of ionizing radiation




in MOS structures at 77°K.® The observed thres-
hold voltage shift is approximately -0.9 volt per
1013 neutrons/en? at 849K and is most likely due
to the relatively small jonization effect of high
energy neutrons in Sil3. An approximate value
for the effective rate of energy deposition by
ionization for 15 MeV neutrons in silicon is

10% rad (1) per 1013 n/em?.3 Using this value
for the neutron energy spectrum used in this work,
and assuming the same ionization rate in $i0y as
silicon, the maximum expected threshold voltage
shift for 1500 A oxide thickness is -4.0 volts
per 1ol3 n/em’ 7 However, the average field in
the oxide beneath the input gate is approximately
0.5x106 volt/cem which is considerably less than
the field required to produce the calculated
maximum threshold shift.? Also, the long elapsed
time between irradiation and threshold measurement,
up to 48 hrs at the largest dose, may have per-
mitted some amnealing of radiation-induced charge
to take place.
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Fig. 1. Input gate threshold shift vs. neutron
fluence, showing the expected greater
shift at 849K compared to the 295°K
values

The effect of neutron irradiation on CCD
dark current at 300°K is shown in Figure 2. The
dark current for this CCD increased from the
preirradiation value of 7 nA/em? to 1600 nA/cm?
at 1013 n/en?, in qualitative agreement with
data published previousty.8:? - The surface gener-
ation component of the dark current was measured
with an on-chip gated diode. During irradiation,
the same biases applied to the CCD buried channel
and one phase gate were applied to the gated
diode implanted channel and gate, respectively.
These results are also given in Figure 2 and show
that the surface component of the dark current
did not increase significantly with fluence.
Therefore, the approximately linear increase in
CCH dark current with neutron fluence is due to
bulk generation within the GCD depletion region.

Measurements of the charge transfer in-
efficiency (CTI) for a CCD irradiated to
3x1013 nfem? at 2949K are shown in Figure 3 for
different amounts of signal charge. For this dose,
the CTI is on the oxder of 1% which would make
the device useless for most applications. As
shown in Figure 3, the CTI is a function of the
size of the signal packet., This effect can be
attributed to non-uniform doping in the buried
n-channel layer.

The CTI is measured using the double pulse
technique.ll Briefly, a burst cf 20 charge
packets of equal magnitude (ones) is input to
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Fig. 2. Dark current density at 300°K as a
function of neutron fluence, illus-
trating the linear relation between
Jp and the neutron fluence.
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Fig. 3. Transfer inefficiency for a CCD at 294%K
after 3x1013 n/en? vs. time between
bursts for three different signal levels,.
The dependence of inefficiency on signal
level indicates non-uniform doping in the
burjed channel.

the CCD, followed by a number N, of empty packets
{(zeros), Then a second burst of ones is input to
the CCD and the loss in the leading ones is meas-
ured as a function of the time between bursts,
N,Tc, where T, is one clock period (Zns). The
effect of high energy neutron radiation is to
create a number of bulk trapping levels in the
buried chammel layer. When a packet of signal
charge electrons occupies the volume of semicon-
ductor surrounding an empty trap, the trap




captures an electron from the signal packet in a
time which is usually short compared to a clock
period. As the signal packet is transferred
along the CCD to the mext potential well, what
happens to the trapped electron is a function of
the electron emission time of the txap, Ti: (1)

If T{ << Te (the clock pericd), the trapped elec-
trons will rejoin the signal packet and no effects
of trapping will be observed. (2) If T{ >> NzT.
then the traps remain filled; consequently, the
traps will not remove charge from the signal
packet and no effect on CTI will be observed.
If Te < T4 < NI, then the traps will remove
electrons from the signal packet and will re-emit
them too late to rejoin the signal packet. This
will be observed as loss in the signal packet at

(3)

the output. For a single level of traps, the
total loss in number of electrons is given by:lo’ll
- -Tu /Ty -N, e /75
Nioss M VYo1o Ne © £l (1-e 27C7 1Y (e8]

where M is the number of transfers, Vgpg is the
volume occupied by the signal packet, Ny is the
density of traps, and Tr = To/4. If there is
more than one level of traps, Equation (1) must
be summed for all traps. Equation (1) shows that
buried channel CCDs are relatively sensitive to
bulk traps because every signal charge packet en-
counters traps under each phase gate. This in-
creases the effective trap density by the number
of transfers M, which for these devices is 600.
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Fig. 4. Fit of the preirradiation transfer
inefflciency data as a function of .
time between bursts to the theoreti-
cal loss curve for a single trap
level (Eq. 1).

A curve of CTI vs. time between bursts for
a typical sample at 300°K before irradiation is
shown in ¥igure 4, The solid line is a best fit
of Equation (1) to the data and shows a good fit
between data and theory for a single level of
electron traps with emission time 0.53 ms at
300°K. For long times between bursts, NgzT¢ »» Ty,
and for T4 »>» T, Equation (1) reduces to

Nioss = M V1o N (2)

yhere Njggq/M is given by CTT multiplied by the
number of electrons per well. Using Equation {2)
with ¥ = 600, Vgrg = 2.25x10°10 ond, and
Nygss/M = 262 electrons, we obtain Ny =
traps /em? (preirradiation).
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In this calculation we have assumed that the
volume occupied by the signal charge is 3/8 of the
thickness of the buried chamnel (a 3 volt signal
divided by the 8 wvolt full well signal). This is
equivalent to the assumption of uniform doping in
the buried channel layer. As shown by the CTI
measurements as a function of packet size in
Figure 3, small packets occecupy a larger volume
than assumed in the linear approximation, This is
a major source of errvor in this and the following
trap density calculations.

Data showing Nj,.. as a function of time
between bursts for a sample irradiated to
3x1012 nfem? at 295°C is shown in Figure 5, The
solid line shows the best fit of Equation (1) to
the data, The data does not fit Egquation (1)
nearly as well as in the preirradiation case. A
better fit would be obtained if a distribution in
electron emission times of the traps is assumed,
Similar effects have been observed with fast
neutron induced bulk defects in JFETS by Gregory
gg.gl.lz They suggest that, because fast neutrons
create defect cluster perhaps with many defects in
each cluster, the properties of a individual defect
may depend on its local environment within the
cluster,
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Fig. 3. Fit of the post-irradiation transfer
inefficiency data as a function of the
time between bursts to the theoretical
loss curve indicating a broadening of
the trap energy level,

The density of bulk electren traps created by
high energy neutrons can be obtained from Equation
(2) and the data in Figure 5 when N, T, »> t;. The
caleylated trap denmsity is 4.2x1013 em~3 at” 3x1013
n/cm®, or a bulk electron trap creation rate
(AN /Ag) of 4.0 em~! at 2950K. Data for the same
sample at 10 ms between bursts is shown in Figure 6
plotted as A CTI (measured value of CTI minus the
preirradiation value}., vs. neutron fluence. Figure
6 shows an excellent linear relationship between
A CT1, or number of bulk electron traps created,
versus fluence, The data in Figure 6 shows a
larger increase in CTI than was reported by
Hartsell for similar devices using 1 MMeV neutrons
for the irradiation. Because the ratio of bulk
displacement damage of 14 MeV neutrons to 1 MeV
neutrons is 2.5, a larger increase in CTI is
expected in this work.3

The CTI of a CCD at 84°K as a function of
neutron fluence is shown in Figure 7., The data
presented illustrate the fact that at fluences
greater than 1012 n/em?, significant degradation
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Fig. 6. Change in transfer inefficiency at 300°K
as a function of neutron fluence, illus-
trating the linear relation between the
increase in transfer inefficiency due to
bulk trapping and the neutron fluence.
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Fig. 7. Transfer inefficiency at 849K as a
function of neutron fluence for two
times between bursts, demonstrating
the importance of stipulating the
time between bursts employed in
transfer inefficiency measurements.

of the transfer efficiency occurs. The fligure
demonstrates the importance of exactly stipulat-
ing the conditions under which the CTI measure-
ments are performed.

In Figure 8, the CTI of a CCD irradiated and
measured at 80K for a dose of 3x1013 n/em? is
shown vs. time between bursts (lower curve). The
temperature of the device was then raised to 294%K
and the data remeasured (upper curve). From
Figure 8, the electron emission time at 2949K is
approximately 25 psec and the calculated trap
creation vate A Np/A¢ is 10,4 cm~l. Within
experimental error, these values are the same as
for the CCD irradiated at 294°K, and the conclu-
sion is that lowering the temperature to B0OK
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Fig. 8. Transfer inefficiency vs. time between
bursts at 294K and 80°K for a CGD
irradiated to 3x1013 n/em?, AL BOOK,
the electron traps with emission times
between 2ps and | sec have a smaller
density than the traps effective at
2949K, which results in a smaller CTI
at 809K,

during the irrvadiation had no effect on the crea-
tion of these bulk traps.

The data in Figure 8 illustrates the tempera-
ture dependence of the electron emission time of
bulk traps. At 80CPK the emission time of the
trap level which is seen at 295%°K has increased to
a time much longer than 1l second. Consequently,
these traps are always filled during the double
pulse measurements and do not affect the CTI. In-
stead, second level of electron traps appears at
80K with a density of approximately a factor of
5 less than the 2959K traps (ANg/A® =~ 2,0 em~1y
and an electron emission time on the order of 100
ms .

Assuming that the two levels of electron
traps observed at 2939 and 80°K are the major
fast neutron electron traps in bulk n-type
silicon, the sum of the trap creation rates for
these levels would give the carrier removal rate
for electrons, or I ANy/A® = 12.4 em™ ! for
BC 57-7-3. This value is larger than the values
of carrier removal rate measured by Stein and
Gereth which range from about & to 10 cm~l for
approximately 1 MeV (average energy) neutrons.l3
The value measured in this work is expected to be
higher due to the larger damage constant of 15 MeV
neutrons. In addition, the major source of error
here is in the charge packet volume approximation
discussed previously, which tends to overstate the
actual trap density.

IV, SUMMARY

Buried channel CCD shift regilsters have been
irradiated with high energy neutrons to a fluence
of 321013 n/cm? at 80CK and 295°K with the devices
operating. CCD characteristics measured were
input gate threshold voltage, full well capacity,
output voltage to output charge gain of the on=-
chip ocutput amplifier, dark current, and transfer
efficiency. There was no observable change In the
full well capacity and only about 7% decrease in
the output amplifier gain at 3x1013 n/em?. The
dark current increased substantially to léOOnA/cm2
at 300°K for 1013 n/cm? dose.




The input gate threshold shift was observed
to depend on the temperature of the CCDs during
irradiation and was larger at 807K than 295°K,
~ similar to the effects of ionizing radiation in
MOS structures at liquid nitrogen temperatures,.
However, the observed threshold voltage shift was
approximately a factor of 4 less than would have
been predicted from a rough estimate of the ioni-
zation equivalent dose for high energy neutrons,

At 2950K, fast neutrons cauge a substantial
degradation in the charge transfer efficiency of
the cCDs. At 3x1013 n/jem?, the transfer ineffi-
clency is about 1%, which would make the CCD un-
suitable for most applications, At 295°K, the
observed defect introduction rate for an average
of 3 devices is 12.8 cm‘l, and the electron
emission time of these bulk traps is about 25 psec.
‘At 849K, the effect of neutron induced bulk defects
on transfer efficiency 18 not nearly as severe due
to the temperature dependence of the electron
emission time constant.
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