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I .  I NTRODUCTION

Permanent neutron damage in silicon plays a predominate role in
nuclear weapons effects  and a substantial  effor t  has been expended on
determining the energy dependence of this  neutron damage. Threat spec-
t ra , s imulator spectra , and a “1-MeV equivalence ” defini t ion each pre-
sent a need for an energy dependence relation suf f ic ien t ly  rel iable and
detai l ed for a variety of mi l i t a ry  applications . There have been a l arge
number of theoretical curves prepared to describe the deposition of energy ,
and i ts  f rac t ionat ion in to  displacement and ionizat ion , in silicon , as a
function of neutron energy. In contrast to this , a very l imited amount
of experimental work has been done , and , if one considers only experi-
ments on displacement damage using mono-energetic neutrons , there are
almost no measurements since the early works of Smits and Stein , 1 and

2of Cleland , Bass and Crawford .

This memorandum report presents an experimental evaluation of the
permanent damage in silicon caused by mono-energetic neutrons at five
energies near 1 MeV . Wide-base conductivity-modulated silicon diodes

have been shown3’4 to be sufficiently sensitive for monoenergetic-neutron
experiments at an accelerator, and facilities at the University of Ken-
tucky were used for the irradiations. The results are compared with the
response of the same diodes exposed to 14 MeV neutrons and with calcula-
tions of the energy available for displacement damage using a BRL-

formulated computer program .5

1F .M .  Smi te and H . J .  Stein, “Energy Dep endence of Neutron Dt~nage in
Si licon-Experimental,” 8u11. Am. Phys. Soç,~~ Vol. 9, No. 3, p 289 , 1964.
P .M. Smits, “On the Energy Dependence of Neutron Damage in Semi conduc-
tore,” Sandia Report No.  SC-R-64-196 , 1964.

Clelcrnd, R.F .  Bass , and J .F I .  Crczwf’2rd , Jr . , “The Natur e and Yield
of Neutron—Induced Defects  in Semiconductors ,” Conference on Radiation
Damage in Semiconductors , Paris , 1964 , Proc of the 7th m t .  Conf . on
Phys ics of Sen,iconductora, Vol. 3, Radiation Damage in Semiconductors ,
Pari a-Royaument, 1964 , pp 401-406 , Academic Pr ess, New York, 1965 .

3R.R.  Spears , “Neutron Energy Dependence of Excess Charge Carrier Life-
time Degradation in Si licon,” IEEE Trans. Nuc i. Sci .,~ Vol. NS-15, No. 5,
p p  9—1? , 1968.

4J .E. Young blood, W.R . Van Antwerp, and R.M.  Tapphorn, “Displacement Dam-
age in Si licon Irradiate d with 6- to 10-Me V Neutrons ,” USA BRE Memorandum
Report No.  2 73t , Apri l 1977.

5J .  P . Young blood and W. R. Von Antwerp, “Calculated Energy r~pend ence of
Neutron-Induced Disp lacement Damage in Silicon,” USA ERL Memorandum Re-
port  No. 2759, J une 197 7.
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The need for a l-MeV equivalence for the damage produced in a sili-
con device by a neutron fluence of any given energy spectrum and the
need for a proven curve g iving neutron - induced displacemen t damage as a
function of neutron energy arise from the question of the relative damage
effectiveness of fusion (14 MeV) versus fission neutrons . The problem
of l-MeV equivalence , as a standard or just as a question of equivalent
neutron fluence at other energ ies , is made d i f f icu l t  by the fact that reso-
nance structure in the silicon cross sections near 1 MeV causes similar
structure in detailed damage calculations . These detailed calculations

are represented by the work of Holmes,
6 

Rogers et al.,7 and ours .5 At
the same time , a number of those concerned with standards hav e noted that
there is no experimental evidence that the actual damage fluctuates in a
manner similar to the calculations , and this has been used as an argument
for acceptance of a Messeng er8 type equation to approximate the energy-
dependence of neutron damage. Although a Messenger curve is probably
satisfactory for most applications, the choice of the best curve and its
verification would seem to depend on a detailed calculational treatment,

5,6,7 .such as one of those cited , which has been experimentally confirmed
in some reasonable detail.

Experimental confirmation in reasonable detail would, with the empha-
ses stated above, necessarily include a 14 MeV/l MeV damage ratio and a
measure of the extent to wh ich fl uctuations in the calculated damage curve
are replicated in actual damage observed . Correct determination of the
neutron fluence is difficult , even for monoenergetic neutrons, and this
has deterred experiments. However, the most serious problem in measure-
ments on energy dependence has been the diff icul ty in the production of
sufficient fluences of monoenergetic neutrons. One solution is indicated

by’ the work of Lohkamp and McKenzie9 who make use of a weapon for a source .

• 
6R.R. Ho lmes, “Energy Dependence fo r  Carrier Removal and Lifetime Damage

~ by Pas t Neutrons in Si licon, ” Bell  Telephone Laborato ries Weapons Effects
Studies, Report to ABMDA, Vol. II, Suppi .  I I I , pp  67-88 , October 1970.

7v.c. Rogers, L. Harris, Jr., D.K .  Steinman, and D .E.  Bryan, “Silicon
Ionization and Disp lacement Kerma for  Neutrons from Therma l to 20 Me V, ”
IEEE Trans. Nuci. Sci., Vol. NS-22, No. 6, pp 232 6-2329 , December 1975.
(Also , see Errat um, Op .  Cit. , Vol. NS—23, No. 1, pp 875-876 , Februa ry
1976.

8 . ,, . . . .:.~.C. Messenger, Displacement Damage i-n Si-li-con and Germani-um Transistors,’
IEEE Trans. Nual. Sci., Vol. NS-12, No. 2, pp 53-74, April 1965.

P. Lohkamp and J . M .  McKenzie, “Measurement of the Energy Dependence of
Neutron Damage in Si licon Devices,” IEEE Trans. Nuci. Sci .. Vol. NS—22,
No. 6, pp 23 19—232~S , December 1975.
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in order to utilize a time-of-flight techni que with th is source , the
authors used many transistors mounted on two wheels rotating at high
speed . In an experiment with much more limited resources, we attempt
here to provide confirmation of detailed calculational treatments.

I I .  EXPERIMENTAL TECHNIQUES

A general analysis of the current-voltage characteristics of wide-
base silicon diodes including the effects of neutron irradiation has been

given by Swartz and Thurston)0 For the present exper iments a p+pn + or
PIN structure was used with a base width of about 1.3 mm and , by operat-
ing the diode at a fixed forward current (0.1A) , a constant level of
charge injection was maintained . This was true because the low level of
neutron exposures used changed the injected-carrier lifetime without sig-
nificantly changing any other phy sica l proper ty of the diode . Al though
the observed property of the diodes was the forward voltage before and
after neutron irradiation, only the carrier lifetime had changed and the
results can be considered a direct evaluation of lifetime degradation .
Use of these diodes for energy dependence measurements has been des-

cribed before,
3’4 so further discussion of technique will be limited to

the procedures used on this test.

The measurements were performed in the Nuclear Physics Laboratory ,
Department of Physics and Astronomy, University of Kentucky, Lexington,
KY. A Model CN 5.5 MeV HVEC* Van de Graaff accelerator was used to pro-

duce neutrons through the T(p,n) 3He reaction between a proton beam and
a gaseous tritium target cell. The gas cell was isolated from the accel-
erator vacuum by a thin molybdenum window . The diodes to be irradiated
were positioned approximately 4.78 cm from the end of the gas cell , in a
planar array perpendicular to the beam axis. The distance from the end
of the gas cell to each diode as well as the displacement of each diode
from the beam axis was accurately determined. These data were required
in order to determine , for each diode, a neutron fluence appropriately
corrected for distance from the source and for the sl ight anisotropy in
the yield of neutrons from the source reaction. The neutron flux was
monitored with a calibrated long counter located at 90 degrees to, and
325 cm from, the gas target. These data permitted one to calculate abso-
lute values for the flux and fluence. The relative accuracy of the flux
measurements is estimated to be 4%, whereas the absolute accuracy is esti-
mated as 7%.

7°J.M. Swarts and M.O.  Thu~rs ton, “Analysis of the Effect of Fast-Neutron
B~nibardj~ent on the Current-Voltage Characteristic of a Conductivity-
Modulated p -i-n Diode,” J. Appi. Phy,~~~ Vol. 37, No. 2, pp 745-755,1966.

*Hig h Voltage Engineer ing Corporation , Burlington, M 4 .
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r
A p rel imina ry run , at the University of Kentucky, was carr ied out in

February 1975. One to two hours of irradi ation for sets of three diodes
were done at each of five neutron energies and the radiation-induced change
in forward voltage was determined a few hours later. This run established
the feasibility of the proposed measurements and planning for a more de-
tailed and more accurate series of measurements was initiated .

A large fluctuation in the silicon total cross section near 960 keV
seemed an ideal place to test the energy dependence of neutron damage in
silicon . This result would test our model of energy-dependence calcula-
tions and it would directly indicate whether or not actual amounts of dam-
age in silicon fol lowed the fluctuations in total cross section near 1

MeV . Calculations with the computer code discussed elsewhere
5 suggested

that measurements at 696, 957, and 1157 keV , with an energy spread of ap-
proximately 50 keV, should show about a factor of two more damage at 957
keV , where there is a peak in the cross section, than at the neighboring
energies . In addition , it was thought desirable to obtain measurements
at neutron energies of 4 MeV and 5 MeV for comparison with previous diode
data obtained at BRL, where flux monitoring was accomplished by a differ-
ent technique, one using a proton-recoil counter telescope.

Seven neutron energies were finally selected as those providing par-
ticularly useful information, and the irradiations were carried out in
May 197~ Typical energy-widths (ca. 50 keV) were selected at each of
these ~es and the average damage was calculated over this energy in-
tel  ~at the exposure fluences could be chosen to give an approxi-
no nt amount of damage. However, the choice of neutron energy

. tually used in a measurement is restricted by the requirement
t - pressure in the tritiuin gas cell must always be less than onc
atmosphere for safety reasons. Pressures from 300 Torr to 630 Torr w~re
used in these measurements. At each energy at least eight diodes were
irradiated to obtain good estimates of the average change in forward volt-
age. After irradiation (at room temperature) the diodes were placed in a

125 hours. As in previous work,
4 
a 100-hour (after mid-exposure time)

temperature controlled oven at 30°C and they were read periodically for

value of forward voltage at constant current was determined for each di-
• ode.

The calculation of damage prior to exposure was mentioned in the
paragraph above. Typical results are shown in Table I; however, these
calculations were done after the exposure and apply to the results that
wi ll be presented. The damage is calculated in MeV b, and the expected
factor-of-two difference between the damage at 0.957 MeV and at nearby
points at both higher and lower energy is seen. The footnotes to Table
I indicate the detailed way in which the “line-shape” and all other as-
pects of the source were considered in calculating the damage . The same
details of the source and exposure condit ions were used in determining
the fluence to which each diode was exposed . The non-linear response of

10
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TABLE I. CALCULATED D~J4AGE

Neutron Energy Energy Spread~~ Cal . Damage1
~

(MeV) (keV) (MeV.b~

• 0.696 60 0.0582

0.957 49 0.114

1.157 44 0.0502

1.630 38 0.193

2.370 37 0.108

3.990 35 0.131

4.990 30 0.152

a) The energy distribution of neutrons incident on the diodes
is not symmetric but is skewed by f in i te  geometry and tar-
get thickness effects . The tabulated energy spread s define
an interval which contains 90% of the total neutrons inci-
dent çn the diode samples.

b)  The calcula ted damage includes the effec t  of the skewed
energy dis tribution and the same calculations are used to
determine the (average , dc~inage effective ) neutron energy .
As a consequence, the calculated damage is not exactly the
averag e over the energy spread interva l and the energy-
spread interva l is not exactl y centered on the given neu-
tron energy (these differences are very slig ht , however) .

the diodes was corrected for by a polynomial fit to experimental cali-
bration data, and the number of neutrons in exposures were entered in

calculations in units of 2.351 x 1010 n/cm2. With these choices , the
damage/neutron that resulted ranged from 1.4 to 5 .7 (for 14. 2 MeV , 4.25).

• With the calculated damage being a few-tenths of a MeV•b (for 14.2 MeV ,
0.187), the ratio of experimental-to-calculated damage produces numbers
of the magnitude of 25 (for 14.2 MeV, 22.7). The constancy of this num-
ber , nominal magnitude 25, is an indication that the calculated damage at
differ ent energ ies is propor tional to the exp erimental ly  measured damage
at those energies .

The presentation of results in relative terms is considered fully
satisfactory in all cases except for those concerned with applications
of the specific wide-base diodes used. Further, the non-linear response,
a function of both the initial voltage and the radiation-induced voltage
change , makes a sensitivity constant inappropriate. All diodes, prior
to any irradia tion , with a 0.1A forward current, read approximately 0.8 V .

11
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If the diodes are irradiated , annealed at 200°C, and read at room tem-
perature as 1.0 V at 0.1A; then , the sensitivity to 14 MeV neutrons is

dV/ d~ = 0.lOOV/2 .0 x iolO ncm2. The actual 14 MeV neutron fluences re-
quired to produce voltage changes of 0.1 , 0.2 and 0.5 V are 1.85 x , 2.52

x , and 8.10 x iolo n cm 2
. Similar , but different, numbers apply if the

initial voltage (1.0 V) is replaced by another value , or if different
energy neutrons are used .

III. RESULTS AND DISCUSSION

The results of measurements done at the University of Kentucky are
shown in Table II . The techniques fc,r both the experimental measurements
and for calculating the expected damage have been described in the section
abov~ . The ratio , experimental damage/calculated damage, is shown in
column three. The estimated errors, column four, include every known
facet of the present work. Additional information on the neutron ener-
gies and energy spreads can be found in footnotes to Table I. There is

TABLE II. DN4AGE IN SILICON FOR NEUTRON ENERGIES NEAR 1 MeV

Neutron Energy Energy Spread Exp . Damage Error
(Hey) (k ey) Calc. Damage (%)

0.696 60 24.7 13

0.957 49 23.7 13

1.157 44 30.3 13

1.630 38 26.4 13

2.370 37 24.7 13

3.990 35 20.8 12

4.990 30 18.9 12

a singular interest in the ratio of damage from 14 MeV neutrons to dam-
age at other energies and these ratios, both calculated and measured ,
ar e given in Table III. The results in Table III , in particular the
measured ratios, may be affected by the two methods used to determine
fluence . This is further brought out by a comparison of all measurements
made at BRL grouped according to method used to determine the fl uence as
shown in Table IV . In addition to the data already discussed , Table IV
con tains the results from a number of measurements at the BRL tandem
Va~i de Graaff. A major portion of the results with fluence measured by

sulfur and beam-current integration have been reported .4 However , the
diode voltages have been corrected using the techniques described above.

12
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TABLE III. Damage Ratios , 14 MeV / E n

N E Calculated Damage Measured Damage~~

_____________ 
MeV~mb 

Ratio (l4/E ) D/n 
Ra tio (l 4/E n)

0.696 58.2 3.21 1.421 2.99

0.957 114. 1.64 2.709 1.57

1.157 50.2 3.73 1.520 2.80

1.630 193. 0.97 5.114 ‘1.83

2.370 108. 1.73 2.651 1.60

3.990 131. 1.43 2.730 1.56

4.990 152. 1.23 2.874 1.48

14.2 187. 1.00 4.254 1.00

a) Measured damage ratios here compare 14 MeV damage, with
fluence determined by proton-recoil telescope, ~ id damage
at lower energ ies where fluences were measured with a long
counter.

13
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The tandem results with fluence measured by beam-current integration and
• proton-recoil telescope have not been presented before. Since these re-

sul ts contribute to the discussion, even thoug h they are in a differen t
energy range , they are given in detail in Table V.  (These are tabulated
in the order they were measured.)

TABLE V. 5- to 1O-MeV Damage Results

Damage Damage r) ama eE (Telescope) (Beam Current) 
•

(MeV) exp caic 
— 

exp caic (MeV”b)
-. 6.23 25.4 22 .9  0.155

8.99 29.0 26.8 0.182

8.53 30.2 27.6 0.172

5.53 21.0 19.7 0.139

6.59 26.8 24.3 0.131

6.70 24.2 20.8 0.165

6.81 25.1 23.4 0.156

6.25 26.9 24.5 0.166

6 .30 25.5 24.4 0 . 172

6 .35 27 .7  26 .0 0. 162

6.40 26.6 27.2 0.149

• 6.49 26.9 27.6 0.134

6.60 26.5 26.7 0.133

6.70 25.1 25.6 0.163

~ 6.00 28.8 25.2 0.148

6.15 28.0 25.2  0.146

6.30 27.1 23.4 0.172

1~- 
$ 

6 .45 26 .9 25.4 0.144

6 .60 26.6 25.0 0.133
9.02 31.0 28.5 0.184

7.50 26.5 24.4 0.163

10.0 27.3 25.7 0 .205

3.98 26.5 23.7 0. 128
4.98 25.6 23.3 0.164

7.99 27.8 25.0 0.173
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The corre ’~t i~~n ot  r e s u l t s  for n o n - l i n e a r  e t f t ~ct s in the diode volt-
age ~as done in a st~~~g I t - t r~ *r 1 ~ . a .  ~~ .t does i t  need fu rthe r  comment.

~~~~~~~~~~~~~~ this corr~ t ni p ~~~~j ’~~~’e ~ a~..sump t L O f l s  ~h i ’ . h  s hou ld  be stated .
• It i~ i ssuiued t iia he .i~ s i red •~uan!  A t  , “Damage , ‘~ to I t measured at some

neut von e’i~ ~~~ i s  l)rot)ort •~ I to the ~umhe r of det t-~ t s (point , c luster ,
~~~ comb inat i~ni • t ’ s~~, t ~s •t ’-’am t-J that tIiL’ number of defects is pro-
porti’n.i l to he_ ~ n t , i  •

~~ t~ i t~ - $ n  t w h i~ h the  sampli -  has been exposed .
Ftndl ~~, i t  i~ t - ~ umed t h a t he extent of non- linear ity between voltage
and t l u e n ’ .e is no t  i t s e l f  a t i u i . : t i ~ i ! ,  i neutron energy. The first two
assttmntion~ .ir~- , in f i ~~t , ‘. ommon to almost ~ll neutron-damage studies .
The final one ~~ ~~~~~ ~~n t i r n e d  expe r imen ta l l y .

Tables i i  and I ll indicate that the experimentally measured damage

near 1 ~1e~ foll ’ .~~s the fluctuations that are predicted 5’
6’7 by all calcu-

lated damage cur~ ’.~s . The ‘neasured damage near 1 MeV varies by a factor
of 3.6 ~1.b MeV ~s 0 .~’ Mt~\ j .  and it is possible to calculate damage as a
function of neutron energy in a way that will produce results consistent
wit h experiment . Table- 1\’ and V show further evidence that calculated!

measured damage is in a constant ratio . coppageU has recent ly described
the problems in determining the fluence at reactors , and he suggests an
error of 25-30 percent in earlier damage equivalence ratios . Table IV
indicates a much smaller problem exists with accelerator experiments.
Still , a major portion of the uncertainty in results could be attribut-
able to fluence measurement accuracy. Specifically, the damage ratios
at 4 and 5 MeV based on long-counter measurements seem low (high estimate
of fluence) and the sulfur results appear to give a consistently high

ratio (12%). Also , there continues4 to be evidence of structure in the
S(n,p) reaction that affects its use as an activation detector in experi-

• ments with monoenergetic neutrons.

IV. CONCLUSIONS

~~ I 

Experimental evidence has been presented which shows that the actual
neutron-induced damage in silicon for neutron energies near 1 MeV fluctu-
ates severely, and, as a consequence , any satisfactory def inition of
“l -MeV equivalence” would have to indicate clearly the reference l-MeV

$ 
neutron-energy spectrum . The results are based on voltage changes in
wide-base silicon diodes which are a reflection of the degradation of
injected-carrier lifetimes. However, it is expected that the resul ts

21F , M .  CQppage, “The Influence of Dosimetry on Earlier Damage Equivalence
Ratios,” IEEE Tran s’. Mud. Sci ., Vol NS-22., No. 6, pp 2336-2339,
December 1975.
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also apply to carrier removal . In this connection , van Lint and Leadon 12

have noted that carrier removal is more likely to be related to the frac-
tion of energy available for displacements than is lifetime degradation.
A proposed technique for calculating the energy-dependence of neutron

damage 5 has been found to predict damage in reasonable agreement with
experimen t .
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