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PREFACE

This final report describes work nerformed by
personncel of the University of Missouri Rescarch Reactor
Factlity and Department of Physics-UNMC, Columbia, Missouri
05211 during the period {rom 15 February 1978 to 31 October
1980 under Contract [F33015-78-C-5015, Projoct No. 2123. ihe
program was monitored by Dr. Robert J. Spry, Alr Porce
Materials Laboratory, \ir lorce Systems Command, Wright-

Patterson Air lorce Base, Ohio.

b

The program is dirccted toward fuarther advancing the
technology of compensation of residual boron in infrarcd
detector grade silicon by nuclear transmutation doping.  This
investigation was conducted by Dr. J. M, Meese, priacipal
investigator, br. D. L. Cowan, Dr. Mccra Chandrasckhar, Mr,
P. J. Glairon, Mr. R, Lindlcey, Mr. S. L. Chang, Ms. ilaiia

Fakhouri, Ms., Il. Yousif, and Dr. D. James.
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I. INTRODUCTION

The objectives of this program are to extend and advance
the technique of nuclear transmutation doping in silicon to
a technology capable of successfully compensating the residual
boron always found in detector grade silicon, to develop a
basic understanding of the transmutation process in silicon,
to investigate the effects of radiation damage which always
accompany the transmutation process and to devise optimum
techniques for the removal of this radiation damage. Although
this research is directed toward boron compensation in extrinsic
monolithic focal plane array material, the results of this

technology are currently being utilized in a number of

detector applications and it is cxpected that additional
device applications will continue to be discovered.

Briefly, the transmutation doping process involves
irradiation of high purity silicon in u nuclear reactor which
provides a high flux of thermal ncutrons. Of the threce stable

30

silicon isotopes, Si(relative abundance of 3%), as a result

of thermal ncutron capturc and beta Jdecay, is the only isotope
. . . 51 o
to be transmuted into an impurity dopant (7 °P). 'he nuclear
details of this process have been reviewed previcusly and
. 1-3 . )

will not be repcated here. We mention, however, that the
production rate of phosphorus has been determined to be

-4 . 3 . -
1.676 x 10 P atoms/cm” per thermal ncutron/cm™.

Ry successful measurement of the ncutron fluence, the

phosphorus concentration added by the irradiation process




can be determined to a very hiegh degree ol accuriaov.
Furthermore, since the range of thermal neutrons in silicoan

s very long compared to typical ingot dimensions and rnoe

T

v

SV . - S
the tareoet Sioisotopes arce randomly and antformiy disoriboiey,
the resaltant dopant Jistribation 13 far supervior o aniior:it.

to any ogher Jdoping process now in oxistance, bath macro

scopically and microscopically under those circumsoimees in
which the traasmuiation produced dopant concentraiion i<

targe compared to the restdaal impurity concenteattons in the

starting wmaterial.  The microscopic uniformity loads 1o an

~

increase in oreverse dias oreakdown voltave and fovms Uh
basis for the application of NID-S1 by the power Jdevice indastre.,
Por the extrinsic IR Jdetector arrays, the ooal 15 1o asce

NTH technoiogy to compensate the residual boron concentralioan

in silicon, which in high quality [loat -onc is (vpivcaliv ol

o 12 3 . .
the order of 10 7RB/cm™, without compensating the Jdeep accontor-

{either Go or In) which are rvesponsible {or the paotol sndact e
process in these detectors.  An undoerstandiane ol the radiation
damage offects which accompany the process s aveessary o e
highest quality devices are to ho oroduced by tiais (oonni e,
- . "
he balance of this repore Jiscusses (he oroores< gl |
to date under the current contract.  Tae remaining <odtions

~

are organizod s follows:

t Section 1 oxtoends the theorotioal troatment o
the behavior of Nip cloectrical neap-ata PRI
o , . (
wWirs devedonea under o o proevaeon Coanteal .
\




. Section !1! presents a dcscrintion of the

experimental techniques and apparatus employed
thrcecughcut this werk.

. Sectien IV presents a description cf the

cxperimental results and a discussion cof
possiblc interprectaticons.

e Section V summarizes progress and accomplishments.

e




IT. THEORETICAL ANALYSIS

The theoretical analysis of the behavior of the clectrical
paramcters of silicon as a function of transmutation doping
fluence presented in the previous final report1 has been
extended under the present contract and will be presented
in this section. The homogencity of probe resistivity
as a function of fluence or compensation ratio has also
been greatly refined and cessentially completed.,  This model
has also provided a means of calculating the maximum
resistivity which can be obtained by NTD compensation before
mixed typing occurs given the initial resistivity fluctuation
in the starting material. A more refined catculation of
the number of displacements for a given neutron fluence is
also presented which takes into account, in a more realistic
wav, the energy spectrum of the neutrons and 1onization
cnergy lossces of the secondarices.

AL Critical Fluence and Electrical Parameter xtroema

The critical fluence necessary to produce NTD
donors sufficient to take a p-type sample to intrinsic,
i.e., exact compensation, has been detined previoush
as

too= AN

- N N (.
e L ON/K

where K is the phosphorus production rate given a
- -, P . oo
1.o706 x 10 Poatoms/ems per n/oem”.
This critical fluence, which is a <ignificant

paramcter for NTD compensation problem: , was determined




previously only for the casce where the starting
material initial acceptor concentration was sufficiently
large that the intrinsic carrier concentration could be
neglected.  This is, of course, a recasonable assumption
for most float zonc material available today, however,
a conceivable experimental technique to increase the
accuracy of NTD compensation using a series of successive
irradiations and mecasurcments to recach the desired
compensation ratio would ultimately produce material
for which the above assumption is not valid. We have,
therefore, extended the calculations to consider this
possibility.

When the initial hole concentration, Py before

NTD doping 1Is large compared to the intrinsic carrier

concentration, n., from Lg. (1) and Py = NA - N“,
do = Dy/K = ‘\p/*‘“o (2
where Kp = (cup}-l, K is the donor production ratce

and o is the initial resistivity., ‘This is the
approximate relation between initial resistivity and
critical fluence used previously.

We now wish to express this fluence as o fanction

of ¢ in an exact way.  lrom the usual oxpression Lo
o )

resistivity, o= (ncwn + poup) , We ocan eliminate the

clectron concentration using np = ni“ to obtain an

cxpression for the resistivity in a p tvpe semicondactor

as

(sl




nND
N

2

hni” + p

where b o= iyl [
n/lp

Solving for the hole concentration, we obtain

‘ ~ )‘j
LA O NUATR L S I S R ~Hmi”l'} (43
{ P r }
But another expression fer p can be obtained using
np = n.” and the ncutrality condition p + N, = n + Ny
i . L :
as
\ : >
- 1 u ~ \ [} . - e 1 - T
P i(\..\ Nptot Ny N n T ‘, ‘
Fquations (1) and (5 must be equal and, attao
~ubstituting Tg. (i) inte (5%, we obtain
2 2! . Z o \
(K /) 4 LOK /007 s b 507 Re e TEhe 05 T (0
Settiny Ky o oovoand KI,'. = on, ke wish te selve boo (0
N i

for v.o o squaring hoth =sides of Ta.o (), we tind that

where we have uscd g, (e din the Iast stop aveve.

Soiving for v, owe Lind




5

2(b + 1) ni‘

L 3 5
X o+ \/x“ - 4hni“

a1
) ) >
[N 2(b + 1) n."/K
’\ = __ll_ - —— 1
LU K, K \- z
D+ - 4 bhn.
r’o QO 1

This cquation is exact and analogous to the approximate

By comparing bBq. (7)) with lI'q. (2), it becomes clear
that the sccond term in Eq. (7)) is the intrinsic carrier
concentration correction to the approximate lLg. {2).

The percentage error in critical fluence introduced by
neglecting n.ocan therefore be estimated from

S error = 100 x 2Znd term of . (“)/¢C.

We have plotted this error in Fig., 1 as a function
of the initial resistivity, AP of the undoped startine
matevial.,  We sce that for initial resistivitices bhelow
30,000 L-cmy,  the error in critical {Tuence i1s helow
Po. Pieure 1 ocan also be usced to calculate a
correction tevm where the critical fluence is estimated

from ffg. (21 by the relation
e {Kpﬂhno){l A

where the correction term, \, is given to

tocood approxaimation by A L Urror oin ia, | 100,

(")

ce e et o
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Once the critical fluence is Jdetermined, the

extrema and singularities in the electrical parameters

vs. fluence (sce Tigs. 3-0 of Ref. 1) can be determined

relative to b In fact, the fluence difference between

¢ and the fluences corresponding to these extrema are

intrinsic constants characteristic of the semiconductor
The maximum in the resistivity vs. {luence has

been reported proviously.l The paramcters of interest

are given by (Eq. (11) of Ref. 1)

1 I]i\/;.: ni\/“n/“p

1 . 1 2 - B 1: -1
T p VT Len /)
b - oy =6y O - Ao

where we have defined ¢i by the equation

P

a. = n./K.
vy nl/h

In the above cquations, is the fluence necessary

"
to reach the maximum resistivity possible which occurs
at a fluence which is slightly lower than the {luence
necessary to produce cxact compensation. When the NTD
fluence is equal to ¢”, the anncaled resistivity is a
max inum, Py given by Eq. (9) and corresponds to a hele
carrier concentration given by Lg. (8).

An inspection of Fies. 3 and 5 of Ret, 1 shouws

that the Hall coelficient and Hall mobility vanish at

(8)

(M)

(10)

(11)




a scecond important {luence which we shatl call

Previously, the Hall coetfflicients, R”, Hall mobilitios,
Hipo and Hall carrier concentrations, i and Ny, were
. 1
given by 1
Rl hl el bl b bl
PP~ - n."h7 Y /e (p” + ny bi=, (p-n)
K d12)
\
” bl b} bl 3 -~ b
nn.” - Ii—h")/C(J1i_ +n7h)T, nop)
b bl Al b hl
FpT - nsThTY/(pT o+ o Th Ry )
~ LD(I 1 )/ (I i ) ( \” ~
= : (131
H
N N , 5 ‘ {
oonThT - n.7Y/b(nTh o+ ol T R, -0
L i /bt i Ry
b} a b] ] -~ 5
Py = 07 ni“h)‘/p(p“ - nl”h“\ (i
Al RS B ] A
Ny, = (n™h + ni")’/n(n“h“ - ni“). (157
The cquations cither vanish or have a singularity at
a hole concentration given by
p.= n;b (1)
To find the corresponding fluence, we use the expression
for carvier concentration as a function of fluence Jdervived
. o1
previously
K¢C A NI
P . o+ oqr o+ 1n, /K )l 17
- t v ]
i
i
and f
=t Iov 11+ in. Sk Voo
i, ' i ‘
where o= (1 \ solvine the above o by




5 b 2 2
- P - n.
F = = 1 (19)

¢ p(Ke )

and substituting Eq. {(16) into Eq. (19}, we find the
fluence necessary to produce this singularily is given

by ¢_ in the expression

Gh- - 1) (20)

The Hall coefficient reaches a maximum on either
side of its vanishing point, $_, as shown in Fig. 5 of
Ref. 1. These maxima can be found by differentiating
Py and ny and by noting that p and n do not contain
singularities at these two points. Thercfore dp/d¢ # U

at these maxima and since

dp dp
o Puodp Lo L
I5 Ip H% , otc.
thien these maxima must occur for dp”/dp = {0 and
dn”/dn = {0, Differentiating Eqs. {(14) and (15) then
yield the solutions for the actual carrier concentrations

at these maxima

P, = Ny (2
and
n, =n, {g_ (22)
t ) (H
wheore = 3{b ¢ 1) & [3{b + 1)}]° - 1b )‘




Using then Bq. (19), and its n-type analov, which

obtained from Eq. (18) and given by

we obtain the fluences which will produce the Hall

cocfficient maxima, L and mp , from the cquations

+ +
S%T"l
b el = | e
Ny ¢ ! \/f/lh"
and Qﬂ o
R S

¢ P 1 .
¥ VANYA

The fluence differences given Dy Fgs.
and (24) are constants {or silicon and

calculated using the parameters given

fluence differences as well as the carricer
at these lluences are summarized in Table

The equations of this subscction and the cquations

of Rel. 1 which describe the behavior
and n

Y
for any theory relating to changes in

clectrical parameters as a function of

next subsection, the behavior of resistivity

variations with changes in compensation

as a {function of NTD {luence, ¢,

temperature

{20

These

concentrations

inhomogenceity

s analvzoed

for NTD compensation using the basic cquations presented

in this subscction. A sccond application of

hasic cquations is also presented.

' b}




Table 1. Room temperature constants used in the calculation
of the parameters in Table 2.!

n, o= 1,391 x 10003
139 2/\' ;
un = 13906 ¢m - S0C
[4 ? /g
Up = 494 ¢m”/V-scc
b = 2.8206
. Y= 3,0, 2
K = 1,676 x 10 P/ew’ /n/en
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. Resistivity llomogencity Model

lUnder a previous contract, the variation in
resistivity fluctuation, Ap/p, was determined
experimentally and justified by an approximate cal-
culution.l The theory has since been developed completely
and will be summarized in this section. lFor a mere
comprehensive treatment sce Ref. 4,

We begin by assuming that the compensation in the
highly zone refined p-type detector material is
negligible. We will also neglect the burn-up of boron
by neutron transmutation. We further assume that
any doping inhomogeneity added by transmutation is very
small comparcd to the boron inhomogencity present in
the starting material. These assumptions have been
justified elsewhere as being reasonable tfor detector
vrade float zono.‘1

Under the above assumptions, we know immediatelv
the behavior of the impurity inhemogencity as a function
of luence, ¢. This is illustrated in Uie., .

Cp = K¢ is the impurity concentration of phosphorus
max (min}

added by NTD and ﬁ.(jl, = 0. U Peothe drnenr
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Corresponding to our maximum and minimum impurity

“~

concentrations represented schematically in Fig., 2

are minimum and maximum resistivities. These resistivitics

can be measurcd by spreading resistance or four point
probing after various NTD fiuences and anncaling as was

presented in Ref. 1. For a particular resistivity

trace across a wafer, it is ecasy to measurce and

max

" We then wish to calculate how these two quantitics

min’

vary with flucence. We will define the mean of the maximum

and minimum resistivities and the maximum fluctuation

as

° (" max min'/? (23]
and

Ap = (“max ) pmin)' (2o}

We also define the fraction

- [l T
/\p/,’) = 2 FLni\(———-—,—-—mJ—n {27
max "min

as a measure ol the relative re<istivity fluctuation.

We now need te investigate the hehavior of i and
Pinin as a function of fiucence, or compensation ratio.

Note under the asoamptoenabove that N0 B
the initial borven concoentratior in the starting mate vand
and .\“ = I is the phosphoras concentration addoed by
NTh. tor u phosphorus production ratio, K, we then will
define the coner to acoeptor ratice, i, as

N




[ where ¢ is the NTD thermal neutron fluence. Since
Q « ¢ and K and B are essentially constant, we wish

to calculate the behavior of as a function

max (min)
of Q.

This behavior is illustrated schematically in
Fig. 3. The resistivity increcases with tluence and
compensation ratio until a maximum is recached. This
occurs just before exact compensation (where § = |1
and NA = ND). The carrier concentration decreases
simultanecously toward n, at Q =1, After cexact

compensation, further NTD doping causes a decrease

in p while the electron concentration increases. The
shaded region to the left of Q = 1 represents the
original resistivity {luctuation in the starting material

defined by nd o while the shaded region to

[ a
min max

the right of Q = 1 represents this same {luctuation ﬁ

after the material has been overcompensated. Both

and ¢ follow the same resistivity vs. fluence

0 O
max min

curves as the NTD compensation is increased.

To calculate these cffects, we detfine the mean

boron concentration and boron {luctuation as

B B_.
o~ max min -

to

and

B . .
max min




PH = 270488 {l-cm

P.= 237694 {l -cm

NN\

CARRIER
CONCENTRATION

N
3,
AN

NN

AN\

N"max

" MIN

1.394x IO‘c'cn'\'3

n =
|8

1 —PQ

Q=1

Schematic representation of the behavior of
the mavimum and minimum resistivity fiuctua
tions and carrier concentrations as a function
ot Jdonor to o aceeptor ratio, §
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These parameters are constant since
15 negligible compared to the rate
production, k. Tthese parameters can

and

Al N -
Piax "min

. . . 1,1
following cquations ’

2 = . N - ‘__‘__L..._.__,.———-
hmin (U\p/‘nmx) FOK /p° )
P Pmax
«)n\] ~
n i -
B = UK /p0o Voo
max primin FOK /0. )

where

f(x) = ‘_,(x v fxT .Hwni“)

and KI’ = (c‘np).1 and b o= ;11,’1! .

phosphorus
calculated

for the starting material

The above ecquations arce derived from bgs.,

Since B and *BE ¢can now boe tound,

find the net impurity concentration
This is obviously viven by
\ = N Besy - o= B
A N 2
max
and

.\.\ ) - N bl o 4—-.'
min R

function




for p-type and the negative of the above for n-type
material.

I'rom the above, the carricer concentrations
corresponding to 7 Q) and ¢ . (QY are clearly

! < Cmax (Y Fin (R :
given by

, 1
h) Al
»(Q = L[N - N + N - N -+ In. T
Pl ‘)mnx . A D i I . D 1
. max max
min . . |
min min
and A
. 3
n LN - A + [N\ \ T4 odnL T
( max - A D A D ]
. RN mix
min ; . ]
min min
from which the resistivities can be determined us
A B)
K p(w) YT () + bhn.”
p[ (q mzl.\;/ll ( \)Ill.'lX 1
C () = min min
max
min 2 2
hh n(Q) hn~™ (Q + n.
n ("mnx/l (‘]mu.\' i
min min
using Iq. (13 ol Ref. 1.

We can now castly calculate o o/v roem Eq. (38) by
allowing Q to vary in bq. (317 through (38) and
remembering our definition of *»/, (now as a function
of i)

0 () .

, oA ' l‘)nm.\‘ tmin
A/ (oY = 2 _ ety
C (M + oY

S max STmin

The results of the above cquations have been
catculated numericaldly and arve represented an bip.
tor 1 p-type sample with pean resistivity of 2500 cm.
Several curves arce shown correspending to initial
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resistivity fluctuations, 100 Ap/p, of 5, 20, 40, and 60%.

Figure 5 shows similar results except that the wmcan
resistivity value of the starting material was taken
to be 10,000 @-cm.
The following points should be noted from Figs.
4 and 5. Both sets of curves are quite similar
indicating that the results are reasonably independent
of starting material resistivity. For p-type raoterial,
the fluctuation always increases as a compensation
ratio of unity is approached. The situation would be
amplified, however, if the phosphorus compensation
were doped conventionally since this would introduce an
additional impurity fluctuation, AP, into Egs. (34) and
(35). These curves therefore represent a best possible
situation. For a P/B ratio of approximately two, the
final NTD resistivity fluctuation equals the starting
material fluctuation. For higher Q values, the fluctuations
decrease. Therefore, for best uniformity, NTD compensated
IR material should have a Q valuc greater than two. This
result is in agreement with conclusions based on
detectivity uniformity measurcments vs. Q ratio by others.
Figure 6 shows the decrease in 100 Ap/p for the
n-tvpe side of intrinsic (Q = 1) for an initial resistivity
of 18952 ¢-cm. Two solid curves arc shown representing
initial resistivity by fluctuations of 4,235 and 7.12°%.
These values bracket the initial fluctions of the

. . 1
experimental samples reported previously, Reasonable

(9]
2
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agrcement between cxperiment and theory is obtained

therefore justifying the assumptions concerning the
starting material made precviously. The cross shown

in Fig. 6 represents a conventionally mclt-compensated
sample resistivity fluctuation. It is clcar that NTD
compensation is superior in agreement with the model.

C. Maximum Resistivity Model

As a seccond example of the use of the basic NTD
doplng cquations, we will prescnt in this section a
model which calculates the maximum mean resistivity which
can be obtained by NTD compensation before the initial
resistivity fluctuation causcs mixed typing, l.e., part
of the wafer n-typc and part p-tyvpe. These results are
important for other detector applications which rely
upon close compensation and high resistivity for proper
operation such as avalanche visible star light scnsing
detectors or x-ray detectors.

An inspection of Fig. 3 shows that both and

max

move to the right over the peak at py as the

fluence, and hence Q, is increcased. When the Q valuc

Pmin

for the first point, o , cquals unity, then p =

max max i

and any furthcer compensation will produce mixed typing.
This mixed typing will continuc until suificient

irradiation causes the Q for o to pass O = 1 at

min

which point the mixed typing ceases and the orvstal is

entirecly n-type.




We can easily picture {rom Fig. 3 that increasing
the initial value of ap/» corresponding to the shaded
area on the left will lower the average resistivity
obtainable when P max is equal to CITR We have calculated

this effect and show the results in Fig., 7. If

initially, Ap/p o, then the maximum valuc of p is Pl

for p-type and Py for n-type (see Fig. 3},  This cxplains

the discontinuity on Fig. 7 at Ap/p = o.

The procedure to calculate the rest of the curves
in Fig. 7 is slightly different for n-type and p-type.

For p-type, » and p are easily obtained from

max min

o and Ap using

- AO
= +
"max P 7
and
- I _ Ap
Pmin e 2
B and ... C W “alc ed .
max C B“”n an now be calculated rom pmax(mxn)

using Egqs. (31)-(33). Therefore, R and AB are calculated
as before. JFor p-tyvpe, the highest valuec of ¢ occurs
when Pmax - Pu- This occurs when Q for Pax 1S equal

to QH which is found from the c¢xpression

2 2 - <
TR N SUTREREL PR VA UMY (3
where Py = vb n, from Eq. (8). Equation (39) is ohtaincd
hy solving Eq. (5) for NA - ND and then substituting
for NA - ND the quantity
! - N. = T -
Na Nn B{1 Q)
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It is clear {rom the preceding section that

Ny TNy = BO - Q
min

and that

NA _ ND = B(1 - Q“ + AB/B).
max

Note that we arc now fixing the upper resistivity at oy
and allowing the fluctuation 4B to determinc the lower
resistivity point in Fig. 3. From this point on, the
resistivities arc calculated from NA - N” as before
and once Pnin and Pax ATC determined, then Ar/e is
easily obtained. The procedure is identical on the
n-type side except that now the higher resistivity is
fixed at py at Q = 1 and the lower resistivity is
determined by the fluctuation AB.

An inspection of the results of Fig., 7 shows
that for an initial resistivity fluctuation of 104,
the highest p-type average resistivity possible is just
over 200,000 @-cm while n-type resistivities above
140,000 @-cm are not to be expected without mixed
typing. (Claims of achieving higher resistivities than
these by NTD compensation5 suggest cither that mixed
typing had occurréd or that incomplete annecaling of

the radiation damage contributed to the resistivity.

D. Defect Production Rate Calculations

In this scction the calcultation of the ratce of

displacements by f{ast neutron radiation damage i«




. I ..
extended from a model presented previously. A First

principles calculation of the fast neutron {attice damage

f involves a knowledge of five factors:

l. The fast neutron rcactor spectrum, ¢(EJ).

2 The spectrum of primary knock-on (PRO) silicons
produced by interaction of the neutrons and lattice
atoms.

5. The fraction of PKO energy delivered to the lattice
which implies a calculation of ionization cnergoy joss
of the PRO's.

1. The average cenergy required for displacement or
vacancy-interstitial patr production (the displace-
ment threshold).

5. The disposition of vacancies and intersititals

after production (defect recombination and clusteringy.

Previously, we had estimated the neutron cnergy

spectrum in a very crude way in terms of the Cd ratio,

i.e.,

cdge.

the total flux below and above the (Cd absorption

Also, ionization cnergy losses of the PRO's as

they come to rest in the displacement cascade were

ionored.
lattice atoms but doubtful

These

This is a rcasonable assumption for heavy
. . . R I8}
in the case of silicon.

factors have been corrected to some extent in the

present model, however, no attempt to calculate item o

will

be made since this is extremely complicated,

Experimental cvidence will be presented in a Jater




section which suggests that about 909 ol the displacement

defects are lost at room temperaturce through anncaling
and recombination.

We shall begin by briefly reviewing the model
presented previously since many of the calculational
steps are similar and will scrve to define terms. We
begin with a well known rcsult6-7 from conscrvation of
cnergy and momentum for clastic collisions which relates
the incident neutron energy, El, to the silicon atom
recoll cnergy, FZ’

Al

E, o= Al sin” f

where ¢ is the angle through which the ncutron is
scattered in the center-of-mass coordinate syvstom.
The parameter ) is a kinematic constant dependant on

the masses of the two particles and is given by
D
A= JM]MZ/(M] + MZ)' (A1)

1 is the ncutron mass while ML, 1s the silicon

atom mass. For silicon, » = A(1)(28)/(1 + 28)7 = 0,133,

where M

We shall attempt to keep track of the notation usced in

both Refs. 6 and 7. Therefore,
Fl = incident neutron energy - Vn
by = silicon PRO recoil energy = 1 .

v

From Lqg. (40) it 1s clear that a head-on collision (= )

will vield the maximum possible energy transter to tne

silicon atom




LZ = AEI = Lp(max) (42

(The symbol over EZ "~ indicates maximum while the
? inverted symbol "v' will indicate minimum.) In any
radiation dJdamage problem, there will be a minimum recoil
energy transferred to the lattice atom, EZ’ below which

no radiation damage will occur which is known as the

displacement thresho1d®™7 (item 4)

v v
E, = AE, = E,. 13
2 1 7 By ‘
v
There is ¢l1so a minimum bombardment neutron energy, E],
. . . v .
which can produce displacements which have b, = Ly as

their maximum possible recoil encrgy as given by Lq. (43).

To investigate displacements, it is necessary to
know how the ncutron interacts with the lattice atonms.
This is expressed in the differential neutron scattering
cross section, do/dﬁj. For a wmoderated reactor ncutron
flux spectrum, very few necutrons have cnergiecs above the
fission pecak which has a maximum at about 1.5 Mc\. he,
therefore, do not need to be concerned with i1adiation
damage caused by high energy nuclear reactions such as
{n,p), (n,u«) and (n,2n) ctc. The only concerns are
therefore thermal neutron capture (n,y] and recoil
which we have treated proviously] and elastic scattering
of fast neutrons whose damage propertics we will caloulate

here.




We shall assume that elastic scattering is completely

isotropic, i.e., all scattering angles are equally

6-7

likely. This is a reasonablc assumption {or the

neutron energies of interest here, however, at higher
neutron energies, some forward scattering is known to
exist.® 7
Under these assumptions, the cnergy dependence

of the differential cross scction is given byb
0 /AE; , E, < aE

deo _ -

I o , By o> k)

1

(41

where ‘e is the total elastic scattering cross section
2

el .
which we take to be about 3 barns (3 x 10 ‘1cm J.

The number of displacements per sccond, dNn/dt,

. . . 6-
then is given, for a monocnergetic neutron beam, by

{ dND/dt = NTod¢v (15)

n s .
- e D
where NT = the number of target atoms = 5 x 10°°Si/cm,
2
¢ 1s the monoenergic neutron flux (n/cm™/scc¢), “ s
. . 0-7
the displacement cross-section calculated from the

intcraction cross-section using Eq. (14)

,2 =

Fp(max)

d T ~dE, (10) :




. . 6-7
and v is known as the damage function and represents

the mean number of displacements per incident neutron.

In general, the calculation reduces then to a
calculation of v which depends on the resultant cnergy
distribution (item 2) of the PRO's P(EI,EZ) where
P(El,EZ]dEZ = probability that a PKO will recoil into
dEZ at [iz for incident ncutron energy lﬁ.

According to the Rinchin-{ease (K.-P.) modcle ,
neglecting any cnergy loss of the PRO's by ionization, E

v v
v(HZ) = 132/2132 for t, »- L, faT

~ . N . ¢ -
therefore, the mean damage function is egiven by

LZ = ,\I:I

v = v(E) P, ELAE, (4
vV
L

(8%

For our simple illustrative case of a monocnergic neutron
beam and hard-sphere isotropic scattering, all recotl

. . O~ - .
energies are cqually likely, therefore, o o1s o

constant and since it is o probability function

or




Since, for any rcasonable ncutron eneroy,

we have P = (F )71 = 1,7 or
P(E,) = 1/E,.
Thercfore, the average recoil energy, L,
_ £2 . , L,
L, = f E. P(E,)dE, = —— e,/ -
= - - -~ l:, - v
v - I,
I;z
Thus .
i E, My A1
EZ = 5 = —— or Ep==l‘mnx/2 = —— in
Ref. 1
Also,
E,
v o= v(L,) P dE,
%
L,
and, using Lgs. (48) and (19),
Al I‘\
oL ["‘: ] . I
B v TTRT T R "“‘-_'"
l',., ST - V - _‘_121
- “Ll E, :
or since L /2 = I,, we have the well hnown
- \Y -
Vo= L:/_L] Lp,_hd

is given by

the notation

ryosulft

[ 1.




Therefore, from Eq. (45), and using (42),

d\

D ()\Izn
= U .z 5
JT I\Tl,oq 1I‘d> . (50)

Tt is instructive to apply this monoencrgctic
neutron model to a row-2 reactor position (sece next
section) to determine the damage rate 1f we assume
that all of the fast ncutrons are {ission ncutrons
with an energy of about 1 MeV and determine the f{ast
flux from the known thermal {lux by using a Cd ratio of
about 10. The mean thermal {lux in row-2 is about
30X 1013nth/cm2/sec. For a Cd-ratio of 10, the fast
flux is, therefore, 3 x lolznf/cmz/soc. Using Eq. (50)

and assuming a displacement threshold of 25 ¢V and a

scattering cross section of 3 barns, we find that

N :En
vooE e
JLd
- 0 !
_ _(0.15332)(1 x 107) 1
1(25)
= 1332 displacements/neutron {51 *

and




D N -
dt ‘Toedw
79 -2 12
= (5 x 1077)(3 x 10 "' (3 x 10°7)(1332)
~ 14 .., 3,
= 5.99 x 10 disp/cm™/sec . {

We shall sece later that ionization lossces of the PRO's

will reduce this damage ratce by about a factor of

three. The above model was presented previously for

an in-core reactor irradiation and represents an upper

limit to the radiation damage {from fast neutrons
which can be ecxpected.

We must now consider the moderated ncutron cnergy

spectrum tvpical of the graphitce reflector region of

MURR. To a good approximation, the flux of a moderated

spectrum follows 1/151 up to a fission cut-off cnergy

Ef and i1s zero for E] . P{.h_ Therefore,
(l/hl)(¢m0d/L) “1 < L(
d¢/dE1 =
Q hl ~ Lf
v

where L {n (\Ef/ﬁ,) and the differential form above

. . Q)
represents the flux spectrum to a good approximation.
differential

That this form is a good rvepresentation can

be scen by integration
l:l = [:r .
/ ¢ ’
d .~ mod o, _
v v JFI dLI ) (nLl v ¢mnd
El = E,/A 1./

[Pl
ra




where dmod

The calculation of the damage rate is similar
to the above except that the distribution of PKO's
is now different and is given by6

E

£
/ ng %%Tdtl
Ez/x
P(Fy) = =7
rE
S 4w
b2 g,

Using Eqs. (44) and (53) we obtain

f
dil
I 2
EZ/A ‘1
P(E:) =
fo
Ee dE
L NRE
5 2
E? £,/ by
/ :
= _1.._. A[‘f - ]
B\ T,

i
—
TN
|
— >
ta
i
1
~

is the total number of neutrons per scc¢ per

2 . . :
cm® which can produce displacemerts regardless of energy.




This equation leads to Eq. (30) of Ref. 1 as follows.

From Ref. 6,

and inserting Eqs. (44) and (47) we have

E

2
- E E E._(max)
v = 2\ 1 4p = _2.__p i (56)
28, JMEy ’ 2b 2By
\ 2 2
E,

Then, using Eq. (55) and the definition of mean recoil

energy, EZ’ we have

E
2 R s . Vo,
. Ep - By (7 - BT
E, = E, P(Ez)dE2 = -
L -1 2AE(L - 1)
v
B,
R v .V
But EZ = AEp >> E2 and L - @n(Ez/Ez) >> 1 since Ef > 1 MeY,
therefore,
. 2 -
o AEc ) (AEf) i \Eg -
2 20E)L 2L

or in terms of the notation used previously and rcalizing

that Ep(max) = Er/x, we have

39




Ep(max)/Z

En[Ep(max)/Ed]

as in Eq. (30) of Ref. 1. Combining the results of
Eqs. (56) and (57), we find that

E

- f
\) =
4 Ed fn(AEf/Ed) (58)

and

dND )

dt - NT°e¢modv ’ (59)

Since the flux spectrum had not been determined
in Ref. 1, we had used Ef = 1.5 MeV and using a Cd-ratio

2

of 10, ¢ = 3 X 1012n/cm“/sec. We find that (we had

mod
also taken Ed = 12 eV but will use 25 eV here)

(.1332) (1.5 x 10%)

v
- 6
(.1332)(1.5 x 10°) ]
4(25) €n 7T
= 222.% disp/neutron
and
dN 5 s
T = (5 x 10°%5 (3 x 1078 (5 x 1018y (222.2)
= 1 x 1014 disp/cmz/sec

which is about a lactor of 6 lower than the monocnergetic
case illustrated previously.
As a final calculation, we shall usec a l/E] fit to

the MURR reactor design data flux group calculations for

40




e gt

row-2 of the reflector and will also take jonization losses
of the PKO's into account in the flavor of the K-P's

model. The best 1/E1 flux spectrum it [Eq. (53)] to

the design data has been determined for row-2 to be

given by the parameters

.o - . 11 2,
K = ¢mod/L 7.8 x 10 "n/cm®/sec
Ef = 3.27 MeV.
The above paramcters then give ¢ = 7,62 X lOlzn/cmz/soc

mod
and L = En(fo/Ed)a:9.77 giving a thermal to fast ratio

3 9
of about 4 x 1013/7.62 X 101“ = 5.25 in rcasonable

agreement with a Cd ratio of 8-10 (the thermal f{lux is
here taken as the peak thermal {lux in row-2).

To account for electronic energy losses, a
characteristic ionization energy threshold for the

material, Ei, is estimated and then the K-P model is

- . . - . )
modified in the following way,

v
LL/20, L, < I
v(li,) = , (60)
- \ .
L.2E. RN ORI FN

Since the stopping power is some function of the number
of clectrons which is in turn a function of the lattice
atomic mass, one estimate of li.l is obtained from the
. .0
relationship
Li(LOV) Mota.m.u. b = 28 kev. S
A osccond estimate for semiconductors and ifnsulators

. .o S
Lins heen eiven by Seitr oas

i




B - 2 "g (62)

= 20 keV,

(1839)(28) 4
1 8

-

in good agreement with the above, where Eg is the mean
energy difference between the middle of conduction and
valence bands which we take to be about 4 eV, The effective
threshold for ionization could be as much as a factor of
three higher, however, we will see that our f{inal result
is relatively insensitive to Ei.

We now proceed as before. Equation (55) can be

approximated as

. . 1 1 1 .
2 k,
since L >> 1, and ﬁz = Aﬁf. Then using Eqs. (48) and
(63),
L.
! I
- _L} 2 (1. 1\
1 M -~ 2
L i \F2 1, 2
v
E, - ¢
2 = Ly
E
- .
+ / 1 ( 1 _ ,‘l > (1} 7‘
L, B \F2 B

and realizing that Ei > “d’ we find that




I E.
- 1 2 i
v = < E. fn —= + —
ZEdL i Ei ZEZ
Letting 8 = Ei/fz2 = Ei/th, we find that
R 2,
v = TET L8 28 &n (1/8)]
s 2
= [8° + 25 &n (1/8)] . (64)
4Ed £n (AEE/Ed)

It should be noted that this result is identical to

Eq. (58) except that an ionization factor [62 + 25 fn 1/2]
has been added. We can now proceed with a calculation of
the damage rate. Using the parameters which describe

our flux spectrum,

: = 3.27 MeV
Lf 3.27 MeV

2
7.62 x lOlZn/cm°/sec,

R=g
{]

and
Ei = 27 keV, we {ind that

po= L /A = 6,199 x 1072

and that our ionization correction term is given hy

<g3 + 28 ¢n I/ﬁ>= 0.40067,

therefore, from liq. (064),

0.4067

i

0.4007 (440)

= 181.4 disp/ncutron,

13




This result is only slightly lower than our previous
model where we had taken Ef = 1.5 MeV and ignored

. . 7 . .
ionizaticn losses. Calculating, now, the damage

rate, we tind that i

dND

= N D \V] i
I “e Ymod i

dt

24

39 _ 2
(5 x 102573 x 10729y (7. 62 x 1017y (1814

= 2,07 x 1014 disp/cmS/scc.

We believe this last damage rate to be the most accurate

and feel that the number can not he improved without a

detailed measurement of the necutron spectrum at the i
irradiation position and using experimental cnergy
loss data of silicon-ions in silicon. These results
should give the correct damage rate to within a lactor i
of 2 or 3. ?
It must be mentioned that the damage rate in the
RSAY Bulk Pool variable {lux facility (next scction) is
lower for the following rcasons:
1) The thermal flux «~ 5 X lnlln/cm:/scc or about
80 times lower than row-..
2)  The spectrum iz somewhat more moderated since
the Cd-ratio is about 30,
A rongh estimate of the Jdisplacement rate for RSAL is

theretfore 1 x 10]' to 2 x IU]

R R
Jdisp/en /sec.




The analytical (it to the reactor design data
given on p. 11 assumes that the flux per unit energy
range falls as 1/F to a cutoff cnergy Ep and is then
terminated. The four flux groups and their energics

usced to determine the parameters are:

Group 4 0-0.625 eV 4 x 1017n/cn?/sec
Group 3 0.625 ev-5.53 keV D.D27 X lﬂlsn/cmz/scc
Group 2 5.53 keV-821 kel 0.519 x 10 3n/em?/sec
Group | 821 keV-10 MeV G.1545 «x fU‘S/n/ij/ﬁcc

Group 1 is inconscgnential since these neutron
encreies are below the silicon displacement threshold.,
The 1/E spectrum (it vields the same value of K faor
vroups 2 and 3. The value of li[. was sclected tor group |
so that a 1/ spectrum will yicld the total flux for this
group when integrated over the group. We know from
spectrum measurements at the bervllium reflector that
the 1/b spectrum holds for groups 2 and 3, however,
the flux in group 1 is more nearly represented by the

fission spectrum (it

R T A TR A, :
Jdy/db = K ao© sinh y2L.

In this model, the paramcter k! would be adjusted
sao that the integral of this fuaction over group |
would yiceld the total flux, Unfortunatelv, other cal-
culations, using this spectrum, would have to be poa
formed numerically.,  Since the nurbor of dropla emepts
1o nuependent of encrey ahove Ii‘ thoroe calonlation -

wottld Tiave Tittle offect on enr orosulte




We summarize the results of the above three models
in Table 3. It is clear from Table 3 that the order
of magnitude of the displacement rate 1s reasonably
inscensitive to the nature of the model and that our
carlier estimates bracket nicely the more refined
result of the last model. If the ioenization threshold,
Ei, is increased by a factor of three, then the ionization
correction factor becomes 0.07 and the damage rate is
almost doubled. Lowering the displacement to 12 ¢V
would also almost double the damage rate. The damage
rate is also sensitive to the fission cut-offl, Vr.

We have used a reasonable number for this parameter,
however, it should be realized that some neutron flux
exists up to 10 MeV, however small, and these high
energy neutrons contribute additional displacements from
the nuclear reactor by-products they produce.

Finally, we emphasize again (sce Refl. 1) that the
recoils produced from neutron capture and y and
emission contribute a damage rate of about 1 x 1013disp/
CmS/SOC for this position (or about 5-10% of the fast
neutron damage). These damage rates will be compared in
a later section to the total number of defects we have
obscerved cexperinentally, It will be scen that only
A-107 of the calculated displacements have been obscerved

cxperimentally.,




Table 3. Mean damage function and damage ratc for row-2
reflector position for various fast neutron models.

N dND/dt
Model (displacements/neutron) (displucements/cmj/soc)
i
Monoenergetic beam 1332 6 x 1()1‘1
En = 1 MeV
¢ {fast) = 3 x 1012n/cm2/sec
Cd ratio = 10
No ionization correction
l/En moderated spectrum 222.3 1 x 104
I:{, = 1.5 MeV
‘mod = 3 X ]U]Zn/cmz/sec
Cd ratio = 10
No 1ionization correction
: . bl - . 11
l/l:n moderated spectrum 181.4 2.07 x 10

to fit reactor design
data

hr = 3.27 MeV

- 12 2
fmod = 702 x 10 "n/cm”/sec
o) = f;
¢ thcrmal/q)mo(l 5.25
L. = 27 keV

1




ITI. EXPERIMENTAL TECHNIQUES AND APPARATUS DEVELOPMENT

In this section, a description of the apparatus and tech-
niques required to irradiate Si for NTD and to evaluate the
material before and after irradiation is presented. Only new
equipment developed or used under this contract will be des-
cribed in detail. Previous equipment descriptions are to be
found in Ref. 1. A brief review of irradiation facilities is
presented, however, which is relevant to the previous scction.

A. Reactor Description

The recactor at the University of Missouri is a high
flux, light water moderated research rcactor designed to
operate on highly enriched fuel. 1t has a bervllium
reflector, a graphite moderator and forced cooling system
for pool and corc. The rcactor is operated at 10 M,

120 hours per week, 52 weeks per vear., A comparison of the
peak flux of the MURR reactor with other rescarch reactors

! in the U.S. is shown in [Fig. S§.

A cross-sectional view of the reactor core and various

cxperimental stations is shown in lig. 9, Onc of the

major advantages of MURR for Si irradiation is the casy

access to sample positinns in the pool and reflector.
Presently, two 2" dia. x 30" long <ilicon sample

irradiation positions with ~ample rotators are located

in the graphite reflector in positions 1-2 and -0 (row-2)
in broo 90 The average {lTux at these positions s abaut
. 15, 2 . , S
Sox 10 /et /sec, Fhese are the po~itions for which th
daprrge vato was caloelated in the previons <coctinn, e

I
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pneumatic tubes used for necutron activation analysis
(NAA) are also shown. Figure 10 shows the vertical
thermal neutron {flux profile for the second row. This
profile should be compared to the vertical profile which
we have determined for the RSAT bulk pool variable {lux
facility (later section).

In addition to the two 2" dia. irradiation positions
in row-2, two 3" dia. x 30" irradiation positions occupy

row-3. In addition, 3" dia. material can be irradiated

in the seven 3" dia, positions of the S-basket (Yig. 9).
I'or the very low fluences required for c¢xact compensation
of detector Si, a variable flux bulk pool facility has
been constructed. This facility, also on Fig. 9, is
known as RSAF. The peak thermal {lux in this facility

is about § x 1011

n/cmz/sec in its present position.

A1l of the Si irradiation positions have self-
powered necutron detectors whose output is integrated
by analog current integrators. Reproducibility of the
1.9

necutron fluence is generally better than 10,°°°

B. EPR Spectrometer

Microscopic defect structure is determined by elec-
tron paramagnctic resonance (EPRY or, as it is more com-
monly known, clectron spin resonance (ESR),  The LSR
instrument used for these experiments is a conventional
X-band (9 Glz) spectrometer with Schoetthy-barricer diode

detectors, and a 12 inch Varian maenct with ticld contrel,




The spectrometer can be operated cither as a homo-
dyne system with 100 kllz field modulation, or in a super-
heterodyne mode with 30 Mz T1.F.

Accessories include liquid helium and nitrogen
Dewars, a variable temperature (gas flow) cavity, and
cavitics with optical access. An ENDOR facility is also
available.

C. Liquid Nitrogen Variable Temperature Dewar

A variable temperature liquid nitrogen Dewar has
been constructed under the present contract., It is shown
schematically in Fig. 11. The Dewar is constructed
entirely of stainless-steel except for the sample holder
and cold f{inger tip which arce copper. The liquid nitro-
gen volume is approximately 1.2 £. The holding time at
77°K is over 24 hrs. duc to the long narrow neck design.
Optical window flanges with NaCl windows arc provided
so that optical absorption and photoconductivity can
be performed (only the entrance window is shown in Fig.
11). The spacing between windows is sufficiently narrow
so that this Dewar will it all optical spectrometers
now at the rcactor and physics department. The windows
arc sufficiently large so as to accept an {/5 cone of
light when closce to the spectrometer entrance slits,

Llectrical fecedthroughs are provided at the top of
the Dewar so that temperature sensor leads and samnle

leads may be brought out. It was planned to usc this

|
3]




TOP VIEW SECTION A-A
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Figurce 11. Liquid-nitrogen variablce temperature dewar. i
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Dewar for DLTS as well as optical measurements. There-

fore, provisions have been made to isolate the cold tip

by a valve and stem system. A heater wire is wrapped on
the isolated cold tip while residual nitrogen is vented

through the stem. It is then possible to provide

a temperature ramp by using a programmable power supply

and microprocessor,

D. Capacitance Bridge, Junction Capacitance and

Dopant Concentration

A Boonton capacitance meter has been purchased and
has been used for both DLTS and junction capacitance mea-
surements. This meter has been checked for accuracy by
measuring the junction capacitance of several commercial
diodes as a function of reverse bias voltage on this meter
and alse on a 1 MHz bridge for comparison. The balancing
bridge can compensate for shunt conductance, however,
the Boonton meter does not in principle.

Table 4 1lists valucs of € vs. V for a small power
diode as measured on our Boonton mecter and a 1 MHz bridge
which compensates for conductance. It can be scen that
the agreement is usually better than 1% between the two
instruments, Scveral shunt resistances were placed in
parallel with the diode and the capacitance at zero bias
observed using the Boonton. TPor a shunt resistance of
10 Ko, the changes in capacitance were negligibler for
1 Ko, the change was about 3%: however, no readings could
for a shunt of 100 ¢. Tt thercefore appears

be obtained




Table 4. Comparison of reverse bias junction capacitance

taken on 1 Mliz bridge and Boonton capacitance

meter.
C(pf) Vi (Volts)
Boonton Bridge

217.4 0
.4 163.5 0.5012
2 138.5 1
.5 115 2
.1 84 5
.4 65.2 10
.2 20
4 30
5 40
.0 50

that the Boonton is insensitive to any shunt leakage
conductance which might be encountered in anv practical
diode for small bias voltages.

Junction capacitance can be used to determine the
concentration of dopant in the lightly doped side of an
abrupt junction. It can casily be shown that the
junction capacitance for a reverse hiased abrupt junc-
tion (and also a Schottky diode) of bias voltage V

is given by

S0




1
C = Alq e Np/2(V; +V - kD) ? (65)

S

where A is the junction area, q is the charge on the c¢lec-
tron in Coulombs, NB the dopant concentration in the low
concentration side of the junction, vbi the built-in
junction voltage at zero bias and €, T K. €, the dielec-
tric constant of the diode material. 1f €q is given in

f/cm, then C is in farads. This equation can be rewritren

(neglecting kT) as
2
1/C% = oo (66)
so a plot of 1/C2 vs V should producc a straight line.

Note that

da1/cty _ 2

dv 2
q eg NBA

(67)

,
Therefore, the slope of a 1/C” vs. V plot determines the

dopant concentration, N if the junction area, A, is

B?
known.

When V = 0,

and using this and Eq. (60)

(1/¢5) g

Vi = = (08)




The built-in voltage, vbi’ can be determined f{rom € vs,
V using this cquation.
The depletion width, W, is given by

ESA

W = C

(069)

so that usc of Egs. (67) and (69) will vield the dopant
profile as a function of distance from the junction on
the low dopant concentration side. It should also be
noted that [Eq. (67) is e¢quivalent to

N, = ¢ ’ (70
q . A° (dC/dV)

an often uscd relationship.

To gain experience with these ideas, several types
of diodes were selected at random and l/CZ ve., \V measured.
The results arc shown in Fig. 2., All diodes ¢xhibit a
lincar relation as cxpected up to 10 volts., Tor higher
bias, data points are gencrally lower than cxpected,

The diode shown in Fig. 13 was analvzed for dopant
concentration in the basce using Eq. (67). From the ox-
terior physical size of the diode, it was estimated that
the junction area was of the order of 0.1 cm:. Using this
arca, Nl’» was found to be 1.43 x 10]3(-m '—‘, Tvnical
dopant levels for high breakdown voltage diodes are
usually in the low H)]1 range.  Certainly a factor ol

two crror in estimating the junction area was possible.
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Using Lq. (68), the built-in voltage was found to

be 0.778 volts. An cestimate of N, can also be obtained

B

¢
from Vhi using the following relations)

q Vbi = }ig -q V. - q\V

=L, - kT In (N/Np) - KT In (No/Np)

1 8
where Eg is the bandgap, NC and NV the density of

states in conduction and valence bands and N\ and ND
i i

the donor and acceptor concentration on either side of

the junction.

Assuming that the base (low) region is n-type, as
is typical for power diodes, and that the junction 1is
formed by diffusing a p+ region into the n-tyne wafers,
then the Fermi level will be at the band edge in the
p-region and the last cquation can be approximated by

qVp; = EQ - kT 1n (NC/ND)

<

where ND = NB is the base dopant concentration, This
cquation yields 4,7 x l(llscm-3 in good agreement with
our previous estimate of 4.4 x lﬂlscm 3. 1t should be
noted that while this second technique is not as accurate,
it has the virtue of being independent of junction arca,
an unknown for a commercial diode.

The depletion widths as determined using Lg. (09)

arc shown on Fig, 13 for various bias voltages, The

lower slope in Pig., 13 at hicher nias voltages corres-

O .
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ponds to a dopant concentration of 7.2 x 1()13cm—J which
is close to typical valucs of 10M%en 3, 1t thercfore
appears that some of the p+ dopant has retrodoped into
the base region of this diode over a distance of about
0.5 um. This mixing of dopant regions is similar to
data taken from Sze9 which is shown in Fig. 14 for an
n’ on n region. This retrograde doping also extends
over a region of about 5 um. We conclude, therefore,

that the diode shown in Fig. 13 deviates from a straight

line because of retrograde doping.

E. Furnace Tube Clecaning Procedure

When compensating silicon to high resistivities by
NTD, very small concentrations of trace impuritics can
be introduced into the sample by diffusion. Sources of
contamination arc etchants, water supply, furnace tube,
protective silicon spacers (sec¢ Ref, 1 for anncal pro-
cedure) and the sample beoat, Typical care in sample
handling usually introduces concentrations of the order

1 of IOlzcm’

2 - .
, however, if the anncal temperature is low
enough, these diffusions can usually be removed by a
. |
second lapping after the anncal.

Unfortunately, our furnace tube apparently picked

up a contamination source while anncaling a batch of test
wafers for Rockwell. We beliceve the source of contamina-
tion to have come from the epexy used to hold the ingot
during slicing. Many of the waters in this batch still

contained traces of this epoxy which we tried to remove




before irradiation, After annealing these samples, it
was found that all our NTD resistivities were at first
too high by orders of magnitude indicating the dominance
of acceptor impurities. After baking the furnace tube
for several weeks with flowing argon circulating through
the tube, it was found that the resistivities of annealed
samples all approached 5 9-cm n-type indicating that
donors now dominated the impurity contamination. After
trying to bake the furnace tube for extended periods

with little improvement, it was decided to clean the
tube. The cleaning procedure for the spectrosil quart:
furnace tube, quartz boat, and Si spuacers was as follows:

QUARTZ TUBE CLEANING PROCEDURE

1. Rinse in Xylene
2. Rinse in D.I. - 11,0
3. Rinse in Aquaregia ( 31C1/1 HNOX)

4. Rinse in D.1. - H,0
5. Clean with Microsol detergent

6. Rinse in D.I. - HZO

ROAT AND SPACER CLEANING (Pre-Cleaning)

1. Soak in Acetone 24 hours, rinse in D.I1, - ”20
2, Soak in Ethyl Alcohol, 72 hours, rinsce in D.T. - ”20
5. Etch in II.\'(\‘.4 for 5 min., rinsc in 0D.T. - H,0
4. Etch with commercial CP-4 for S min,, rinsc in
D.1. - H,0

01




BOAT AND SPACER STANDARD CLEANING
BEFORE LEACH ANNEAL

1. Etch in Caro! cteh 5 min., rinse in D.1. - 11,0

[ 2]
.

Etch in 103 HEF 3 min., rinse in D.T. - “20
3. Etch in 1 HZO:I HZOl:l HCL S min., rinsce in
D.T. - HZO
4, Bake for 48 hrs. in flowing argon at 1000°¢,
Various annealing tests were performed on high
resistivity wafers #1 - #8 to test the cleaning proce-
dures. The anneal experiments # 1-8 have the following
histories:
Beforec test #1:

1. Tube cleaned as above

[3S]
.

Tube baked at 900°C in argon for 46.5 hours

w

Sample etched in commercial CP-4

4, Sample annealed at 850°C for 15 min. without
spacers and boat.

Before test #2:

1. Tube baked at 900°C in argon for 48 hours

2. Sample etched in lab-mixed CP-4

3. Sample annealed at 850°C for 15 min. without

spacers and boat.

Before test #3:

1. Tube baked at 900°C in argon for 24 hours
2. Sample ectched in lab (P-4
3. Sample anncaled in air at 850°C for 15 min.

without spacers and boat,




Before test #4:

1. Baked tube at 950°C for 24 hours

2. Sample etched in lab CP-4

3. Sample annealed at 850°C argon at high flow rate,
no boat or spacer was used.

Before tests #5, #6 and #7:

1. Bake tube at 1000°C for 24 to 72 hours in argon

2. Etch sample in lab CP-4

3. Sample annealed in argon at 850°C with boats and
spacers,

Before test #8:

1. Bake furnace tube for 520 hours at 1000°C (bcat
and spacers showed a greenish tint from some

unknown source of contamination--perhaps argon

gas).
2. Etch sample in commercial CP-4
3. Sample annealed in argon at 850°C for 15 min.

with boat and spacers.

The resultant resistivities for these cxperiments
are shown in Table 5. Tt is clear that extended baking
in flowing argon tends to help, however, the best results
were obtained when the wafers were protected in the hoat
with spacers, Additional long term baking for 520 hours
secems to have caused an accumulation of contamination
on the spacers and boat.  After sceveral menths use after
the final c¢leaning above, NTD resistivities in the

100,000 ~-cm range were again possible.

O
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Table 5.

Listing of the initial, final annealed, and
annealed lapped resistivities for the test
wafers used to develop a furnace cleaning
procedure.

Annealing pi(Q-cm) pf(Q-cm) pf(Q—Cm)
Run annealed lapped
#1 6255 (P) 779 (N) 596 (N)
§2 4902 (P) 1465 (N) 10690 (N)
35250 (N)
83 5305 (P) 948 (N) 4254 (N)
"4 5712 (P) 3923(N) 17422 (N)
#5 5849 (P) 8647 (D)
#6 5334 (P) 8305 (P) 8616 (P)
#7 5918 (P) 11220 (P) 10185(P)
48 7144 (D) 3596 (N) 20265(P)

F. IR Optical System Calibration

A considerable effort has been spent to bring the
Perkin-Elmer Model 112 double-pass IR-prism specctrometer
to best working order so as to obtain maximum signal-to- "

noise and resolution. Although this is the principal

instrument uscd to date, a Beckman IR-9 (2-25um) has
been placed in working order in the physics department
and this instrument along with the Cary offer double
heam capability from the Si band edge out to 25 uym. In

i'Yition, a Spex-0.5 m instrument with gratings from

67
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1ym-50um has been purchased, however, it was not used
under the present contract because of delivery and
set-up time. A double grating 1m Spex and tunable
laser Raman facility is also set-up and operating
in Physics and experimental samples were irradiated
to investigate the possibility of studying radiation
damage by this technique. The balance of this sub-
section will describe the placing in operation of the
Perkin-Elmer 112.

The 112 system has a variety of prisms (Glass,

Quartz, Can, NaCl, KBr and KRS-5) making it usecful as

a light source or absorption spectrometer from the
visible to 50um. The NaCl and KBr prisms were badly
damaged by water vapor and have been refigured. The
thermocouple detector has becn replace ! with a new detec-
tor which has a KRS-5 window (1-50um).

The glass, Can, NaCl and KBr prisms have been pro-
perly aligned and the system focus fixed for each of
these prisms. The spectrometer chopper contacts have
been replaced (they are Delco auto points of 1950 vintage).
The electronics have been maintained and are functioning
properly.

Since the prisms have a non-lincar dispersion, the

drum-number of the spectrometer must be calibrated vs.
wavelength using known absorption lines. This has been
done using over 45 lines from lig-emission, C02 absorption,

and polystyrene film (50um).
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Typical glowbar intensity spectra taken with the
NaCl and CaF, prisms are shown in Figs. 15 and 16.
Wavelengths marked on the various oir absorption lines
are in pm. It can be seen from these f{igures that
ample calibration lines arc available out to about
8um so the Can prism is calibrated over most of its
useful range. The calibration of the NaCl prism is
not as well known between 10-25um duc to a lack of sharp
absorption lines in this region, and the calibration is
based mainly on polystyrenc absorption lines. The reso-
lutions and signal-to-noise shown in Figs. 15 and 16 are
typical of data shown in the Perkin-Elmer manual. The
resolution has been checked at sclected wavelengths and
is necarly theorcetical as discussed later. A drying
column and flushing system has been developed which
effectively climinates most of the air absorption.

A program has becen developed to find the best poly-
nomial lteast squarcs [it for drum number, N, vs. wave-

lencth, ». A five paramcter fit using the cquation

B (. )

-+ S+ =+
7

A )2 A3

+

= A 4 oy
N A A4 AS
was tried, The estimated error between fit and date
points is generally less than 10,
An cxpression for the dispersion of Cal,, due ori-

. 10 .
ginally to llecrzhberger 7, has been usced to estimate re

solving power. This ecquation,




2 3

n=A+ BL+cL? + DLY + ELY,

where L = (Az - 0.028)—1 with A given in um, has becen
used to determine n(x), the index of refraction, and
dn/dx, the linear dispersion. Since the resolving power
is given by

P,

e

4B dn/dx

where B 8 cm is the prism base width, it is possible

to calculate the geometrical image width Ax in um vs.

slit width, w, from the cxpression from Harrison's spec-

troscopy textl]

ax b
w FIP2

In this expression, b is the exit prism beam width (5 ¢cm)
and F is the collimater focal length (~ 27 ¢m). We can

use these expressions to calculate Ax/w and compare thesce

with cexperimental data. The results are shown in Table o,

Table ¢. Comparison of Hg emission line half-widths

per unit slitwidth vs, calculated values,

Ratio
A ax/w (calc.) AM/w (exp.) (exp/calce)
0.5%6um 161.2 A°/mm 200 A"/mm 1,24
1.014um 878.15 A mm 1000 A°/mm 1.14

Since the agreement between calculated and measured
resolving powers is good, we conclude that we have
achieved reasonable optical alignment of the instrument

for the CalF. prism. Once this is done, the other prisms

need only be focused, a single adjustment, which is an
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extremely accurate procedure since it relys on the knife-

edge test which determines focus to fractions of a wave-

length.

We have also checked linearity of slit opening by
finding the approximate area under the 1.014um Hg emis-
sion line as a function of slit width. The (pcak
height x FWHM)% should be proportional to slit width.
The experimental data for FWHM vs. slit width is shown
in Fig. 17 while the (area)% vs. slit width is shown in
Fig. 18. It can be seen that the linecarity of slit J
opening is good, however, there is a zero offset of

approximately 0.04 mm before the slit opens. This is of

little practical concern except when checking instrument
resolution so we have not adjusted it,
A calibration of glowbar power vs. radiant enmittance

and blackbody temperature has also been determined.

This information will be of use in determining absolute
light intensity at the detector and in designing and
building additional blackbody sources and glowbar
sources for other spectrometers. The blackbody tempera-
ture as a function of clectrical power into the glowbar

was determined from A the blackbody pecak wavelength

ax’
{Sce Figs. 15 and 16) for different settings of the
glowbar power supply. The power to the glowbar is

measured with a conventional pancl watt-meter. The

blackbody temperature can he calculated from
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Figure 19.

30— .
W) x Amox= watts/cm2
-
20+
4
4
10

Wy = watts/cm2/pm j

1 1 T co
100 200 300 400
Glowbar Power (Watts)

adiant emittance at blackbody peak vs,
glowbar clectrical power. The photon power

. - . Bl
Wadmax 1s plotted in watts/cem= on the same
scale as the emittance which i1s in W/cm=/inm.

-

&




T = 28 1-deg .
Amaxl 897 um-deg
From the radiant emittance at Xnax? WA is given by
‘ max
Wx = 1.3 x IO'ISTS watts/cmz-um .
max
Using this equation and experimental data for A at

max 4

different power settings, it is then possible to plot

W vs. glowbar power. A plot of this data is shown
inm;?g. 19. Note that for a glowbar power of 100 watts
the optical power cmitted is about 10 watts/cmz. Since i
the surflace arca of the glowbar rod is about 10 cm:, ;

the eclectrical power is being converted into IR optical

power at very high efficiency suggesting that the sourcce
is well designed and constructed.

Figure 20 shows the blackbody temperature deter-
mincd experimentally from  nax VS- ¢lowbar power. The ]
solid linc is theorctically determined from the rela-
tionships shown on the figurc. It can be scen that
only a small gain in blackbody temperaturc can be

cxpected by further increasing the glowbar power bevond

300 watts.,  I{ the power is doubled to 600 watts, the

temperature increases from ~1675°K to ~2000°K, however,
this will produce very little incrcase in optical power
at 10 ym.  We beliceve, therefore, that the present
glowbar source is about optimum,

In Fig. 21, the Perkin-Elmer chopper amplificr gain

was determined using a 10 VvV test input signal and
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by measuring amplifier output for various settings of
the gain control. It can be seen that the gain switch
changes the gain by about 4 db/step. The maximum gain
i obtainable is about 4 x 105. Since the detector scn-
sitivity is about 10 uV/uW, then 1 W of optical power
on the detector will produce an clectrical signal output
of 5 volts. Since optical signals might be expected to
! be in the nW range, output will be in the mV range when
the full gain of 5 x 10° is used. We conclude, there-

fore, that the amplifier has sufficient gain to perform

adequately.

Finally, we mention that a microfloppy disk has
been assembled to store data and programs useful to this
contract. This disk svstem interfaces with a variety
of 6800 microprocessor systems on hand and has been used
to store analvsis programs for both DLTS and for the

theories presented in an earlier section.

G. DLTS System

Deep levels in NTD-silicon have been investigated
using variations of standard depletion layer junction
transient techniques. The circuit diagram for a junc-
tion capacitance DLTS apparatus is shown in Fig. 22.
All timing is derived from the reference oscillator
at the top of the figure. This oscillater provides
a reference signal for the lock-in amplifier detec-

tor as well as providing the trigger inputs for the

R0
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pulse generator for diode bias and the sample and
hold circuit.

Bias voltage, which forms a diode denletion re-
gion and which momentarily collapses this depletion
region, 1s obtained from a pulse gencrator and varia-
ble D.C. power supply in series. This arrangement
will momentarily switch the reverse bias, Vp, up necar
zero volts to collapse the deplected region and fill
the traps. An output voltage proportional to the
junction capacitance is fed into the lock-in signal
input through a sample and hold circuit. The purpose
of this sample and hold is to remove the large capac-
itance pulse which occurs during the 0.1 pusec bias
pulse when the depletion region is collapsed. With-
out this circuit, the capacitancc pulse will casily
overload the input to the lock-in. The lock-in out-
put is fed to the Y-channel input of the X-Y recorder
while the voltage from a platinum resistance thermo-
meter is fed to the X-channel input.-

If, instead of junction capacitance, junction
current is measured, then the experiment is generally
known as ‘“current DLTS" or '"'transient current spec-
troscopy' (TSC). The circuit diagram for this experi-
ment is shown in Fig. 23. This experiment is essen-

tially identical to the previous onec cxcept that the

signal voltage is developed by passing the diode
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current through a load resistor, Ry. The TSC experi-
ment has certuain advantages tor detecting traps with
high emission rates since the current output is pro-
portional to this emission rate. This experiment also
has the most sensitivity to concentration profiling
very near the junction, a region of lecast sensitivity
for DLTS. 1
Details of the theory of these experiments will
be presented in a later section.
i, Previous Experimental Apparatus
We list here, for completencss, apparatus developed

. . 1 . . . .
and described previously, A detailed description is

found in Ref. 1. !
l. Bulk Pool Variable ¥lux Irradiation Facility
2. Neutron Flux Detection and TIntegration System 1
3. Necutron Activation Analysis Systems
4. Four-point and Thermal Probes
5. Minority Carricer Lifetime Apparatus
0. lligh Twpcedance Van der Pauw Resistivity

and Hall System
7. Sample Preparation Equipment and Techniques

8. Anncaling Svstem

In addition to the above, considerable microcom
putcer capability has been developed at MURR using
Motorola 6800's,  These svstems are cextremely inexpen:

sive (v $1000 per computer) and have contributed

Ql
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greatly to data analvsis and theoretical calculation.,

Our present experience with these systems under this
contract i1s mainly to use them for computing. All
of the calculations for the first section were per-
tformed on onc of these instruments., DLTS data reduc-

tion was also performed on these microprocessors.,




IV.

EXPERIMENTAL RESULTS AND DISCUSSION

A. Neutron Activation Analysis -- Determination of

In Concentration

The neutron activation analysis technique and
facilitices have been described in a previous report.]
As typical, no significant (:>1012/CC) concentrations
of trace impurities have been found in {loat zone
material from any source, however, significant con-
centrations of contaminants are found in Czochralski.

The first sample, #011-167"D", was a sample
furnished by AFML. This sample was scanned for trace
impurities, however, the only impurity to be found with
significant concentration was the dopant In. The esti-
mated concentration is 8,0 x 1016 atoms/cc (0.5 ue/g).
This concentration is somewhat larger than expected on
the basis of eclectrical measurements made at APMI..  The
discrepancy between electrical and physical determina-
tions of In is apparently a common experience of scveral
laboratories and suggests that In may not be 100% clec-
trically active in silicon.

This sample was irradiated for 40 hours in a quart:
vial along with four liquid multi-clement standards,
The standards included Cr, Co and Sc. No attempt was
made to look for short half-lifc isotopes. After two
days, the standards werc opened, diluted to volume and

a known portion transferred to [lilter disks and dricd. i

The sample was then opened, ctched and transferred to




a counting tube. Standards and the sample were then

counted. No peaks were detected except thosce attributed

to 114mI

n. Using the cobalt standard for normalization,
the sample was compared to an indium standard irradiation
of 6 months prior to this irradiation for an In concen-
tration cstimate. This is obviously not the best exper-
imental procedure for a determination of In, however,

no In standards were run simultaneously with this sample
since an accurate determination of specific dopants was
not requested by APFML.

A piece of Czochralski silicon from a rather large
ingot (obtained from Monsanto) which we have used for
all optical and EPR work to follow (MURR 166) has
been analysed by NAA.- This ingot is undoped and has
a resistivity of approximately 250 ¢-cm (n-type) which

I1s rather good for CZ-silicon. The net carrier con-

. . 3. -3
centration is only 1.8 x 10 “c¢m ",

The sample was ctched and crushed in an agate
mortar prior to irradiation. Three portions (~ 150 mg)
of the crushed sample werce weighed into TO-8 quartz
vials and irradiated along with flux monitor standards
containing known quantitics of antimony, cobalt, and
chromium for 40 hrs. in position H-1 (4-8). After irra-
diation, standard solutions were transferred from the
irradiation containers and diluted to 10 ml; 0.5 ml was

deposited on Whatman 541 filters on Handiwrap. After

drying, the plastic and filter were folded and placed
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in a counting tube. Samples werec also transferred to
counting tubes,.

Calculations were performed determining counts per
sec/ugm-atomic for cach standard e¢lement and normaliza-
tion constants were determined to correct previously
known CP'S/ugm-atomic for some 17 elements to the present
irradiation and counting conditions. Copper, gold,
antimony, sodium, chromium and cobalt werc observed in
the sample aliquots. Large bromine peaks were obscrved
and a calculation giving a lower limit for bromine was
performed. The results are shown in Table 7.

Two floatzone samples, MURR 134 and 156, have been
obtained from Rockwell for the purpose of determining
In concentration and In activity. The concentration of
indium determined by NAA was compared to a determina-
tion made by room temperature resistivity measurements,
Since In is a dJdecep acceptor, it is not completely ionized
at room temperature and corrections to the clectrical
measurcments must be made to account {or this partial
tonization. The cquation for the hole concentration, p,
as a function of temperature for a two acceptor (In and

R) and compensating donor (N model was given

1

I\)

previousiy as
(p + Nh)(p + Kl)(p + hy) o NIKI(p + K,) - N,K.i(p + K]) = 0

where
Voo -E/RT (indium)

a0
‘e




Z

Ny
K, = Y B/

> 5 (boron)

N, = 2(2am*kT/h)>/ 2

o] -2 - -7
For N1 ~ JOl“cm ° and N, ~ lﬂl'cm ?, the above cquation

can be approximated by
(p + ND)(p + K])(p + KZ) - NlKl(p + K:) = 0
and, neglecting N,y compared to p and canceling the fac-

tor (p *+ K,), we [ind that

|
N, = N (fn) = PO T KD
1 A ———
K
1
Using m* = 0.59 mys p =4 and the activation cnergy for
In we find that
/KT 3/ - g T
K, = (NV/B) o E/KRT S,JSSSxIO]J YJ/“ o 1856/1
where T is in degrees Kelvin. The carrier concentration,

p, can be determined from the resistivity using the rela-

-3
] cm

Using the three cquations above, the In concentration is

tionship1

p o= (5x1017%) [253
given in terms of the room temperature resistivity,

NAA was uscd as above to determine the In concen-
tration. It yiclded an In concentration of l.Sleﬂlbcm“S
for both samples.  (An indium standard was run with cach
sample in this case). The results of the clectrical

measurements are secen in Table 8.

9




Table 8. Comparison of In concentration determination by
NAA and room temperature resistivity mecasurements
Sample p (u-cm) p(cm-J) NA(Cm_D) lIn] by NAA
MURR 134 1,454 8. 71x108° 2.55x100 2.50x1010
MURR 136 1.127 8.87x10 1 2.65x101%  2.50x1010

[t appears that the two methods agree to within about

5% which is within the accuracy of the NAA determina-
tion. It is therefore not clear why other laboratories
find a higher concentration of In by physical methods
than by electrical. Tither incorrect theory is used

to fit elcctrical data or the percent electrical activa-
tion of In is very concentration dependent., 1t should

o

be noted that the ¢ ionization of In at room tempera-

ture can be determined by 100 p/N\ to be 34.2°% for
MURR 1534 and 33.7% for MURR 136. The average is close
to 34%. We find the following, to be a good apnroxi-
mation, thercfore,
53 (5x 101 7)
\ = ___L)._. = = ‘(:2.}._._
A 0.31 0.31 p
_ 253(5x100 )
0.531 ¢
ar
Ny = 5.72x101 0/
where o is given in w-cm.  This simple equation will only

hold, however, when the room temperature is such that

. - 15 -3 . .
hl ~ 152X Tem and when the measuring current is




sufficiently low sc¢ as not to hcat the sample.  The
last equation should be accurate to within 107 for room
temperaturces between [5 and 20°C.

B. Radioactive Decay of 1}4mln

When In-doped silicen is irradiated by thermal

neutrons, the radioactivity of the material is governed

I 1dm

by the metastable isotope Int!l, = 50 dayvsi. Thixs

ceffect can cause minor activity problems {or the casce

of high phosphorus concentration added by N1D and high
In concentration. These are, in f{act, the circumstances
for In-doped CZ since In concentrations can reach

-

17 -3 . )
5x107 " ¢m while the residual boron to be compensated
might be a factor of ten higher than in FZ.

Five In-doped CZ wafers have been transmutation

doped for Westinghouse. The In concentration in these
e , . 17 -3 .
wafers was approximatcly 5x10° "¢m ©. Thesce wafers were

N
irradiated to a {flucence of 1.967x101"n/cm“ to aldd about

I 17 -5 . .
3.3x10 " ¢cm of phosphorus for compensation. The samples

. . . - - 11 2 .
were irradiated in a flux of about 4.,2x10 "/cm™/sec in
position RSAT 20-24. The samples were removed trom the

reactor on 10-7-78. ‘he activity on 10-31-78 was
o . - -3 .. . . o - 1 1m

measured as 6.77x10 “uCi/gm caused by the decav of

while the activity on 11-9-78 wuas 6.397x10 "pCi/am.  The

114mln was identified by the gamma emissions at 190,500

I 1dm

and 720 keV. The half-tife of In is 50 davs. In

L. . - - -5 L. 6O
addition, an activity of 3.53x10 "uCi/gm of oo was

In
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114m

detected. A plot of the decay of In activity is
shown on the lower half of Fig, 24 and confirms the half-
life of 50 days to within counting statistics.

It should be noted that approximately 5% half-lives
or 275 days are required for this sample to decay to
exempt limits of 2x10_4uCi/gm for 1l4m]n. Tt must recach
this limit before it can be sold as exempt material.

The 1imit for research quantities (not to be sold) is
10uCi total. This limit allows approximately 1.5 kgm

of similar material to be shipped for rescarch purposes
25 days after irradiation. For tvpical FZ material with

16 3

5x10 Tn ¢m ~ and the concentration of phosphorus added

” =
to be 3x]01“cm 7, we can cstimate the decay period as
shown in the top of Tig, 24 to be —~ 160 days to reach
2x10‘4uCi/gm. Research samples of FFZ can be shipped

almost immediately under the 10uCi total limit.

C. Vertical Flux Profile in RSAF, Doping Accuracy with

Industrial Laboratories, and Final Minority Carrier

Lifetime

The University of Missouri Rescarch Reactor is now
working with scveral industrial laboratories to produce
compensated IR detector material and material for other
detector applications. The demand for thesce services
is far greatcer than anticipated and has at times created

problems for our rescarch program in that the calibrated

positions in RSAVF are usually full or being recalibrated.




There is also an additional burden on rescarch staflf
since the high precision irradiation problems demand
considerable attention to calibration, lux wire
counting and analysis, and special sample loading.
While the sample backlog has been as high as 40 irva-
diations with a total reactor time of over 1000 hours
this detector work is not steady cnough to justifv
full time technician help at present.  These industrial
experiments therefore cut in the rescarch time of the
staff to some extent. We belicve, howcever, that thesc
irradiations are in the best interests of AFML and are
for the most part relevant to the goals of the present
contract.

Irradiations have been performed on a fairly regu-

lar basis for the {ollowing organizations:

1. Rockwell International (IR detectors)
2. Hughes-Carlsbad (other detectors)

3. Westinghouse Research (IR detectors)
3. Ortec (other detectors)

5. University of Chicago (GaAs for AFOSR Contract)

O . Sandia Laboratorics (NTD research samples)
7. Monsanto (Research samples)

8. Romatsu Metal Electric (Research samples)
a, Motorola (Resecarch samples)

. 1 .
Under the previous contract , all cxperiments were

performed on single wafers irradiated at a fixed height




in the variable flux facility, RSAF. The extremely high
doping accuracy achieved previously (< :1%) was the

result of accurate sample characterization prior to

irradiation and the fact that the vertical flux profile
of this facility could be ignored as compared to the
thickness of the sample wafers.

Such a procedure, although demonstrating the accu-
racy of the neutron flux counting system, is undesirable
for large scale production because of the small sample
volumes per irradiation (~1gm). 1t is important, there-
fore, to transfer this technology from wafers to ingots.
This will be the subject of the remainder of this sub-
section.

The first experiment which was performed was a
determination of the vertical flux profile in RSAF using
Co doped Al flux wire.

Figure 25 shows the flux profile obtained from flux
wires for the total length of RSAF. Thirty flux wires
have been irradiated at various heights and f{or identical
times. The activity which is proportional to [lux is
then used to determine the profile. Tt should be noted
from Fig. 25 that the original position wec have uscd
for all the experiments of the previous contract (RSAF
12-16") is extremely lincar. A sccond position, RSAF
20-24, has also been calibrated for detector material

irradiations. The ratio of integrator calibrations for
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these two positions have been compared with flux data

taken from Fig. 24 and is summarized in Table 9.

Table 9. Comparison of calibrations of two RSAF positions .
by integrator counts and flux wirc data of

]:ig. :4. i
INTEGRATOR CALIBRATION FLUN RATIO 4
POSTITION RATIO (n/cm™/scc) FROM FIG. 25
RSAE 12-10  1.472 x 1017 _ . .52 0 1a
RSAF 20-24 o 13 T RN o2 :
1.234 x 10 :
i
i
i
It should be noted that the flux ratio for these two |

positions agrees to within .06% lor the two different
determinations,

The flux profile in RSAIF 12-20 has also been
checked using NTID silicon wafers, These wafers were
spaced in a 10" sample can using dummy silicon wafcers
and anncaled after irradiation at 850°C in argon. The
results of these cxperiments are shown in ligs. 20 and
27. The solid line in these figures is the best (it
line to the flux wire data in Fig, 25, Although there
is some scatter in data points, presumably Jue to
sample contamination problems during anncalings, the
profiles obtained in this wav agree with the tlux wire
data.

Experiments have also been run for Rockwell and
Hughes for stacks of wafers irradiated i RSAN and
Tipped end for end at 500 of total flucence so as to

obtain the hest profile. A set of five V2 wafers, S5 1

a8
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through S-5, were irradiated for Hughes-Carlsbad.,  The

first purposec of this experiment was to cxamine the uni-
formity in RSAF 20-24 over a 4" range to sce it the uni-
formity was good enough to do 4" long ingots., ‘The test
wafers were again spaced at equal intervals in the sam-
ple can using Si spacers. The sccond purpose of this
experiment was to check on doping accuracy relative to
Hughes resistivity mecasurements which were made in an
industrial environment by technicians using hecavily
utilized resistivity probes. The anncals were also pers
formed at Hughes since, ultimately, an IR detector
program would depend on in-house anncaling.

Four point probe measurcments were made at MURR
and at Hughes before and after the irradiation and
anncaling. The wafers were irradiated to a fluence
determined from integrator counts of 1.235 X 10]7 n/cmz.
This corresponds to an added phosphorus concentration of
0.4143 ppb = 2,07 x 1013 cm‘s. The concentration of
phosphorus added was also determined from initial resis-
tivity, G before NTD and final resistivity, O after

NTD and anncaling using the cquution]

253 (
N = ::b\v . 8).5_4_ (ppb)
p o S

where the phosphorus concentration, Np’ s pgiven in ppb
(! ppb = 5 x 10 cm ).

Data obtained from MURR resistivity wmeasurements and

HUGHES measurements are shown in Table 10, No cffort was
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made to compare resistivity measurements prior to this

experiment.

We believe these results are rather typical of

what can be expected on a production basis and are

signiticant in several respects:

1.

If we assume that samples S-1 and S-5 were con-
taminated slightly, the MURR data indicates that
the doping target was achieved to better than 19.
Anncaling of NTD ingots for detector applications
can casily be achiceved in an industrial, non-

rescarch laboratory environment. If the results

of single wafer anncals arc this g¢ood, whole ingots

should be even more successful. [In fact, scveral

recent oxperiments working with Hughes has produced

compensated p-type samples with D000« 20,000 2-cm

to an accuracy of better than 37 (compare to our

. . . [ .
earlier results in the previous contract in making

high resistivity p-type material) and with a {inal

minority carrier lifetime of about 550 uscc.

The vertical doping profile can be held uniform over

a length of 1" to better than 10 except perhaps for

some flux fringing at the Si-water interface at
cach end of the sample can.

To hit target to within 3% relative to industrial
resistivity measurements and anncaling with ne

special non-routine calibration measurements is

1053
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extremely encouraging and of sufficient accuracy

to insure success of the IR detector program.

A similar set of expcriments were attcempted for the
Rockwell group, however, the results were not as encoura-
ging due to the accidental contamination mentioned ear-
lier. 1In this set of experiments, all data was obtaincd
by MURR. A rather interesting doping problem was found
in this set of wafers. One end of the wafer stack
(apparently taken in succession from a single ingot)
showed a rather steep doping gradient. The hole concen-
tration vs. wafer number is shown in Fig. 2S. Bevond
wafer B-11, uniformity from wafer to wafer was very good.
The radial profiles of these wafers was also curious.
These profiles are shown in Fig. 29 after NTD doping
and annealing. All wafers between B-2 and B-10 (The
rcgion of axial non-uniformity) showed extremely low
resistivity at the edges of the wafer, and a peak in
resistivity near the center which got progressively
broader down the length of the ingot. The data in Fig.
29 is uncorrected for image edge effects in the probe
measurements, however, these effects tend to raisce the
apparent resistivity as the probes approach the edges.

We know that NTD doping did not contributce to this non-
uniformity (see NTD doped profiles in Tig. 57 of Ref. 1),
however, a similar effect has been scen previously in

a Ga doped wafer (scce Fig. 53 in Ref. 1),

(KN
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Figure 30 shows a normal profile before NTD

for a sample wafer from the uniform region of the
wafer stack (position B-12). Samples B-2, 4, 6, 8,
10 were used to determine NTD vertical doping unifor-
mity as was done for the llughes group.

Figure 31 shows graphically the fluences obtained
from the initial and final resistivities of five addi-
tional wafers used to determinc the vertical flux pro-
file in RSAF. The fluence was calculated from the

cquation

N N
¢, :_Jl:_'ﬂ ]_.__- .1_
K N e N
' o -1 ek 18,2
where kn = (cun) and K = 3.355 ppb per 10 n/cm

and o and peoare the initial and {inal resistivities
before and after NTD. Wafers were all annealed at
850°C in flowing argon as usual.

The fluence profile obtained in this way is shown
in f'ig. 31. Although the lincarity is excellent, an
apparcnt doping gradient exists from top to bottom.

The unusual radial profiles led us to suspect that a
mobility gradient might cxist along the ingot. We
therefore made Hall measurements on the two end samples,
B-2 and B-10, and redetermined the irradiation {lucences
on the basis of these Hall data. The triangles shown

on l'ig. 31 arve from Hall data and agree with the probe

resistivity data to within the accuracy of our llall

. ] . . ,
measurements (5.0, F'urthecrmore, the {luence at mid-




can position (0 mm) was about 70% of that expected from
the integrator counts. These facts suggested that the
can was irradiated at the wrong sample position and was
not flipped end for end as requested.

It was ultimately determined that the sample was
irradiated in position RSAF 22-26 instead of position
RSAF 12-16 because of the accidental insertion of an
extra 10" spacer can in RSAF. The gradicent was caused
by not flipping the can as recquested. The profile
shown in Fig. 31, then is characteristic of the flux
profile in RSAF 22-26.

As a final topic of this subsection, we discuss
briefly the effects of radiation damage and anncaling
on minority carricr lifetime in NTD silicon. Two 1"
long x 1" dia. pieces from lughes ingot F01771101 were
cut for minority carrier lifetime measurements before
and after annealing. One sample, MURR-98, was irradiated

-

5
to a thermal fluence of 3.5 x ]O16 n/cm”

0.1174 ppb
P-added while the other piece, MURR-99, was not irra-
diated. Both samples were then annealed at 850°C,

Before irradiation, both samples had initial resistivi-
ties of about 5450 p-cm p-type. The lifetime of MURR-98
was initially 030 upscc while that of MURR-99 was 820 uscc.
After irradition and anncaling, MURR-98, the irradiated
sample had a {inal resistivity of 1290 . -cm, about 8%
lower than cxpected. Since the resistivity of these 1V

long picces varied from end-to-end by 6%, this final

o




resistivity was close to that expected from the fluence.
The lifetime of this sample dropped from 030 psec to
about 100 usec, rather close to values reported by others
for NTD—Si.2

We belicve, however, that lifetime is being limited

by introduction of fast diffusing impurities during

annealing and not by radiation damage. The unirradiated
sample, MURR-99, which was annealed simultancously with
MURR-98 had a change in resistivity to 16125 ©-cm (p-tyvpe)
and a final lifetime of 50 usec.
We cmphasize again the Hughes result of 500 psec
after NTD doping at MURR, and annealing at Hughes.
TOPSIL has also reported very high lifetimes for selected
samples and has suggested that lifetime is limited
almost entircly by annealing contaminution.2 in fact,
they suggest that the lifetimes in harder ncutron spectra
of light wafer reactors such as MURR are even higher
than in soft spectra irradiated matorial.z This obser-
vation has also been made by the Oak Ridge group.2
Because of the difficulty of isolating large samples
in our -~1" I.D. anncaling furnace from the quartz fur-
nace tube, a known source of contamination, a study has
been made to see how the observed lifetime varies with
sample dimensions. The sample uszed for this cxperiment,
MURR- 102, was successively cut in half and the lifetimes
measurcd as a function of thickness. The results for

b

both picces 102A and 102B arce shown in Tig., X2, Onc
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would expect to sce problems with surface recombina-

tion when the minority carrier diffusion length given

by

is of the order of the smallest sample dimension. Vor
Dn = (kT/c)un = 30.4 cmz/soc and for T, T 500 psec,
then Cn = 1.35 mm. This measured lifetime should then
represent the bulk lifetime for samples whose smallest
dimension is thicker than about threc diffusion lengths
or 4 mm,

The results of Fig. 32 show that both picces behave
in an anomalous way abruptly at this thickness, however,
the results of these experiments are difficult to inter-
prct bevond this. It is concluded, therefore, that
lifetimes must be measured on ingot sized picces for
reliable results. Relative mcasurements, 1/10, might be
possible, however, on smaller picces. Because of the
expense of performing these experiments on whole ingots
(~8%$1,000-2,000/ingot) and becausce a new anncaling fur-
nace and tube of large diameter are required {~$6,000),
we do not intend to pursuc these experiments further
without a specilic financial commitment to do xo. W
belicve that silicon producers are in the best position
to do these experiments because of the cost of the

material.,

I




b, Annecaling Experiments

While the experiments of the previous sections
have been related to the development and cextension of
NTD technology, the experiments in this subscction and
those to follow will be devoted exclusively to a study
of the defects created by radiation damage and their
anncaling propertices.

Although a considerable body of radiation damage
Knowledge exists, ncutron damage studies in silicon
have been motivated by radiation hardening of devices.

These experiments are not particularly relevant to NID

material for scveral reasons. Tlirst, the hardening
studies are usually performed on doped material while
the NTD staring material tfor most devices is undoped.
Since it is well known that defect production rates and
migration energiecs arc dependent on defect charge states,
the differences in Fermi level position for doped material
and NTD starting material arce expected to produce dif-
ferences in defect production and anncaling. Further-
more, in radiation hardening experiments, thermal ncutron
effects arce always climinated by Cd or B sample shiclding
in order to minimize activity problems for the experi-
mentalist. The most essential component of our study,
the thermal neutron, has in the past been svstematically
cxcluded from the radiation damage ield.

We must formulate a new radiation damage picture

for oursclves, then, which is quite different from the




—

traditional studies and experiments. In a soflt necutron

spectrum, ncarly as many displacements arce produced by

R
gamma and beta recoils as by [last necutron knock-ons. ’°

The nature of the damage is also quite different. The
fast neutron cvent is quite rapid creating cascades of
defects in extremely short time periods. The thermal
neutrons, however, c¢reate radioactivity which produces
recoil displacements of a few atums per recoil {rom

. 1,2
the reactions ?

Sl).S‘i(n,y)m'Si > P o+ g
and

31l‘(n,y)szl’ > 7S o+ g
at a slow rate until the radioactivity becomes insigni-
ficantly small after many half-lives. For In-doped
material, this cooling off period is of the order of
weeks as we have secen previously.

We must also expect to observe considerably more
detatl in anncaling studles In NTD material because this
inittally undoped high resistivity material will be
extremely sensitive to rapid changes in the position of
the Fermi level which does not occur in doped material.
A much greater sensitivity to small defect concentra
tions is thercetore realized in our experiments, Ve
might mention the additional complication that the

anncaling will be sensitive to the amount of phosphorus

adided by transrutation, and hence, thermal neutron fluencd




A careful inventory of defect production rates and
defect annealing stages is, therefore, required. We
have mentioned the TOPSIL and Oak Ridge results which
suggest that a hard neutron spectrum produces a higher

final minority carrier ]ifctime.]’ This result is
totally unexpected by intuition and extrapolation f{rom
previous damage studies but emphasizes the need to re-
assess our knowledge of necutron damage as related to
NTD silicon. In this and the following subsections,
a beginning of this task 1s presented.

In all the isochronal data to follow, anncals
were made in an argon atmosphere for 15 min. at cach
successive anneal temperature. Resistivitics were
measured with four point probes while carricr type was
determined by a thermal probe. Thermal neutrons were
shiclded from the samples in some experiments to isolate
the fast ncutron damage by using a boron rich sample
container. Beta recoil damage was isolated by ivra-
diating samples in the pncumatic tube facility at MURR
which provided fast sample retricval. These samples
were immediately anncaled for 15 min. at S50°C to remove
{fast neutron damage and then allowed to scelt-redamage
from the remaining beta activity.

An examination of the dependence of isochronal
annealing on thermal neutron dose is shown in big. 53,

AT three samples were cut from the same hign purity

float mone inecot (5250 -cm, p-tyvped, and roceived ther
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mal doses of .07 X 10]0n/cm2 for MURR 75 (t); 3.506 x
17 2 - - 10 2o,
10" 'n/cm™ for MURR 76 (A); and 1.57 x 10 "n/cm™ for
MURR 92 (L)). In order to perform these irradiations
over three orders of magnitude, it was necessary to use
positions of different {lux and different thermal-to-
fast ratios. The cadmium ratios of thosc positions
used for sample irradiation were 30:1, 12:1, and 10:1
respectively.

All three samples of Fig. 33 were p-type at the
start of the anncal and converted to n-tvpe at some
higher temperaturce. In tact, a thermal probe check of
50 ingots irradiated to a varicty of doses alwavs indi-
cated p-type after 1rradiation in contrast to Retf. 12.
The type conversion anncaling temperature depended upon
the neutron dosc and, therefore, was dependent upon the
amount of transmuted phosphorus added. Sample (0) which
was irradiated to balance the boron concentration with
phosphorus, necver fully type converted, but attainced
mixed conduction type above 800°C.  Samples (&) and (IH
type converted at T25°C and at 425°C respectivelv.  This
suggests that the transmuted phosphorus does not become
clectrically active until higher anncaline temperatures
and that this temperature is lower for targer phosphorus
concentrations,

At about 6007C an extremum in the reststivity can

.o We ddentify this extroemunm with

i

be observed in Pie. 3

the production of acceptors resulting from danace plus

HL




annealing and will call these defect structures "ogoC-
acceptors.'  Since the initial resistivity was 5250 .-cm
12 3

. -5 . . . . . .
(p = 2.4 x 10 “cm ), the restistivity minimum in samples

(0) and (a) corresponds to an acceptor concentration of

hed - - -

-

v 0.3 X IOIJcm—J or an increase of about 0 x l()l"’cm-J
This concentration is at lecast an order of magnitude
higher than any clectrically active impurity concentra-
tions in the starting matcerial. Sample () 1s not as
casily analyzed since it is n-type at 600-C, but if we
assume that the acceptor has balanced the donor concen-
tration at 600°C to raise the resistivity to the intrin-
sic¢c value, we neced only approximate the resistivity we
would expect if the acceptor were absent. A straight
line drawn {rom the resistivity value at 3475°C to the
value at 675°C vields a resistivity value at 000°C of
about 90 g-cm or a donor concentration of about 5 X

13, -3 .

10°"cm . Since the "000°C-acceptor” has balanced these

donors, the concentration of the "o00<C-acceptor' is
also about 5 x 1013cm—3. This rather crude analysis has
shown that the "000°C-acceptor” 1s not strongly depen-
dont on a neutron dosc. In samples from other sources,
we have observed that the concentration of "e00°C-accep-
tors" is an order of magnitude higher suggesting that
this defect complex is sample dependent rather than dosce
dopcndont.] Shallow acceptors resulting {rom anncaling

. . - [2
to these temperatures, in concentrations of between 10

15 -3 15-15
and 10" 7cm 7, have been observed by other authors,
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It should also be noted that the isochronal annealing
for these {loat zone samples shows considerably more
annealing structure than has been previously reported
for float zone.12
The question of cadmium ratio was examined by
irradiating three samples in the same position, with
and without thermal ncutron shielding. Figure 34 shows
the results for samples cut from the same ingot of float
zone silicon (5500 q-cm, p-type). This ingot differs
from that used for the experiments shown on Figure 33.
Samples (0) and (O), which were shielded from thermal
neutrons, remained p-type during the entire anneal, while
the sample which was not boron shielded type converted
from p-type to n-type between 700°C and 725°C apparently
due to transmuted phosphorus. Two qualitative observa-
tions can be made concerning the anneals of Fig. 31.
First, the major anncaling features, other than a slight
shift in the curves, do not seem to depend upon the
presence of thermal ncutrons during irradiation. Second-
ly, the temperature at which the resistivity minimum
occurs is lower for smaller fast neutron doses. Again
the "600°C-acceptor" concentration is ~ 6 X 1013cm_3 and
1s apparently duc to fast neutron damage. 1t should be
noted that a study of damage due to recoil cffects would
be difficult in the presence of the fast ncutron damage

since this damage tends to dominate the anncaling charac-

teristics.,
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Figure 35 shows the comparison of isochronal

annealing of a Czochralskl silicon sample (50 :-¢m, n-
. < 18 2

tvpe), thermal ncutron dose = 3.80 x 10 “n/cm™, to the

heavily irradiated (loat zone sample shown previously

in Fig. 32. The two anncals are surprisingly similar

both in the type conversion point {rom p-type to n-tyvpe

at 100°C and in the rise 1n acceptor concentration to

- L d

about 5 X 1013cm_5 at 000°C. We can dircctly compare
. 12 .
these results to those of Kharchenko ct. al. While
the results for Czochralski silicon agree quite well,
those for float zone arc very different. Furthermore,
their float zone sample was initially n-type aflter irra-
L . 12

diation while ours are p-type.

In measuring the resistivity after cach annecaling
step, a risc in the resistivity as a function of time
was noted. A measurcment of this risc was taken for the
heavily irradiated float zone sample of Fig. 33, Data
for the first 60 minutes aftcr cooling the sample to
room temperature is shown in Fig. 30 and is arranged in
order of annecaling temperature (this figurce does not
indicate the absolute change in resistivity between
annecaling steps, however, all relative changes are to
the same scale). A\ large cffcct can be noted hetween
375°C and 500°C which corresponds to the type conversion

pcak.

While this clfect may have something to do with the

initiation of phosphorus clectrical activity, such a
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conclusion cannot be drawn without dircct examination
of energy lcvels in the band gap. The mechanism for
this resistivity instability is not understood ut this
time. We have observed this effect in samples using
soldered contacts as well as probes and in ctched sam-

ples as well as lapped. It should also be noted that

this cffect is very large from 375 to 500°C but is neg-
ligible in the annealing range of 550-650°C cven though
the resistivity is similar in magnitude in these two
anncaling peaks. This effcct might be due to carrier
trapping at defects with extremely small capture cross
section, to very slow room temperature migration of
defects freed from complexes during the anncal, or cven
due to electrical activation of donor oxygen complexes
which are normally only observed in Czochralski. Further
cxperimentation will be required to identify the proper
mechanism,

Figures 37 and 38 arc isochronal annecals of two
float zone silicon samples which had been beta recoil
damaged by the technique described previously. The
sample of lig., 37 (1200 o-cm, p-type) was irradiated to
a thermal neutron dosc of 3.84 x J(imn/cm2 making the
boron concentration approximately cqual to the concen-
tration of transmutced phosphorus. In Fig. 38, the sam-
ple (5250 2-¢cm, n-type) had a dose of 1,92 x IU]Tn/cmj,
making the phosphorus to boron ratio about 10:1. In

contrast to previous samples which were p-type as a

125

_ , - . d




RESISTIVITY (Q-cm)

10°
- n TYPE—= =— p TYPE
)
f ;
/ f
n :
N 1
Iy 1
"\ /| i
10¢ = °\j/’ \\ j
i
o
10 |-
BETA RECOIL EXPT.
- FLOAT ZONE SILICON
MURR 43
102 i 1 1 l N ;l i i 1 l 1 i 1 J‘ 1.
0 200 400 600 800

ANNEALING TEMPERATURE

Figure 37.

126

Isochronal anncaling of bheta-recoil damagpe

(°c)

(1.



BETA RECOIL EXPT.
FLOAT ZONE SILICON
MURR 96

(Q-em)

>=
=
>
p s
E 10
«n
[t ]
oc
102 A 1 I L 1 | Y J 1 l 1 L 1 l 1 1 i
0] 200 400 600 800
ANNEALING TEMPERATURE (°C)
INivure 38 I'sochronal anncaling of beta-recoil damape (117,

10"




result of fast neutron damage, both of the samples were
n-type after the recoil damage was completed. Since
both samples are n-type at the start of the anneal, we
can make an estimate of the donor defect concentration
due to beta recoil events by assuming that the mobility

has not drastically changed. The starting material in

Fig. 37 has Ny = 1 x 1013cm‘3, and after beta recoil

2 - .
damage n 1.8 x 101“cm 3, SO ND NA + n 1.18 x 1013cm 2,

-3 s -3
12cm ., n = 8,95 x 10 e ”,

[}
i

2

In Fig. 38, NA = 2.4 x 10

13

i so N 1.14 x 10 cm_s. Therefore, a donor concentra-

D
tion of about 10]"cm-J seems to be produced by the beta

recoill damage in both samples. Other features of these
anncals are not as directly comparable and apparently
depend upon either the boron to phosphorus ratio or dosc.
We can see, however, the appearance of an acceptor or

the disappearance of the initial donor in annealing

between 300°C and 400°C in both samples.

We believe that these R recoil experiments are
the first concrete experimental attempts to isolate the
ceffects of recoil damage from those of fast neutron
damage. Although the concentrations of recoil defects
which can be produced are too low for EPR or optical
techniques to he experimentally successful, DLTS should
be uscful once correlations of DLTS cnergy levels have

been made with known defect structures.




In summary, we have surveyed the isochronal annealing
of both float zone and Czochralski NTD silicon under a
variety of irradiation conditions. A discrepancy with some

12 has been found for NTD f{loat

of the previous literature
zone both as to the carrier type after irradiation but before
annealing and in the amount of annealing structure and final
annealing temperatures.

We have found that the dominate fast-neutron damage-
plus-annealing effect, i1n terms of the concentration
of electrically active defects, is the production of the
"600°C acceptor." Although these acceptors have been
reported by others in float zone material, we have been able
to show that this defect also occurs in Czochralski, that its
concentration is reasonably iudependent of dose, and hence
phosphorus concentration, and that the concentration of those
defects appears to be sample dependent. Since this defect
occurred in high purity silicon in concentrations of

5 x 1083¢pn™3

or higher, it is clear that these defects do not
involve impurities other than perhaps oxygen or carbon.

We have also observed an instability in the resistivity
as a function of time after anneal which is most pronounced in
the temperature range of 375-500°C. We have suggestod several
possihle mechanisms for this resistivity instability, however,
further ecxperimentation will be required to determine wvhich,
if anv, of these models is true.

Finallv, we have been able to, for the first time,

isolate the damage and anncaling effects of beta recoil
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damage from the other damage mechanisms in the NTD process.
This damage mechanism clearly produces donors before annealing.
By comparing two samples with different initial doping
conditions, we have been able to show that the "beta recoil
donor defect'" concentration is of the order of 1013cm_3,
again about an order of magnitude larger than the largest
of the electrically active impurities in detector grade material.
The discrepancy between our annealing data recovery
temperatures (~ 850°C) and those of Kharchenko et al.lz
(< 500%) led us to investigate different possibilities. It
would, of course, be very desirable to obtain annealing
temperatures below 500°C to keep contamination to a minimum.
In a previous report1 we had offered the hvpothesis that the
high doping levels of Ref. 12 could have perhaps driven the
material amorphous. Although still a possibility since we
do not know the reactor spectrum of the experiment in Ref. 12,
subsequent calculations by H., Stein suggest that this is not
likely.2 Also, our data in Fig. 33 and Fig. 35 for the
heavily irradiated samples fail to show this lowering of anncal
temperature to any significant degree.
We therefore felt that irradiation temperaturc might be
a significant factor. A piece of FZ (MURR 159) was irradiated
at Argonne National Laboratory in the CP-5 reactor in their
newly constructed hot irradiation facility. The sample
temperature during irradiation was 496°C, greater than any
temperatures expected from normal gamma heating. This

sample was subsequently isochronally anncaled. The results
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are shown in Fig. 39. The annealing is similar to our
previous results above the irradiation temperature. The
"600°C defect'" minimum is still seen followed by a type
conversion peak. Below 500°C, slight annealing structure
associated with radiocactivity induced displacements is just
barely detectable. We must conclude, then, that elevated
irradiation temperatures do not explain the Russian data.

We will now briefly discuss recent experiments on anncaling
unirradiated silicon, primarily for the purpose of oxygen
detection. It has been known for many years that CZ-silicon

17 -3

contains oxygen in the 5 x 10 to 1 x 1018cm range and

that this oxygen can be activated electrically by heating at

16 By annealing to still higher

450°C for periods of hours.
temperatures, these oxygen containing donors disappear. Kaiser,
Frisch and Reiss have shown that the activation process is
fourth order, the initial rate of donor formation bheing given

by the equation

_ 4
(dA,/dt) o = koA

where A4 is the concentration of oxygen donors and A1 the

concentration of "atomically dispersed oxygen."16 They

suggest the value of k. at T = 450°C is about 1.2 x 10760

9 - .
cm”sec 1. I1f one anneals at 450°C for longer and longer times,
the concentration of donors produced reaches a maximum, Ad*,

which is given by the approximate equation16

3
Ag* A (kf/kn)(Al)




They give an approximate value at 450°C for kf/kp

-38cm6. Finally, on heating to higher temperatures,

5 x 10
they found that the donors disappear again with an approximately
first order activation energy of 2.8 eV, i.e.

. v
A (t) VA, e At

4
where

‘- Koe-z.s eV/kT

The constant, KO, is determined approximately16 from the

-6

fact that K = 10 “sec when 1000/T = 1.44, or

5

6 1,,2-8/(8.6 x 10°7) (694.4)

sec )

= 4 x 1014sec_1.

Ko = (10

It should then be possible to determine electrically the
concentration of oxygen by studying the anneal properties of
unirradiated material. It must be mentioned that the above
relationships are only approximate kinetics equations which
have been linearized over a restricted temperature range.
Also, these authors warn us that this technique is not likelyv
to work with FZ silicon since the concentration of other
oxvgen traps in FZ might be of the same order of magnitude
as the concentration of oxygen.]6 This last hypothesis has
apparently never been tested experimentally.

We therefore decided to run preliminary isochronal anncals

in FZ to see if an incrcase in donor concentration could he




found near 450°. Since we expect very little change in
donor concentration in FZ, high resistivity material was a
necessary requirement. Kaiser, Frisch and Reiss also

report that several trapping levels have been found associated

16 . . . .
We, therctfore, investigated

with oxveen donor activation.
the minority carrier lifetime as well, both with silicon

filtered light (fiw < Ey) and unfiltered xenon light. The

results of this experiment are shown in Fig. 40 and in more
detail (below 600°C) in Fig. 31. The material used in this
experiment was undoped p-type 5000 Q-cm FZ (MURR 179).

It can be seen in these figures that an increase in
donor concentration which reaches a maximum during 15 min.
isochronal anneals at 550°C is observed. Although this
maximum occurs at a higher temperature than the 450°C
maximum discussed in Ref. 16, this is to be expected since
the time to reach a maximum at 450°C is of the order of
100 hrs. This maximum in resistivity is accompanied by a
decreasc in minoritv carrier lifetime of almost 80% as expected.
The higher temperature peak at 20N°C in Fig. 11 is bhelieved
to be due to furnace contaminaticn and has been scen previously
in unirradiated p-type material.

A working hypothesis is that the maximum donor concentration
should be recached at a somewhat higher temperature than
450°C during 15 min isochronal anneals. This means the rate
constants given in Ref. 16 are not quite correct at our maxi

mum donor temnerature. For lack of better constants, howover,
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we will use them as a rough estimate of oxygen concentration

in FZ. Therefore, from Fig. 41,

Py = 2.5 x 1012cm-3

Ppax - 2.2 x 1012cm-3
® -
# oxygen donors = A4 = 3 X 1011cm 3.
Using the previous relations, then

*

)P =M - 5x 1000 =y 1048
(ke/k ) 5 x 1058
P
° c . 16 -3

A1 = initial oxygen concentration = 1.8 x 10" "cm ~.

This is not an unreasonable concentration of oxygen in FZ and
is just at the limit of detection by optical absorption at

9 um because of interference of a lattice band with an
absorption coefficient of the same size as the absorption
coefficient due to this oxygen concentration. To complete
our analysis, the decay of donors should be complete by

600°C = 893°K as we observe. That this is true is easily
seen from

- !
K = Koe 2.8 eV/kT

-5
4 x 1014sec-l)e-2.8/(8.6 x 10 7)(893)

5.86 x 10-Zsec-1.

Therefore,




‘A‘4(t) = A4
-2
= (1'8 X 1011)6'(5-86 x 10 )(15 X 60)
= (1.8 x 1071y (1.25 x 107%%)

= 0
as expected. If we investigate this decay of donors at 500°C,
we can see why the isochronal annealing is still increasing.
At 500°C = 773°K, e-Kt = 0.832 and therefore very little decay
is occurring, however, the donor concentration is growing
as the fourth order. It is impossible to improve on these
calculations without a knowledge of the temperature dependance
of the production factor, kf. Our only recourse is to do
isothermal anneals at 450° for hundreds of hours. It is
clear, however, from the above analysis that the increase in
resistivity between 400 and 550°C in Fig. J1 is not inconsistent
with oxygen donor production. We believe that this is the
first time that oxygen concentrations have been found in FZ
by this method. By using NTD techniques to compensate to
higher resistivities, greater sensitivity could be obtained
and the possibility of detecting oxygen in FZ to very low
concentrations could result. Thec annealing of the NTD would

have to exclude the 400-600°C temperature range, hbwever, so as

not to activate the oxygen prior to analysis.

I TI————— , i




E. Defect Detection by Optical Absorption and EPR

We will discuss, in this section, the eight defect
structures which we have been able to observe in NTD
silicon to date. Although this list of point defects
does not exhaust all known defects which are observed
after room temperaturc irradiation, it covers most of
them. With the exception of interstitial oxvgen, all

the defects are thought to contain vacancies. The

silicon interstitial centers have not as vet been observed.

We will count the number of vacancies contained in these
centers at the end of this secion and compare this to
the number of displacements we calculated in the theory
section.

Figure 42 shows the atomic configurations of three
of the four defects we have observed with optical
absorption, namely, the oxygen interstitial at 9 um,
the A center vacancy oxygen complex at 12 um and the
divacancy center at 1.8 ym and 3 ym. The other observed
defect is an absorption band at 710 cm_1 which results
upon annealing and is one of the higher order bands
(II0OR's) observed by others.

Our first attempt to observe radiation damage
with room tempecrature optical ehsorption was a guick
cxperiment on unctched €CZ 10 mil thick wafers., The

results are shown in Fig. 153, The divacancy band at 1.8
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is clearly seen after a thermal fluence in row-2 of

7 . . - . .
19n/cm2.1’ An unirradiated FZ transmission

8.89 x 10
spectrum is shown for comparison. An absorption near
3.3 um was also observed and originally thoupght to be
one of the 3 um divacancy bands, however subsequent ctching
removed this feature. Tt is, therefore, apparently
related to surface states, a rather surprising effect
to be found with optical absorption. This first
experiment allowed us to determine sample thickness
(2-3 mm) and fluences for subscquent experiments,
Figures 11 and 45 show the before and after
irradiation near band edge absorption of FZ and CI

5
18n/cm“.

irradiated to a thermal {flucnce of 1.56 x 10
These samples were mechanically polished and ectched,
Both the shifting to longer wavelengths of the band
edge and the 1.8 um divacancy band can be observed. The
3.3 um surface absorption is not present in thcse
properly prepared samples. No other defect bands were
seen in these lightly irradiated samples except the oxvgen
interstitial band at 9 um in the CZ samples as shown
in Fig. 1o,

The solid line in Fig. 1o shows the oxvgen
interstitial band after the 1,56 x IO]Rn/Cm: irradiation

while the dotted band shows a similar samrnle after

annealing to 475°C for 15 min., A <hift te c<horter

wavelengths of the absorption peak is wcen. The
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absorption, in general, occurs at a wavelength shorter
than 9 pym because the data were obtained at 77"!(.]8
The double peak structure of Ref. 18 could not be
observed in these irradiated samples.

Figure 47 shows the behavior of the 9 um
interstitial oxygen band at 77°K as a function of
annealing to 475°C and then 500°C. After the first

anneal, the formation of the 710 em 1

HOR is obsecrved,
however, no other of these bands could be found. The
oxygen band shifts to its shortest wavelength after
annealing to 475°C and also recovers somewhat in
intensity. A subsequent anneal to 500°C causes this
band to loss intensity and shift to longer wavelengths
again. This is shown in detail in Fig. I8,

We believe the sequence of events, here, is as
follows. After irradiation but before annealing,
oxygen interstitials are lost by attracting mobile defects
and the intensity of the 9 um band decrcases. After
annealing to 475°C for 20 min. these oxygen defect
complexes dissociate to form other defect complexes,
the HOB's, and to return oxygen interstitials to the
9 um absorption. On heating to 500°C, however, the
oxygen interstitials, as we have previously scen
coagulate into oxygen donor complexes, hence, the Joss

16,18 1o c1ipht

of 9 um absorption again as cxpected.
shifts in frequency are unreported to our knowledge and

of unknown origin.

14¢
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This hypothesis is justified from the isochronal
annealing in Fig. 41 which shows that maximum oxvgen
donor formation occurs during isochronal annealing at
500°C or above. We must now ask, what are the defects which
remove oxygen interstitials from the 9 um band during
irradiation but before annealing? The obvious answer

is that oxygen interstitials are lost during irradiation
19,20

to A-center vacancy-oxygen complexes. We therefore
investigated the room temperature optical absorption

near 12 um as is shown in Fig. 49, Although no clear
absorption band is seen at this neutron dose, an increase
in transmission is seen at shorter wavelengths and a
slight decrease is found at longer wavelengths near

12 um. On annealing to 475°C, these irradiation

induced changes reverse indicating the loss of these
vacancy oxygen centers and the return of additional oxygen
interstitials to the 9 um absorption.

RBecause of the above analysis, we felt that the
features shown in Fig. 19 near 12 um were indeed related
to the formation and annealing of A-centers. To prove
this, a second CZ sample from the same ingot was
irradiated to a higher thermal dose of 1.34 x IOlgn/cm2

in row-2. The raw data for the optical absorption near

12 um is shown in Fig. 50 for this sample. The room
temperature data is shown in the upper spectral

trace while this same absorption is shown at 77°K in

120
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the lower trace. The A-center band is now clearly

seen for the low temperature data. Furthermore, a
plot of the absolute transmission, I/Io, also shows
the 12 um absorption for the room temperature trace
as shown in the inset. The strange shape of the
room temperature absorptions is caused by an underlying
lattice absorption band which decreases in intensity
as the sample temperature is lowered.

Do these A-centers steal oxygen interstitials
from the 9 um band? They do as shown in Fig. 51
where the decrease in this band is clearly seen. The
lower curve is before irradiation while the upper curve
is after irradiation. Using this figure, we can estimate
the concentration of A-centers formed. The change in
absorption coefficient for the 9 um band is 0.22 cm-l.
This corresponds to a decreasc in oxyger interstitials
of about 1 x 1017cm~3 using the data of Kaiser and Keck18
to determine the concentration of oxygen. The oxyvgen
concentration before irradiation is also determined to

be 6 x 1017cm-3.

We can also estimate the concentration
of A-centers by assuming that the oscillator strength
for A-centers and 9 um oxygen interstitials is the

19,20 Doing this then, and using the data in the

same.
insert of Fig. 49, the difference in absorption cocfficicnt

. - . -1 .
between maximum and minimum is about 1 cm which also

yields about 1 x 1017cm-3 A-centers. We therefore sce
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that 1 out of 6, or about 17% of the oxygen interstitials
available are saturated with vacancies. Do these

oxygen interstitials getter vacancies and deplete the
concentration of other vacancy centers? To answer this
question we must investigate the defects seen by EPR.

All of the optical absorption data were obtained on
samples cut from two similar resistivity ingots. The
Monsanto FZ ingot (MURR 167), and the Monsanto CI ingot
(MURR 166). Both ingots are approximately 250 Q-cm
n-type before irradiation. We felt it important to
match Fermi level positions in the EPR samples since the
occupancy of the defect levels will affect to some extent
that which 1s observed.

Preliminary irradiations were performed, howcver,
on FZ samples from the Wacker ingot which we have
described previously.l This is a very high resistivity
p-type sample (p > 10,000 Q-cm) and is substantially
different from the optical absorption samples. After
irradiation to a thermal necutron fluence sufficient to

5
18n/cm“), the

produce 2§ Q-cm NTD material (¢ = 1 x 10
vacancy-phosphorus F,-v:en’cmf:1 was found on cooling the
Wacker sample below room temperaturc. The EPR
spectrum for the I center is shown on Fig., 5. Also
shown on this figure is an atomic model of this defect.,

The EPR resonance is characrerized by the twn strong

hyperfine doublets indicated by dashes on this fipure

et en
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with the 100% abundant 31?, by the mean g value of

2.007 and by the dramatic temperature dependance which

is related to motion of the unpaired spin electron

around the three possible silicon bonds next to the
P-vacancy pair. At a suitable low temperature
(approximately 180°K) this resonance is motionally narrowed
and the E-center resonance becomes much larger than any
other resonances making the E-center observable.

Although an exact determination of this defect con-
centration has not been made, it is clear that an

appreciable fraction of all NTD phosphorus (1.8 x 1014cm_3

)
is bound in E-centers after irradiation but before
annealing. This is likely to be due to the ? recoil
vacancies which get immediately trapped in this center.

The room temperature EPR spectrum of this sample
is dominated by P-3 centers which are linear chains

22 This seems to be the dominate

of four vacancies.
room temperature defect and will be discussed later.
After annealing this sample to 450°C, the EPR spectrum

is dominated by the P-1 five vacancy cluster shown in
Fig. 53 for the magnetic ficld along the <170>. This

P-1 center, is identified by the g value at 2.009 and the

. . . . 20.. 23
six hyperfine lines with Si.

This defect is also
the dominant defect in neutron damaged, phosphorus
doped float zone, however, it is generally thought to

anneal away at 100°C lower temperatures then we ohserve

here. This P-1 center appears to grow in NTD silicon h
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on annealing while the P-3 center decreases at around
200°C, the temperature at which divacancies anneal.24
It is likely, therefore, that the 4-vacancy P-3 centers
capture vacancies from dissociated divacancies and col-
lapse into the 5 vacancy P-1 center. After annecaling to
850°C, the only EPR signal to be scen at room temperature
(Lig. 51) is a characteristic surface signal at g = 22,0055
that has appeared because the sample was purposely crushed

to randomize orientation. On cocoling to 100°K the free

1.999 becomes visible because

t

carrier EPR signal at g
reduced scattering at low temperature has sharpened the
resonance as expected. Since the line shape of this
signal is known from theory, it is straight forward to
convert this intensity to relative concentration. It is

hoped ecventually to obtain (urther information about

Sy production from this resonance.

We now return to an investigation of the FI and CZ
samples (MURR-167 and 168) which had been irradiated to
a thermal neutron fluence of 1.34 x 1019n/cm2. The CZ
sample of this pair is the sample in which the con-
centration of A-centers was determined and the decrease
in oxvgen interstitials observed., Since a large con-
centration of vacancy-oxygen centers was obscrved
(~ 1 x lﬂlvcm_s) which accounted for 17% of the total

concentration of oxygen interstitials ortginally in the

CZ sample, once might assume that the vacancics for these

e
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A-centers grew at the expense of other vacancy containing
defects. Watkins has reported on the difficulty of
observing E-centers in CZ material because of the
scavanging of vacancies by oxygen.21 This hypothesis

was in fact checked by irradiating FZ and CZ simultaneously
and observing divacancy and P-3 centers. The resultant

P-3 center resonances for the samples irradiated to a

thermal fluence 1.39 x 1019 Z

n/cm” is shown in Fig. 55.
The P-3 four vacancy linear chain dominates the
EPR spectra of both the CZ and FZ samples at room
temperature after irradiation. This P-3 center23 is
characterized by a pronounced angular dependence and
a complicated structure. The fine structure splittings
(S = 1) for a [110] field orientation are very clear
and show the basic 12 line pattern; 8 along [110] and
an outer three (2 down field and one up field). Basically,
there are six inequivalent orientations for this defect,
however, with Il along [110] there are only four observed
since two become degenerate and we have the intensity
pattern (1,2,2,1) shown at the top of the figure. Since
each has S = 1, there are two transitions for each
orientation accounting for the 12 line pattern.
An investigation of Fig. 55 indicates that the
intensity of the P-3 resonances for the CI and FZ

samples are similar. On correcting these intcnsities for

differences in sample mass, it is found that the P-3
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intensities are identical to within 2 1%! The concen-
tration of P-3 centers has been estimated from EPR

signal strength to be about 3 to 4 x 1017cm-3

, 1.e.,

a concentration similar to the concentration of A-centers
in the CZ sample. Since the EPR and optical absorption
have been done on the same samples. then it is clear
that P-3 centers have not lost vacancies to A-centers
as expected. This is surprising and must, of course,
be checked at lower fluences; however, this experiment
suggests that the P-3 centers are intrinsic to the
fundamental cascade process and do not coagulate from

a general vacancy gas created during irradiation. This
is obviously an important conclusion and could lead to
an understanding of the differences in reactor neutron
spectra as they affect the NTD lifetime problem.

What about other vacancy centers? In this heavily
irradiated pair of samples no L-centers arc found in
either the CZ or FZ. Since the concentration of phosphorus
in these samples produced by NTD must be about
2 x 1015cm-3 and the R recoil vacancy concentration a
similar number, FE-centers can not contribute enoug
vacancies to account for the observed A-center con-
centration.

Perhaps the divacancy concentration contributes to
A-center formation in CZ material. We run into a

fundamental experimental difficulty here, as shown in

Fig. 56, For these heavy irradiations, the band cdgc
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shift is so large compared to a sample irradiated to

1.51 x 1018, /cnm?

n/cm”® that no estimate of divacancy con-
centration can be made from room temperature optical
absorption on these thick samples. On cooling to 77°K,
however, the three divacancy bands near 3 um are seen
for the first time in our samples. It is perhaps
possible to compare the 3 um bands in the CZ and FZ
samples, however, the 3 um bands are known to be very

24 It is therefore not clear

Fermi level dependent.
that thc procedure is useful.
We are now in a position to compare the displace-
ment theory of the first section with our count of
vacancies observed experimentally. We have made a
rough estimate of divacancy concentration in these
samples from data obtained by the ORNL group.2 These
data are shown in Fig. 57 by the open circles while
the cross represents our estimate of 4 x 10]7cm-3 for
the approximate divacancy concentration.
From the irradiation time and using the displacement
rate in Table 3 of 2 x 1014 disp/cms/sec, the total
number of displacements is calculated to be ~ 4 x 1019cm-3.

The number of vacancies in each of the observed defects

is listed below.

4 x 1017cm-3 = 8 x 1017 vacancies/cm3

[P-3] 4 vacancy = 3 to 4 x 107em™3 = 1.4 x 1018 vacancies/cm3

16

[V-Vv] divacancies

[1r-1) 5 vacancy < 3 x 10 cm-3 = 1.4 x 1017 vacancies/cm3
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[E] vacancy-phosphorus < 2,25 x 10 %m™ 3 - 2.25 x 1000
vacancies/cm”
[A] vacancv-oxygen = 1 x 20 7em 3 = 1 x 107 vacancies/cm3

Total vacancy concentration observed = 2.44 x 1018

) . . D
vacanc XC‘S/C]H

o] -
Total calculated displacements =4 x lOl'cm 3
. 2.44 x 10'8 = 0.061
Total vacancies/total displacements = — 7y :
4 x 10

or 6.1%.

We conclude that about 6% of the total displacements
have been observed in these experiments by optical
absorption and EPR. We do not know the number of
displacements which have been lost by annealing at
room temperature, however, 6% remaining is not
unreasonable. It would be of interest to repeat these
same experiments at lower f{luences and at higher flucnces
to see if effects of overlapping cascades could lead to
a saturation of the defect production rate. We belicve
that our approach is sound and that a pursuit of this
subject can yield fundamental knowlecdge about the
displacement cascades and recoil events which is not
well understood at this time.

F. Raman Scattering in Necutron Irradiated Si

In the previous subsection, a defect bookkeeping

showed that only about 6% of the total displacements




are observed as vacancy related point defects. Where

are the rest of the displacements? Raman scattering
has suggested that most of the remaining displacements
are located in highly disordered material which appears
in many ways to be amorphous.

It is well known that irradiating silicon with
neutrons produces damage in the crystal. Theoretical
modelsZS predict that recoil atoms from gamma ray or
particle emissions either due to the capturc of ther-
mal neutrons or due to the elastically and inclastically
scattered fast neutrons produce clusters of atomic
displacements in a crystal. At a sufficiently high
neutron dosc the clusters appear to be amorphous-like
in nature, as ovidenced by the appearance of new de-

26

fect induced vibrational modes. The extent of amor-

phization depends, however, on the damage density.

A damage density of 6 x 10230V/cm5 at 80°K is shown
27

to produce an amorphous layer by ion implantation.”™’

We have performed experiments with samples irrvadiated

at 300°K at the University of Missouri Rescarch Reactor

Facility (MURR), to thermal necutron f{lucnces of 3.5 to

7 ox lolgn/cmz. For silicon the encrgy available for

atomic displacements is principally due to fast

[
D

neutrons, in light water rcactors, The fluence of

fast ncutrons (cnergy > 188 ¢Vl in our cxperiments s

)

O . a9 2 .
therefore 0.7 te 1.3 x 10l n/em. I'rom the reactor




spectrum at MURR we have estimated the mean Si recoil

energy to be ~ 22 keV. For the highest fluence the

concentration of displacements is calculated to be

3.6 x 10°%m3

of 2 x 1018cm_3. Consequently, 0.7% of the crystal

25

, corresponding to a cascade density
volume is damaged. Stein has estimated that the
damage density for a 22 keV recoil is ~ 1021 eV/cmS.
The ratio of this damage density to that required to
produce totally amorphous mater13127 is 0.6%, which
is in good agreement with the damaged fraction of the
crystal volume we obtain for our reactor spectrum.

We irradiated a number of Si samples to a fluence

Q 2l
of 7 x 101)nth/cm”. Before and after irradiation,

the resistivity of cach sample was measured (Table 11).

We have begun, to our knowledge, the first
studies of defect induced vibrational modes in neutron
irradiated Si using Raman Scattering. We observe
features in the Raman spectra due to first order
processces that arise from the destruction of transla-
tional invariance in the lattice with peaks that
correspond to maxima in the vibrational density of
states (VDOS) averaged over the Brillouin Zone (BZ),.
These new peaks are very similar to those scen in the
Raman spectra of amorphous Si28, and we believe that

they arise from amorphous-like zones that are formed

in the crystal due to irradiation. Some of the first




Table 11. Resistivity of Raman samples b?fore and
after irradiation (¢ = 7 x 10]3nth/cmé).

Resistivity (n-cm) and type
Sample Before After
Number irradiation irradiation
HD # 1 2 x 1072 () 3.5 x 10°
HD # 3 4 x 107° (p) 6.8 x 10°
HD # 4 5 x 10°°  (p) 1.1 x 10
HD # 6 4 x 1070 () 1 x 10°
HD 4 7 2 x 1073 () 2.0 |
HD # 8 9 x 1072 (n) 2.9 x 10°
HD # 9 1x 1070 (p) 8.6 x 10°
Cz # 2.1c 3.4 x 10% (n) 1.6 x 10°
FZ # 2.1 2.5 x 102 (n) 1.9 x 10°

order processes that we observe have been observed
before in infrared absorption spectra. However,
Raman spectroscopy offers the advantage of observing
both crystalline and amorphous-like fcatures in the
same spectrum, while only the amorphous-like featurcs
are obscrvable in the IR due to the selection rules,
The Raman scattering spectra were obtained at

300°K using the 6471 R radiation from a Kr' laser,

a double monochromator with holographic gratings, and
a cooled photomultiplier with photon counting clectronics,

Figurc 58 shows the Raman spectrum of Czochralski Si
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(340 ©-cm before irradiation, sample # CZ 2.1c¢)

before and after irradiation to a fluence of

7 X 1019n/cm2. Before irradiation, the Raman specc-
trum of Si is dominated by the only allowed first
order process, the zone center optic phonon at a
frequency of 520 cm_l. Other weaker modes are over-
tone processes such as the second order transverse
acoustic mode, 2TA(X) at 300 cm-l. Upon irradiation,
two new peaks appear, at ~ 95 and 1900 cm_l, sunerim-
posed on an enhanced background scattering below the
frequency of the optic phonon. The new features
appear in a I, scattering geometry and are first
order in nature, They arec nbservable both in the
float zone (250 a-cm, sample # I'Z 2.1) and boron
doped (06 x 1018 -1 x 1020holcs/cm3, samples 4 HD 1,
3, 4 and 9) silicon, The intensity of the peuaks
scales with the ncutron dose, as we {ind {rom a com-
parison of Raman specctra taken for sample # CI 2.1c¢
and sample CZ # B 1) which was dirradinted to a (luence
of 3.6 x lﬂlgnth/cmz. In the inscrt of Fig. 58 we
show schematically the origin of these new peaks.

In fully c¢rystalline Si, which has two atoms per

unit cell, the BZ would have acoustic (LA and TA) and

optic (LO and TO) branches as in panel (a), Fig. 58.

. . -1 ..
(he optic made (520 ¢m Iin Si) at the zone center

. i
wottld he the onlv allowed first order process (K = 0




which is Raman active. If, for instance, a defect

was introduced on the average in every alternate ccll
so that the new unit cell is double the original, the
new BZ is halved, and is equivalent to folding the
BZ of (a) back into the zone center once (panel (b),
Fig. 58). New Raman active modes now appear at the
zone center. By extending this argument, in fully
amorphous Si, where translational invariance is com-
pletely lost, the entire BZ is folded into the zone
center. The narrow zone center optic phonon mode at
520 (:m_1 disappears, and the spectrum obtained con-
sists of broad peaks representative of the vibra-
tional density of states avecraged over the entire BI,
This, schematically, is what 1s observed in amorphous
Si. In our samples we see both crystalline and amor-
phous-1ike features, which we believe is duec to the
fact that we have amorphous-like zones in a mostly
crystalline matrix,

The comparison between the spectra obtained in
our samples and in amorphous Si is shown in Fig., 59,
We plot the reduced Raman spectrum of amorphous and
ncutron irradiated Si (crystalline spectrum subtracted).
As defined by Shuker and Gamonzg, the reduced Raman

intensity I,(w)

[(0) = w tme =Sl Ty ()
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REDUCED RAMAN INTENSITY
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deconvolutes from the measured Raman intensity IM(w),
the contributions arising from the harmonic oscilla-
tor part, Bose Einstein distributions and dependence
on exciting frequency wy . The resulting spectrum
IR(w) contains only effects due to matrix elements,
which are slowly varying, and more importantly, the
vibrational density of states (VDOS). The crystalline
VDOS obtained from a shell model fit to neutron scat-
tering data is also shown in Fig. 59 (dashed lines),
We notce that the broad peaks in neutron irradiated
Si do indeed correspond in frequency to peaks in the
VDOS. We therefore attribute the low frequency peak
(the 95 em ! peak in Iy (v) is the 125 em” ! peak Ip(w)
due to the form of the deconvoluting function) as
arising from averaged transversce acoustic (TA) modes,
the central background from longitudinal acoustic
(LA) modes and the high frequency (490 cm'l) peak
from optic modes LO and TO). This assignment is
similar to that made in amorphous Si.28
An interesting feature of the amorphous zonc for-
mation by neutron irradiated Si is that the ~ones
are distributed uniformly through the bulk of the
sample. Neutrons have a penctration depth of many
centimeters in Si, and the damage and amorphous zones

produced arc truly within the bulk and not confined

to surface lavers of the order of a micron in thiok-




ness as in the case of ion implanted Si. At a suffi-
ciently high neutron dose, therefore, it should be
possible to irradiate Si into an amorphous state and
make bulk amorphous Si.

Much of the damage produced by irradiation can
be annealed. We have studied the Raman spectrum as
a functior of isochronal anncaling for onc sample.
Our results are shown in Tis. 60, for sample
# CZ 2.1c. The anneals were performed in a furnace
for 15 minutes at cach temperature in an atmosphere
of flowing nitrogen gas. The structures induccd by
irradiation decrease in intensity (Fig. 61) with in-
creasing anneal temperaturc and anneal out completely
at 600°C, when the Raman spectrum is identical to
that of non-irradiated Si., While most of the anncaling
activity takes place around 250°C, the peaks linger
on and disappear into the noise only around 550 to
600°C. This kind of annealing behavior is typical
of amorphous Si made by other techniaues.

In addition to a decrcase in intensity, the low
frequency peak shifts to higher energies as we anncal
the sample (Fig. 62). The peak, which is at 125 cm !
in the reduced Raman spectrum prior to anneal (i.c.,
30°C anncal) shifts up to 150 cm-] hefore it disappears,
We attribute this to the fact that as we approach

crystallinity, contributions at the zone center arise
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mainly from the edges of the BZ, corresponding to a

few folds in the BZ, which would tend to shift the

peak to higher frequencies. 1In other words, the

peak is similar to the overtonc 2TA structurecs in

crystalline Si (c-Si) but is at half the f{requency,

being a folded back single phonon mode, The main

contribution to the 2TA structures in cryvstalline

Si arises from the 2TA(X) mode at 300 em Y, The

single phonon mode due to a folded TA(X)} branch would

yield a frequency of 150 cm—], a number in good agrce-

ment with the 150 em™ ! peak we observe after a large

degrece of annealing has taken place, The high fre-

quency (490 cmnl) pcak does not shift with anncal tempera-

ture, as far as we can tell within our present signal-to-

noise levels. Since the optic branch has considerably

less dispersion than the acoustic branches, the smaller

number of BZ folds upon anncaling arec expected to pro-

duce only slight shifts in the peak frequency. Detecting

these small changes will require a more detailed study,
The Raman specctrum of intrinsic silicon is charac-

terized by an intense zone center optic phonon, at a

frequency of 520 cm'l, and other wcaker two phonon

overtone bands. Donor (or acceptor) levels close to

the conduction (valence) bands are produced by doping

with impuritics, Discrete electronic Raman transi-

30-32

. A} . . N
tions between cven parity states of the impurity

1Ta




levels can be observed at impurity concentrations of
101° to 1018 cm 3. At heavier doping levels (> 101?
cmws), the discrete impurity states broaden into an
impurity band, the material is rendered degenerate,
and the Fermi level moves into the conduction (or
valance)} bands producing a free carrier solid state
plasma. In polar semicondr tors such as GaAs, GaP,
etc., the dominant effect of the free carrier plasma
is the mixing of the plasmon with the longitudinal
optic phonon.33 In a heavily doned, non-polar semi-

conductor such as silicon, the large number of free

carriers participate in low frequency inter- and intra-

band transitions that arc Raman active, and can be ob-

served by visible lascr Raman spectroscopy.

Interband transitions34—37 that occur between

neighboring bands (1“l > Ty, conduction bands or the
two uppermost Pg valence bands) {form an electronic
continuum that overlaps the frequency of the zone
center optic phonon for carrier concentrations of
10]9 cm™3 and higher. These transitions also have
the same symmetry as that of the optic phonon, con-
sequently a discrete-continuum interaction takes
place, producing a typically asymmetric, broadencd

and shifted Fano type lincshape for the optic phonon

described by the expression

2 ’
[{w) ~ (g + )7/ + ¢~
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The frequency shift Aw s from the freaucency w, in in-
trinsic Si, and broadening represent the real and
imaginary parts, respectively, of the self energy

of the phonon due to a deformation potential inter-
action with the electronic continuum.36 The asymmetry
parameter q reflects the signs and relative strengths
of the optic phonon Tp, electronic continuum Te and
the electron phonon interaction Vp through the res-
pective matrix clements. We have measured and calcu-

36-37

lated the three Fano parameters for n-Si and

find excellent agreement between theory and experi-

ment. The more complex valence bands involved in

p-Si make calculations somewhat difficult.38

32,39-40

Intraband Transitions manifest them-

selves in the form of a low [requency tail in the
Raman spectrum, extending (rom ncar zero to about

300 cm ! in both n- and p-Si. The tail is attri-
buted to intervalley f{luctuations arising from the
six ellipsoidal conduction band vn]]cysdl'd: in n-Si,
In p-Si we have found that the complex anisotropic

40,42

valence bands can be well approximated by cight

1861




ellipsoid <110> "valleys." Such a model accounts for
the experimentally observed selection rules and other
stress and frequency dependent behavior.

In addition to free carrier effects, localized

vibrational modes associated with 1ight dopant atoms

appear at frequencies higher than that of the host

optic phonon.43 These local modes also interact with

the interband continuum and conscquently take on an
asymmetric lineshape similar to that of the optic
phonon.“'_47

These three major features that appecar in the
Raman spectra of heavily doped Si are all affeccted by
irradiation. The most dramatic change appears in the
optic phonon. The removal of free carriers by radia-
tion induced damage removes the interband clectronic
continuum responsible for the Fano type lineshape,
and the optic phonon becomes narrow and symmetric as
in intrinsic Si. The intraband tail is absent (Fig.
63, sample HD # 9},

Furthermore, the local modes of horon disappecar

48-49

in irradiated Si(B) suggesting that horon is

removed from its usual substitutional site and is

probably also surrounded by defects that prevent it
from vibrating at its normal local mode frequency.
An investigation of this horon local mode intensity

decrease and the increcase in the amorpheus Raman

R
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peaks, can possibly vield, for the first time, a
direct measure of the size of the neutron produced
displacement cascades. This information is of con-
siderable interest from the point of view of funda-
mental radiation damage theorv because direct experi-
mental evidence of cascade size and overlap is, to
date, very meager,

The free carriers removed by irradiation can be
recovered, however, in a controlled fashion by con-
ventional or laser anncaling. The concentration of
free carriers after each anneal is determined by clec-
trical mecasurcments. The inter- and intraband transi-
tions, and the interactions with the phonons and local
modes as a function of carrier concentration arve
presently being studied,

The resistivity of the irradiated sample CI 2. lc
was also studied as a function of anneal, The measurc-
ments were donc using the four point probe technique.

A plot of resistivity as a function of anncal
temperature is shown in Fig. 64, Upon irradiation,
the resistivity of the sample increcased from 310 -c¢cm
to 100 Q-cm due to the well known trapping of free
carriers by the defects induced by irradiation, The
resistivity stayed in the 10° a-cm region for anneal
temperatures < 000°C, then dropped to 1.5 ¢-cm after

the 700°C anncal, where most of the defects arce believed
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to have annecaled out, This tempnerature agreces well
with the disappearance of the amorphous-like peaks

in the Raman spectrum. Based on the fluence and the
production rate of phosphorus due to transmutation of
30Si, this is close to the expected (inal resistivity
of ~ 0.7 2-cm.  Since we used a highly polished and
etched surface (that was made for the Raman Scattering
experiments) for the resistivity measurements, we do
not know for sure if the small peaks in the resistivity
(e.g., the peak at 400°C anneal) arc related to the
annealing of specific defects,

~

G. DLTS in Neutron lrradiated Si

In this {inal subsection we will attempt to answer
the primary question, “fHlow do the defects observed in
the previous experiments Lohave olectrically?'"  The
DLTS and TCS techniques are ideal exneriments to deter-
mine defect energyv levels in the band gap and investi-
gate their annealing. Becausc of the high sensitivity
ol this technique, however, it should be noted that
the very low concentrations of defects in this experi-
ment discourage defect interactions which are expected
at the much higher fluences used in the previous PR
and optical cxperiments.

In order to understand the implications of carrier
capturc and thermal cmission {rom decep defect levels

in the depletion region of a reverse biased diode, it

1836




is [irst necessary to explain these kinetics in a

normal semiconductor. The advantages of using a
diode depletion laver will then become obvious.

We will begin by describing the carrier kinetics
of trap emptving which lead to the conventional equa-
tions for junction capacitance, depletion width and
junction current as a function of time, We will then
derive signal processing equations for single and
double gate boxcars and lock-in amplifiers. Tinally
we will present our results for a lock-in amplifier
detection system on Si diodes which have been neutron
irradiated.

Figure 65 represents schematically the f{our
possible processes for filling and emptyving traps
thermally. We will neelect optical and Auger processes,
The analysis presented is taken from Ref. S0 which
appears to be the definitive paper on the subject.
Other usetful papers are Refs. 51, 52, 55 and 51,

The rate equations for the four processes a, b,

¢, d in Vig. 65 are:

~dn/dt = a - b = ¢, npy - epng (71

-dp/dt = ¢ - g = Cp pnyp - ephy (72
dn/dt = (a - b)) - (¢ - d) = (cynpy - e ny)
(cppnT eppT)

= logn o“);w (cpp + on)nj. {73




N = concentration

n1== concentration
P= concentration
pT = concentration

NT = concentration

Figure 65, Scheratic
emission

of electrons in conduction band
of electrons on trap at Eg
of holes in valence band

of holes on traps

of traps

of carricr capturc and thermal

processes at deep tevels in a defect

semiconductor.
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The parameters c c. are the electron and hole cap-

n’> °p 1

ture coefficients while € ep are the thermal emission

rates. The equation for de/dt can be obtained from

Eq. (73) and the constraint, Eq. (74). Eliminating PT {
in Eq. (73) by using Eq. (74) and realizing that in

the depletion width of a diode, n = p = 0, we obtain

the important equation:

np/dt = -(eq + epIng + e Ny . (75)

This equ 1ion and Eq. (74) for Py = NT - npoare the
basis of DLTS as well as TCS theory.

These kinetics equations can be solved once ini-
tial conditions are defined. We have the following
set of initial conditions for various experimental
situations assuming the bias pulse either completely
empties or fills the trap of interest.

I. N-type Depletion Region

A. Majority carrier trap: t = 0, ny(0) = Np

B. Minority carrier trap: t = 0, py(0) = 0
II. P-type Depletion Region

A. Majority carrier trap: t = 0, pp(0) = Np

B. Minority carrier trap: t = 0, np(0) = 0

These initial conditions can be considered as

working definitions of majority and minority traps in

n- and p-type material. If the initial conditions arc
not entirely satisfied, then the traps are said to be

unsaturated with carriers.
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The solutions to these differential equations are

now straightforward. For case I.-A, we find that

nT(t) = NT [-—-——eE— + J* e- (en + ep)t] (—('i

+ +
en €p €5 €p

and using Eq. (74),

Nt e - .
pp(t) = Np - np = ——8 (1 - e (n * ety (77

Exactly the same equations exist for the other
three cases with a suitable substitution of the appro-
priate carrier concentration and emission rate sub-

scripts. These results are summarized below:

I. N-TYPE - MAJORITY TRAP
Use Eaqs. (76) and (77)
I1. N-TYPE - MINORITY TRAP
Use Eqs. (76) and (77) with the substitutions
np(t) — pq(t)
pr(t) — ny(t)

— e

€n

P

ep - €5
e Ny R

ice., np(t) = L lp (1 - e (en * eplty
n

I11. P-TYPE - MAJORITY TRAP
Same Equations as 11.
Iv. P-TYPE - MINORITY TRAP
Same Equations as 1.
Equations (76) and (77), therefore represent all

possible situations with appropriate interpretation.
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To determine the temperaturc dependence of the
thermal emission rate, we define the probability that

a trap is occupied, P(ET), using Fermi statistics as
P(Ep) = np/Np = [ L + g ! e (ET - ER)/KT -1 (7

In equilibrium, the total emission rate must cqual

the total capture rate, therefore

emission rate = enP(Et)

capture rate = c,[Ll - P(ET)]
or

e, P = cn(l - P).

Substituting Eq. (78) into this last equation we

obtain

en = ¢y g-1 o(Er - ER)/KT

But defining the capture coefficient in terms of
the capture cross section, ¢y = n <y oy =

N e‘(EC - Ep)/kT vy ns therefore (assuming g=1),

C

en = Ne op (vpy e (Fc = ET)/KT (70)

and by similar arguments

-(E+ - E kT
€p © Ny °p <Vp> € ( T V)/ (80)
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The thermal carrier velocities are given by (vn> 2

= SkT/me*, etc.

We shall now consider, for simplicity, only
majority carriers in n-type material. The equations
can easily be generalized to minority carriers and
to p-type material.

The actual diode bias scheme used in a p+n DLTS
experiment is shown for a diode at the top of Fig. 66.
The diode depletion width is modulated by a rapid
change in the diode bias as shown at the bottom of
this figure while the actual junction capacitance is
shown schematically at the center of Fig. 66.

The diode is originally in a reverse biased con-
dition C) so that a depletion region is formed and
the traps have had time to empty. At C) , the reverse
bias voltage is collapsed which reduces the depletion
region. Because electrons rapidly rush into the con-
duction band of the depleted region, the traps will
now tend to [ill very rapidly because the concentra-
tion, n, of electrons is large in Eq. (71). The
junction capacitance rises very rapidly at C) as a
result of the collapse of the depletion region since
C(t) = eA/W(t). We begin our capacitance transient
at C) . We have designated this time t = 0., Becausec
extra charge is left in the depletion rcgion which

neutralizes the charge of the ionized donors, the
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junction capacitance is lower at t = 0 by an amount

AC than the capacitance, C before the bias pulse.

o’
We shall show that the amplitude of this capacitance
transient, AC, is proportional to the trap concentra-
tion, NT' During the rest of the period, P, in recygion
Q), the trap carrier concentration decays toward CO
with a time constant, t, which we will now show to be
the reciprocal of the carrier thermal cmission rate.
The time dependence of the junction capacitance
is given by the usual equation for a junction of
area A,
C(t) = W%%T , (81)
where the depletion width, W(t), is given for a one-

sided abrupt junction as

Ze(Vgg * V)
W(t) = v/ ; Ni(t) (82)

and where NI(t) is given for majority carrier traps

in n-type by ND - nT(t). Thus,

C(t)

[}

A l/q € (ND - n’[‘(t))
2(vg; * V)

This last cquation can be written as

. N 1 nrt 1
C(t) = A (7%V§}'9'v ): (1 - NB)1
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where C, =Alqe Np/2(vg; + V)]% is the junction capa-

citance an infinite time following the bias transient.

This can also be written

ég = CO - C(t) = n'l‘ (R‘;)
Co Co 2ND

Using Eq. (70), and assuming that ep>cep for majority

1
traps in n-type, which follows for a level in the

upper half of the band gap from Ygs. (79) and (80),

np(t) = NTe—t/T where 1/1 =~ e,

or

. Nep R
‘(}L = —2—%‘ e t/T . (Rl \
0 D

I'his is the hasic equation {or the DLTS <ignal. Since

AC/C, TR for the Boonton bridge, a Jdoping level

. 16 -3 . . . .

Npy = 10 em will yield o trap concentration N =
lUl”cm_j. Lowering ND will increase this sensitivity.
Notice that this cquation at t = 0 determines the

trap concentration
n\" = :«_A_._' Nl‘

Instead of measuring junction capacitance, 1t 1s
possible to measure junction current. lThis transient
current spectroscopy (TCSY is useiul for traps with

high emission rates or for concentration prefiling

near the junction.




The total junction current due to trap emission

is made up of three parts, an electron trap emission

current, a hole trap emission current and a Maxwell

Displacement current given by50

- h’
in(t) = A [ q (an/atyax
0

. W
ip(t) = A /0 q (dp/dt)dx

W
ig(t) = A / a (dnp/dt) X)dx.
0

The total junction current is, therefore, the sum of
these three terms. Using Egs. (71) - (74) it can be
shown that

i(t) = ip + ip + i4 = é%ﬂ (epnt *+ epPy). (85)

This 1is the basic equation of TCS theory and is
probably sound, however, some minor approximations
have been included by assuming a one-sided abrupt
junction, neglecting the Debye length, etc,

Again, assuming majority traps in n-type material

and using Eqs. (76) and (77), we find that

2e e (e - e4) - ‘
. - qWA n*p €nién P t/t !
O TN G e )
(o

where 1/1 = enh * cp.

For en>>ep, Eq. (86) obviously reduces to
qQWAN.
T (2ep

vepe /Y, 170 = e, (87)

i(t) = n

19¢




This equation contains a steady, time independent

minority leakage current proportional to e_ and a time

dependent majority transient e —t/T.

55-56

e In the analysis

n

of most TCS experiments, it 1s assumed that the
first term can be neglected relative to the second.
This is clearly not true for an infinite time after

the transient since the second term vanishes. Never-

0G5~
theless, Lq. (87) is usually written’® °P
. qWAN _
SO LA (88)

Note that this TCS signal equation is similar to the
DLTS signal Eq. (84) except for the 1/t term. Since
1/t is the thermal emission rate, the TCS signal inten-
sity is preportional to this rate. This justifies our
previous statement that TCS can be used to advantage
for those traps with high emission rates.

We shall now do a signal analysis of DLTS and
TCS signals (Egs. (84) and (88)) using both boxcar and
lock-in amplifier dctection. A signal processing dia-
gram is shown in Fig. 07 for a DLTS lock-in amplifier
experiment. The signal waveforms arc shown on this
diagram. If a boxcar amplificr is used, this diagram
is essentially the same, however, the form of the
reference signal, ep(t), is different,

The timing diagram used in the following analvsis

and cxperiments is shown in Fig. 68. The reference
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signal for a double boxcar amplifier is shown at the

bottom. A single boxcar reference signal would be
identical except that the second gate-on at t, would
be missing. Note that either the lock-in or double
boxcar references will remove any D.C. component to the
signal while a singlc boxcar will not. According to
Eq. (88), TCS experiments could make use of a single
boxcar amplifier provided that the leakage term en is
truly negligible in Eq. (87).54 If a D.C. component
exists such as C, in a DLTS experiment, then the
slight temperature dependence of this D,C. component
will cause the baseline of the spectra to shift as a
function of temperature. Tor a diode doped on the low
side to lolbcm_S, carrier freezeout from 300°K to 77°K
causes a 20% change in Co

We will begin by analyzing the DLTS signal using
lock-in detection. As shown in Fig, 67, the capaci-
tance meter outputs a voltage proportional to the
C~t/r s B, iﬂ

diode capacitance. The signal voltage, ey = A

where A is an amplitude equal to CoNT/ZND times the
capacitance to voltage conversion factor of the Boonton
bridge, and B is proportional to the D.C. component

of the signal, C From Fig. 67, the demodulator mul-

0*
tiplies this signal times the square wave reference
signal (we arc using the lock-in in the broad band

mode) given by
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epr(t) =

-1, P/2 <t <P
where P is the period of the reference and also the

time between bias pulses. The output ¢, is obtained

o)

by taking the average of this product over a complete

period. Therecfore,

1%

d/.er(t) es(t) dt
pP/2 p
/ (e t/T 4+ Bydt -

0 P/
(1 e-P/ZT)Z

o]
1]
o —

(Ae YT 4 BypT

[
jaw Tt
| —

ta

‘U|>
~

(89)

Notice that the D.C. component, B, is removed from
the first half-period by the negative going sccond
half-period. From Figs. 67 and 68, however, the A.C. 1
signal, Ae_t/T, is smaller in the second halt-neriod,
therefore, we obtain a net positive average signal for
the whole period. The double boxcar operates on this
same principle.
Since we wish to know the emission rate corres-

pronding to a DLTS pecak we note that, since

= ovNe OE/KT

A=

then dt/dT # 0. Theretfore, to produce a maximum in
the output signal for a particular temperature, the

expression vielding this maximum,

dey drt

I ar - o

is equivalent to de,/ds = 0.
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To find the signal at DLTS max. peak height, we set

de,/dt = 0 and find that

Tpax = 0-398T = 0.398/f (90)

where f is the lock-in reference frequency. Note that
this expression holds for every peak in our spectrum
for a fixed frequency.

Substituting this relation into ey, we obtain

the peak signal height in terms of ampnlitude A as

Omax =0,2036 A = O(TC‘:?I‘)_

Since our lock-in is calibrated in RMS sinewave units,
but measures average values, the factor 1.11 relates
the measured output to the meter reading.

From the above, our amplitude is given by A =

4.24 e(meter). TFrom this, AC can be determined as

AC = 4.424 [pf/volt out][mV in/volt outl{volts/inch]{peak hgt. in

inches]
capacitance lock-in recorder
meter
or
AC = const x pcak hgt, in inches.

To make our production rates quantitative, we
must investigate the frequency response of our system.
We have done this for several DLTS peaks found in

neutron irradiated silicon as shown in Fig. 60,
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When the amplitudes of the peak heights are
normalized to the maximum peak height at mid-f{requency
range, the frequency responses of the various trap
levels are quite similar. We have plotted this fre-
quency response in Fig. 69 and find that our peak
heights roll-off at both the high and low ends but

are a maximum between ~ 10 Hz to 100 Hz, Both roll-

offs are about 6 db/decade. The low frequency roll-
off is just the lock-in amplifier low frequency res-
ponse while the high frequency roll-off is related
to our gating off the capacitance signal for an
appreciable fraction of a complete period. We can
conclude, therefore, that quantitative measurements
can be made of amplitude, aC, using this frequency
response curve.

The analysis of the DLTS signal is quite similar

for double boxcar detection and has been presented by

Lang.s6 In this case, the output signal is given by
tirAat totat
- 1 - 1 -t
o, = i [ eV amar - L[ (et 4 Byat
1 2
= age T1/T L oTt2/Ty (91)

in the limit that at - 0. Again, to obtain the

. — . 54
emission rate, we sct deo/dT = 0 and obtain

Tmax = (t1 - t2)/[In(ty/tz)]. (92)
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This expression is analogous to Eq. (90) for the

lock-in. In essence then, in both experiments we
are comparing out exponentially decaying signal,
eg(t), to a fixed time gate, either the period P
for a lock-in, or the expression, (t; - tp) x con-
stant, for a double boxcar. ILquations (90) and (92)
then tell us the value of our trap emission rate,
Tmax» at the DLTS peak. For a fixed time gate,
either P or tq - t,, this emission rate is known

and is a constant for cach peak in the spectrum.

By changing our time gate (in our case the period)

we obtain a new value for « for each peak which

max
occurs at a shifted temperaturc from the peak posi-
tion at the previous gatce setting. We are, in effect,
obtaining a table of values of 1p;x vs. T for cach

peak. Each gate setting (period) yields another pair

of coordinates. Since

-AE/KT

% = gNV ¢ (93)

a plot of 1n TTZ vs., 1/T will yield a straight linc

slope proportional to AE and an intercept proportional
to o. These two parameters, the depth of the energy
level and the majority carrier capture cross section
characterize our defect.

Typical DLTS spectra for room temperaturc irra-

diated Si are shown in Fig, 70 for a single period P,
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A series of such spectra at different periods yields

the Arrhenius plots shown in Fig. 71 from which AL o
and ¢ can be determined,
To obtain quantitative results, we must obtain
the pre-exponential factor temperaturc dependence
for Eq. (93). Expressed in explicit form for both

n- and p-types

_ - -AE/KT
Cn(p) ° l/Tn(p) T % (h) VYn(p) Nevy €

where AL = L - Eg for majority traps in n-type and
AL = Ey - HV for majority traps in p-type. The

carrier thermal velocity is given by (cgs units)

*

1 1,
_ 3kT \? _ 5 (Me(h) \ ¢ .1,
Vn(p) = (—-;( ) = 06.741 x 10 (T T+
m [¢]
e(h)

The density of states 1is given by

* T 33/2
27 me(h) kT ] /

NC(V) - - [ k2

1.831 x 101° (m% )y /m) 32 13/2

Combining v and N and dropping subscripts we obtain

ol -AE/KkT
¢ = 1/1v = oKT" e AL/KT (94)
. . - 21 *
where K = 3,257 x 10 (m /mo).
. * * .
Using mg, = 1.08 m, and my, = 0.59 m, we obtain
the constants
208




-~
"

3.518 x ]021, n-type

21 (95)
1.922 x 1077, p-type

-
|

Once AE is determined from the Arrhenius plot,
it is useful to solve Iig. (94) for the capture cross

section which becomes, using the above factors,

- M el
o = 2.842 x 10 22 oME/KT, 42 (cm™)

(66)
22 ML/KT, 2 (en?)

5.204 x 10

o]

P

We now proceed to analyze the output signals for
a TCS experiment using Eq. (88) rcalizing that
eg(t) = i(t)RL where R is our load resistor in Fio.
23. We will begin by assuming that D.C. lcakage
in Eq. (89) is negligible.55 This makes it possible
to do the experiment with a singlce channel boxcar as
was done by Wessel.55 We shall, thercfore, begin with
this signal analysis.

A single channel boxcar consists of a gated am-
plifier which turns on at a delay time t after the
bias pulse trigger and signal averages over a gate
width 4t after turn-on. It is usually assumed that
the gate width is a small fraction of the total decay
time. VYor the TCS cexperiment, the signal c (t) =

1(t)Ry and, nsing Fa. (88), we ootain

t 1? At
_ 1 qWAN1

—

"t/T

o X3 -7~AIHJ——( dt
t




Assuming a necgligible gate width (at-0)

{97

.

_ qQWANTR], _
S (ty,0) = ——— 1+ & T/

To make a measurement of the emission rate, 1/1,
we nced an cxpression which determines the TCS peak

position as a function of temperature, T. Note that
dEo_dEOdT _
ar  dT ar
is the condition for a maximum in FO(T), however, since
t(T) has no maximum, this condition becomes decgy/dt = 0.
Taking this derivative we find that the TCS peak occurs
when © = ty. We therefore obtain a measurement of
the emission rate ep = 1/t = 1/t at the pecak tempera-
ture. By generating a set of spectra with different
delay times, the capture cross section and trap depth,
Et, can be determined from a plot of ln(t,Tz) Vs,
1/T. The above analysis is from Ref. 55.
Scveral features arce clearly not correct, This
result, = = t;, is based on Eq. (88) which neglects

max

the lcakage current due to ¢, in Lgq. (87). When we

p
take this into account, we obtain

_ qWAN{R A
€0 = ———7——£ (26p + eqe t1/1).

Now a different result occurs since both Cp and ¢, are

temperature dependent. The lecakage current, if signi-

ficant, can thercfore shift the peak positions.




This can be averted by using a double boxcar
amplifier which measures at delays ty and t; and takes
the difference between the two signals, A-B. The
time independent leakage current (a DC level) obviously

vanishes. Therefore the double boxcar analysis vields

WAN..R - -
T, = S__71_£ % (e ty/t 4 ta2/ ) (98)

and the pecak position can be obtained by solving the

equation deg/dt = 0 which give556
t;] -1 -(ty - t1)/
—_— = 2 171
P e . (99)

To find the peak, we need to solve the above
equation numerically for t(t;/t,).

Since a lock-in is also a signal averager, it
can also be used for DLTS and TCS. The lock-in output

when operated broadband is given by

T
T, = % }L er(t) es(t) dt (100)
where e = +1 0 <t < T/2
(101)
-1 T/2 <t < T

if we set the phase to be zero. Similar expressions
can be derived from narrowband operation by using the
. . . 53
Fourier components.

In a sense, the lock-in is working exactly like

1 double boxcar with t; =0, t, = T/2 and rt = 1/2.

<




The gate width is no longer negligible, however, the
process of taking the difference between the first
and second half periods eliminates the leakage tern
due to ep- We can therefore use FEq. (88) for the

analysis. We obtain, from Egs. (100) and (1011, and

the signal function

Ry NpqAW
LT -
es(t) = .__T_,_% e t/T

the result

Ry NTqAW 4 -p .

8y = (g L1 - P22 (102)
where P is the period. For DLTS we had

T« & 11 - e P22, (103)

The character of these two equations is quite different,
Note that L[q. (102) has no max, as t is varied but Lqg.
(103) does. Equation (102) tells us that a TCS spec-
trum with peaks should not occur! Figure 72, however,
shows this not to be true experimentally. The electron
trap peaks Ey, E, and Ez are clcarly related to the
DLTS peaks Ly, B, and Lz obtained previously. There-
fore, something is clcarly wrong.

Analysis of the TCS - Lock-in Problem

From the above, something must be wrong with cg(t)
or [(t) or e,. Several possibilitices exist:

1) Gateoff Problem - The signal is gated off

during the bias pulse for a time At to prevent

I~
()
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overload. The output should, therefore, be

calculated as
1 P
€y = 7 / ege dt.
At
This same problem exists for DLTS and has been

analyzed. We obtain the same function for e,
as before in the 1limit At<<P. We have
checked this effect experimentally and have
reduced the bias pulse width until the peaks
no longer shift,

2) Time Dependence of Depletion Width - The

depletion width is clearly a function of time
because this is the only time dependence found
in the DLTS experiment, see Eqs. (82) and (84).
This means that W(t) should remain under the
integral contrary to popular analysis as used
above and in References 55 and 56.

We have obtained the proper current ex-

pression as follows

AN
1(t) = 37_1 W(t) [2ep + ene-t/T]; 1/t = e.
But ¥(t) = %%YT

nr
where C(t) = C(=)(1 - TNB)'

Therefore, using (83), it can be shown, nc-

alecting leakage, thut

§I e‘t/T
i(t) = QAg(m) T e (104)
- TN
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where W(«) = E%éT is time independent,

Although the most reasonable solution to
our problem, it should be noted that Eq. (104)
reduces to Eq. (88) where Np<<Np. From DLTS we

know that Ny ~ 10]3 to 1014

and Np ~ ]016 from
breakdown measurements.

3) Bias Modulation from Load Resistor - After

the bias pulse, the depletion width also changes
because the bias voltage, V, is in series with
the load resistor voltage i(t)RL. We can also

calculate this effect in an approximate way

since
2¢[Vas + V - i(tIR; ] &
W(t) = B Lo{*
q{Np - np(t)]
wee) (1 - AL )
= 2(V. * Vgpil/
ny
1 -
( ZND)
Substituting into i(t) and solving for i(t) we
obtain
1 -t
qAWLNT (7 © /g
2 (1 _NT C-t/r)
C o L ZND
i(t) =
(l e~t/1)
gAW _NT T Ry,
: (1 A e-t/r> 2V "+ Vgi)
ZNp

This last equation includes all coffects ox-

cept leakage, however, it is completely unmanage-
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able mathematically. It is possible to check this

effect experimentally, however, since varying Rj
should produce a peak shift if the effect is im-
portant.

4) Unknown Theory Problems - The three effects

above can all be controlled experimentally by
varying at, Np and Ry to the point that they can
be made negligible. The analysis of these effects

is based on the fundamental current equation

1

i(t) = A%E (ennyt + epDr)

WAN 2en e enlen - ep) -
_ 4 T (e n®p _ fn‘®n U t/ (105

2 n* €p en * €p

where 1/t = e.

It is perhaps possible that some significant
error has been made in this theory 1n Ref. 50.
In fact, an alternate cquation to (105) has been

-

. 5°
glven as
i(t) = qxz2 - x1) | & emnr + (1 - 4) e py
qix2 1 D €nnT n’ €pPi

where x7 - xy is an effective generation region

smaller than W and where D is the ratio between
the excited charge within x> - x; and the mea

sured charge in the external circuit, The fore

of this equation is similar to Eg. (105) and

although the quantitative measurement of peak




height might be altered, the time dependence is

expected to be the same.

Although the TCS expcriment shown in Fig. 72 is
not completely understood, one aspect, namely spatial
variation of defect concentration is evident and the
results reasonable. When the bias pulse amplitude is

varied, the width of the modulated depleted zone 1is

also modulated. 1In Fig. 72, since the reversc bias is
-10V, those bias pulses which approach DV, arc san:
pling traps which are physically located near the
junction in addition to those traps at greater distances
from the junction which arc observed for smaller bhias
voltages. It is clear from Tig. 72 that the trap Ej

has a high concentration nearer the junction than Eq

or Ez. This 1is evident because of the increase in
amplitude of E; at high bias pulsc voltages relative

to the other peaks.

The same experiment using junction capacitance
doecs not show this effect! Lang has shown, however,

that the sensitivity of spatial variation is greatest

for TCS near the junction and lowest for DLTS.58 We | ?
must thereforc conclude that the defect responsible
for level E, has migrated during irradiation or after
toward the junction as a rcsult of the electric ficld
of the junction. Since the clectric field in the n-

type depleted side of the junction is negative, the
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pile-up of E2 at the junction suggests a net positive
charge state for this defect.

For DLTS to be completely useful, the question of
resolution should be investigated. If two energy levels
of similar capture cross section are closely space, a
theoretical model for the DLTS line width is required
to deconvolute these closely spaced peaks. We have,
therefore, attempted to fit the experimental DLTS spec-
trum for neutron irradiated n-type Si (solid line in
Fig. 73) with the theoretical function for lock-in out-

put signal

a~)

Aj -F-: .
— (- 7B/ (106)

€o

i Mo

1

th

where the subscript indexes the i pcak of amplitude

th

A and where the i emission rate is given by

i’

1
7 T 9iVeNce

A program to calculate LEq. (106) as a function
of the Pt thermometer resistance R(T) was used to cal-
culate the theoretical curve indicated by the dots in
Fig, 73. It is clear that the experimental line widths
are greater in Fig. 73 than the calculated line widths.
The difference between experimental and calculated is
shown in the bottom of Fig. 73 and appears to be a
first derivative of the experimental data.

The above procedurce yielded excellent results tor

peak height and peak position. A 1% shift of the acti-
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vation energy, E;, was quite apparent when comparing
the measured and calculated results. In fact, the

3 . .2 -
experiment was repecated to obtain t I vs, 1/7T plots.

max.
The least squares correlation was greater than 99.8%.

This precision is necessary to obtain the proper peak
positions. The small remainine least squares error is

the result of measuring peak positions on the X-Y re-
corder plots.

We have investigated by computer calculation various
reasons for the experimental line widths, The difference
curve suggests that amplifier band pass might be affecting
the line widths. The experimental band pass is limited
in several respects. We must first consider the band
pass of the amplifiers in the capacitance meter, The
preamplifiers before the lock-in modulator must also
be considered. Finally after modulation (usually called
demodulation in lock-in terminology) the effects of the
low pass integrating filter must be considered,

The band passes beforce modulation (product with
reference signal) can be analvzed by the technique of
Laplace transforms. If cgq(t) = Ao-t/7 is the signal
before low or high pass f(iltering, then the transform

of this signal is given by

[-=]
. -st 1 -
. = = b= )
Eg(s) L{es(t)} ‘/ es(t)c dt T e e
0
where s is a complcx variable and wherce we have defined
the thermal emission rate 1/1 = » Tar convenience.
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The effects of amplifier roll-off can be analyzed
by the Bode plot approximation to the amplifier as
follows. The idea is to find an approximate amplificr
transfer function, T(s), in the complex space which
represcents the amplifier response effects to the input
function. T1f, for example, wy and wp are the low fre-
quency -3db points of the amplifier frequency response,

and if the amplifier has a 6 db/octave roll-off at

both ends of the response and a mid-band gain of G,
then the exact transfer function for the approximate
Bode plot representation of the frequency response is

given by

G
() = oG o) (108)

which is the convolution of the low frecquency transfer

function s/ (s + wy) and the high frequency transfer

function /(s + wy). Faster roll-offs (12 db/octave,

18 db/octave, etc.,) can easily he approximated by the

product of more terms of the form 1/(s + wiy) or s/ (s + wy).
The overall effect of the amplifier response on

the signal function is then given, in the complex

space, by the convolution of the resnonsc function

and the transfer function as

i}

Eg (s) T(s) = Es(s)

U - (109)
(S + UL)(S 4 m]DTS + 0\) ) ’




The function E,(s) is, however, just the Laplace

transform of the amplifier output in the time space. .
Therefore the output function for our exponential in-

put is given by
eo(t) = L"H{E ()} .

The Laplace inverse is easily found for Eq. (109),
since it may be broken down by partial fractions (the
advantage in using approximate Bode plots). The result
is a sum of three exponential functions with time con-
stants v = 1/w, 1 = 1/wp and tyy = 1/wy.

This method can also be used to analyze the effect
of the high pass or low pass of the amplifier separate-

ly. For example, for the high pass case

. G
Bols) " GG v w

and

Hi

e (t) = L'V {E ()}

(_G__) (e’ vt - e uwnly | (110)
wy w

Likewise, for the low pass casc we have

e, (t) = (55—9—5) (we ®t - m”ehmﬂt) . (111)

This function is the actual time dependent function

which is multiplied by our square wave in the lock-in

R}
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demodulator and then averaged over a period. There-

fore the actual lock-in output is given by

P
€, '-:% ] eo(t)er(t)dt
0

if we assume that the final low pass filter of the
lock-in is a perfect integrator. [It is clear from
Eqs. (110) and (111) that the lock-in output, T.,
contains additional powers of w or 1 which can perhaps
explain why the TSC experiment discussed previously
actually has peaks.] We have calculated the DLTS

spectrum shown in Fig. 73 using the output functions

given by Eqs. (110) and (111). Neither the low {re-

quency or high frequency roll-off appears to have any

effect on the experimental linec widths sufficient to

explain the observed effects.

Although not conclusive, because of the approxi-
mations used, we feel that the effects of band width
should not be investigated further at this point.

It is intecresting to note, however, that near the ends
of the frequency response, slight shifts in peak posi-
tion are tc be expected which could alter the activa-
tion energies and cross sections slightly., It is re-
markable to us that this analystis has not been inves-
tigated by others until now. Clearly thesce methods
can be expanded to boxcar amplifiers as well,

As a final point, the question of the final low

nass filter integration must be addressed. 1f the

B
P
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integration is not perfect, then the lock-in output

signal could conceptually be represented as a mixture
of the integrated output and its derivative (non-inte-
grated output). In fact, such a guess would perhaps

o~

explain the difference curve of Fig. 73. We have not

pursued this problem from the laplace transform point
of view, however, we have investigated it cexperimentally
by running DLTS spectra with Jdifferent lock-in time
constants. No effect on line width has been observed
in these ecxperiments suggesting that an analvtical
approach is not justified.

Finally, we have been led by the above investiga-
tion to the following question. Can a DLTS spectrum
be obtained at constant temperature by varving the
frequency or gate times?  Such an experiment, which
we call freguency scanncd DLTS (FSDLTS), has sceveral
advantages from a radiation damage point of view. If
the temperature is fixed or varied only over a small
temperature range, defects can be prevented from
annealing making the technique gencerally useful for
low temperaturce experiments.  Sccondly, it is concep-
tually possible to butld a room temperature DLTS appara-
tus and eliminate the cryegenics,

Stimulated by the above, we have calculated the
DLTS spectrum of Fipg. 73 in the frequency domain at

three fixed temperatures.  The results are shown in

AR}
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Fig. 74. Although the peaks appecar in reverse order
in the spectrum, they are easily identified. Unfor-
tunately, the range over which the frequency must be
scanned in order to cover half the band gap of Si is
extremely large (107% Hz to 10° 112) and beyond present
day electronic capabilities, It is intecresting to
note, however, that the TFWHM line widths on a log-
frequency scale are independent of both temperature
and peak height. This is the idecal situation we have
been looking for in resolving closely spaced DLTS
peaks. The FSDLTS technique can, therefore, find
application in simple deconvolution of DLTS pcaks if
the temperature of the sample is fixed so as to cause
the DLTS peak to occur within the band pass of the
amplifiers used to detect the signals. This technique
might also be useful in analyzing the effects of am-
plifier band pass on ideal signals in that a deviation
from ideal tinc shape at the low or high frequency
sides of the peak should quickly indicate at what fre-
quencices amplifier band pass effects become important.
The above analysis, although lengthy, is necessary
in order to put the following observed data iinto proper
perspective.  We have observed a variecty of defect
levels in neutron irradiated silicon as a result of
room temperature irradiation and anncaling to 550°C
(scven clectron traps in n-tvpe and {ifteen hole traps

in p-type).
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Samples, in gencral, are the collector-to-basc

junctions of easily obtained commercial transistors.
This was convenient in a general survey study such as
this because of the large number of samples run. lov
the p*n (n-type) data, a 2N2270 was used while a
2N2904 was used for the n*p (p-type) samples. All
traps listed are majority carrier traps, i.c., elec-
tron traps in n-type and hole traps in p-type. Secveral
Schottky barrier and diffused junction diodes were
fabricated on phosphorus and boron doped silicon in
order to check that the traps obtained were not im-
purity-dopant related. Agreement was found in
general with the results obtained on transistors.

We have been fortunate in that preliminary reports
of a similar experiment by C. E. Barn0559 but using a
boxcar amplifier system have been available. Excel-
lent agreement on the room temperature energy levels
is obtained with Barnes data which gave us considerable
confidence in our more extensive results. The only
other ncutron irradiation data at room temperature is
indeced shetchy and is available only in unpublished
form (AFCRL-TR-76-0024).°" our data and those of
Barncs arc generally not in agreement with the data
in this technical report, Table 12 lists the room

temperature production rates for clectron and hele

traps (Ey, Lo, Ly,

Hy, Hoy By 0y which are typically

Al




Table 12.

Production rates, capture cross secctions and
energy levels of electron and hole traps in

neutron irradiated Si. Data of C. L. Barnes

is taken from Ref. 59.

Trap Encrgy Level o Production Rate
(eV) (cm?) (cm-1)

MURR DATA:

E 0.16 7 x 10710 3.2
e, 0.24 6 x 10710 " 0.3
E. 0.42 2 x 107 1% 3.
1, 0.15 8 x 1071 0.05
I, 0.19 2 x 107t 0.1
. 0.37 9 ox 10710 0.3
1, 0.40 5 ox 107 te 0.18
Iy 0.17 1 x 1010 -
]
i, 0.34 6 x 10710 -
I, 0.39 7 x 10 1° .
, . 15 L

1, 0.53 2 x 10
C. . BARNES:

E 0.17 0,50
I, 0.23 0,08
i 0.44 0.7
", 0.20 0,58
H. 0.38 .50




observed. Several p-type samples had a different

hole trap spectrum (Hy', Hp', H3' and H,"), however,
modest annecaling to higher temperatures made the
spectra of the two types of samples similar. We
therefore believe the effects to be related to impurity
defect interactions.

All samples were irradiated in RSAF 12-16 in
boron walled cans to reduce activation of the Au in
the devices by thermal neutrons. Several samples were
irradiated with thermal neutrons as well, with little
difference in the spectra observed. Vluences for the
production rate measurements of Table 12 ranged from

5 2 .
about 2 x 10] to 2 x 10]hnth/cm {for n-type materiul

and from 2 X 1015 to 2 x ]U]'

nth/cm2 for p-type
material. The fast neutron fluences are estimated to
be about 1/30 of the thermal neutron fluences in RSAFE,
The production rates in Table 14 were basced on this
estimate., It should be noted that the agrcement with
ratios of production rates with the data of Barnes is
vood, however, we report a considerably lower absolute
rate for all levels in p-type. Reasons for these Jdif-
ferences are probably related to the nature of the
fast neutron component in these two reactors,
Isochronal anncaling of the DLTS spectra in beth
n-type and p-type material has been completed to 50070,

Diode failurce occurred at 000°C in the IN2270 n-type




transistor and at 550°C in the 2N2904 p-tyne transis-
tor. Figure 75 shows the n-type spectra afteyr ~ach

15 min. anneal (the anneal temperaturc is near the
spectrum while the DLTS scan temperature is at the
bottom of this figure). A total of seven electron

trap levels were observed. The absolute concentrations
of these levels is shown in Fig. 76 as a function of
anneal temperature. The thermal flucnce on this p*n

2. The additional phosphorus

11, -3
cm or

diode was 1.8 x lOlSn/cm
produced by this irradiation is below 3 x 10
about an order of magnitude below the lowest defect
concentration obscrved.

The defect energy levels and capture cross scc-
tions are shown in Table 13 for the p*n junction of

transistor T-15 (2N2270).

Table 13. Energy levels (Ec - Ep) and carrier
capturce cross sections for elcectron
traps in n-type matcrial.

l.evel (E%c§)LT) (CQZ)

Eq 0.10 4.8 x 10712
I, 0.24 4.6 x 10710
B3 0.42 5.7 x 10710
iy 0.34 2.5 x 010
B 0.27 To5ox tul e
E 0.21 roox o100
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It can be observed in Fig. 75 that the peak
position of the Ez peak shifts slowly to the right
as annealing temperature is increased. Each shift
is accompanied by a dJdrop in defect concentration (Fig.
76). We have designated the shifted peaks Es (1),
E3(II) and Ex(IT1). No energy level data was obtainced
for B5(1), however, E3(11) = 0.42 eV, 2.5 x 107 "cn”
which is within experimental error of the values for
Bz = 0.42 ¢V, 3.7 x 10" em?.  The shifts in peak
Ex(1T1) are caused for the most part by changes in the
value of the carrvier capture cross section as shown in

Table 11.

Table 14. Jonization energies and capture cross
sections ftor the Eg(111) level,

Anneal Energy of Capture

Temperature l.evel Cross Sgction

{(°0) (eV) {cm=)

300 0.45 7.4 x 10710

350 0.45 5.1 x 10719

100 0.43 1.8 x 10717

450 0.47 1.2 x 1071

The ionization cnergy for Lg(111) = (0.45 + 0.02)eV
appears to be stiphtly higher than that of b= (04l

0.02)eV. This supggests that peak LIz is composed of at
least two very closely spaced energy levels which

anncal at different temperatures.

t
n
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New peaks which are produced by anncaling arc
the By, bg, Eg and Ej levels.  The By peak has beon
observed by Barnes.s9 This peak grows rapidly from
250 to 350°C and then anneals. The Eg peak appears
as the T, peak anncals suggesting a relationship be-
tween these two defects. There is also some sugges-
tion from the shape of the peak that Ig might also
be a double level. At still higher temperatures
(500-550°C) the Lg and E; levels appear.

Figures 77 and 78 show the DLTS spectra for iso-
chronally annealed p-type material (transistor T-o0,
2N2904). This sample was irradiated to a thermal
fluence of 1.8 x lOlbn/cmz, a factor of ten higher
than the {luence on the n-type sample. Two sepavate
reference gate frequencies are shown (10 Hz for Fig.
77 and 500 Hz for Fig. 78). The 500 Hz scan is in-
cluded to show peak ”15‘ Table 15 lists the eneryy
levels and capture cross seoctions for the p-type
hole traps.

The isochronal anncaling of the p-type sample is
shown in Figs, 79 and S0. The data has been ccoparated
into two figures for clarity., Of the levels shown,
the original levels I, and N5 or Hy have heen observed
previously by Bnrnossg as well as Hy and rerhaps Ho.

The anncaling of thfs sample is truly complicated

and descrves much further study,  The behavior of s
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Table 15. Lnergy levels (ET - E.) and carrier
capture cross sections for hole traps
in p-type material.

Er - E\' 0,
Level }g!) (cm“)
i, 0.16 6.4 x 10 1°
H, 0.18 1.6 x 10°1°
I 0.35 2.8 x 107 1°
i 0.390 9.7 x 1071°¢
I 0.61 4.1 x 10713
H,, 0.28 0.2 x 10717
H, 0.22 1.2 x 10710
g 0.62 1.2 x 10710
i 0.19 g.8 x 10 1?
T 0.25 1.0 x 107 1°
Iy 0.20 3.0 x 1071
"y, 0.37 6.4 x 10713
I 0.45 2.4 x 10717
1 0.51 7.9 x 10712
i 0.19 5.1 x 10”1

is remarkable. The concentration of this defect drops
an order of magnitude between 300 and 350°C and then
rises again at 450°C, then disappears at 500°C.

This defect could well be associated with the "600°C
defect"” seen with resistivity measurements, It mav

be that we have the same energy level and similar cap-

ture cross sections for different defects.
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Identification of the defect structures associated
with these energy levels is difficult. 1In Fig. 81 we
show neutron damage EPR annealing data from Ref. 22,
Unfortunately, the times and temperatures in the Purdue
experiment were not constant and we have observed dif-
ferences in the annealing from data shown in Fig. 81.

Guldberg61

has recently summarized most of the
annealing facts known about neutron irradiated Si.
Although this paper shows DLTS data for n-type material,
his annealing does not start until 400°C. Very few
correlations exist between our data and his with the
exception of E, which Guldberg claims is a surface
state.61 When we compare our annealing data with
Barnes,57 howcver, the agreement is good, We believe
this to be due in part to the fact that we and Barnes
have investigated CZ while Guldberg's work is in TZ.

62

Corbett has also reviewed known anncaling

stages in Si. !is review is similar to that of

61 Kimcrling()3 has reviewed DLTS data for

Guldberg's.
electron irradiation., Some similarities occur hetween
these data and ours. From all of these sources we
can make some cducated guesscs as to the nature of
the DLTS defects involved.

Our E; level appears to bhe well established as

59,03

the vacancy-oxygen A-center.’ It should be noted,

howecver, that this level does not anncal as soon as

2
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reported in Refs. 59 and 64. There is some confusion
about the Ez level at different anncaling temperatures,
however, the first annealing stage of Fq at 100°C 1is
probably related to the breakup of the F-center va-
cancy phosphorus. TFrom 250-400°C the level Ez(111)
appears to be a divacancy level as well as the L[> and

59,63 A1l of these anneal in about the same

H2 levels.,
temperature range.

The growth of 4, could perhaps be related to the
EPR P-1 which is a [ive vacancy cluster which increases
as the divacancy breaks up. The risc in Hs should then
be related to the growth of the EPR signal P-4 which
is known to contain oxvgen and is thought to be a tri-

61,62

The rise in Feg in the

vacancy oxygen center. 5

same rangc but to lower maximum concentration is most
likely to be associated with the P-2 center which is
) . 01,62 ..
thought to be a divacancy-dioxygen center., I'he
other DLTS lines at high anncaling temperatures probably
involve oxvgen, however, little more can be said about
them. The low temperature H; line is similar to the
P-3 four vacancy center while the behavior of Hg
appears to be related to the P-6 resonance which is
.. L. 61,62

thought to be a di-interstitial.

We have summarized our best puesses as to the
nature of the DTS levels in Table to, Fhese guesses

have been based mainly on anncaling temperatures, rola

22




tive concentrations of known defects in necutron irra-
diated Si, and in the case of the A and V-V centers,
on other DLTS papers. It must be realized that the
situation is extremely complicated and requires much

further study.

Table 16. Tentative identification of DLTS levels
with known defect structures in Si.

DLTS Energy
Level (eV) Defect Structure
E- 0.52 Surtace ?
Eq 0.16 A-Center vacancy -
) oxvegen
Eq 0.42 E-Center vacancy-
(¢ 150°C) phosphorus
Eg(IIT) 0.45
Ea 0.24 V-V divacancy
ap) 0.18
Ey 0.34 P-1 five-vacancy
Hz 0.35 -1 trivacancy-
(300-500°C) oxvgen
kg 0.27 -2 divacancy-
dioxvgen
. 0.35 P-3 four-vacancy

(R.T. - 300°C)

He .01 P-0 di-interstitial

293




V.

PROGRESS AND ACCOMPLISHMENTS

The objective of this research program has been to

extend and advance the technique of nuclear transmutation

doping in silicon and to advance the state of the art in

compensating residual boron in IR extrinsic detector

material. We summarize briefly, here, the main accomplishments

of this program.

The theory of the behavior of the room temperature
electrical parameters in NTD silicon vs. fluence has
been completed and accepted for publication. A
variety of intrinsic parameters have been found which
relate the extrema of these curves to a single fluence
parameter, the critical fluence. The calculation of the
critical fluence parameter has been extended to all
p-type starting material and is now an exact calculation,
not an approximate one.

A resistivity homogeneity model has been completed
and accepted for publication which provides a calculation
of the behavior of Ap/p vs. NTD phosphorus to boron
ratio. This thcory shows that the resistivity inhomogencity
is no worse and generally better than the starting
material inhomogeneity for phosphorus to boron ratios
greater than two.

A model has been completed which allows calculation
of the maximum resistivity which can be obtained by NTD
compensation of p-type silicon before inhomogeneity

fluctuations cause mixed typing of the material. This

244




model should be useful for a variety of other envisioned
detector devices which depend on high resistivity for
their operation.

A new calculation of the damage rate due to fast
neutron displacements has been made which takes into
account the neutron flux spectrum and secondary's ioni-
zation for the first time and is relevant to row-2
of the reactor, the position where EPR and optical
samples have been irradiated. The displacemment rate

14 displacements/cms/sec for row-2,

is found to be 2 x 10

A method of determining In-concentration from room
temperature resistivity measurements is presented which
should be accurate to better than 10%. This technique
has been verified by neutron activation analysis.

The radioactive decay of 114m

In has been investigated.
It is found that the case of heavy In doping and heavy
irradiation as in CZ-Si leads to minor activity problems,
however, the case of lighter In doping and lighter
irradiation as in FZ-Si produces no activity problems.

The vertical flux profile in RSAF has been determined
and axial uniformity has been shown to be adequatc
for ingot doping over restricted lengths. The major
limitation, here, will be axial boron uniformity in
the starting material.

Ingot and wafer programs are in progress with all

the major industrial producers of IR detector arrays
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using NTD compensated Si. General experience shows that
phosphorus concentration can be controlled to 39 using
industrially determined data and annealing., We belicve
this to be an extremely significant accomplishment

since it moves NTD compensation out of the rescarch
laboratory environment. Turthermore, minority carrier
lifetimes ot 550 usec have bcen reported doing NTD
compensation under these circumstances.

The survey of isochronal annealing of resistivity
in NTD silicon has been complcted for high, medium,
and low fluences in CIZ and TZI. These results have
been published.

Preliminary experiments have been completed which
suggest that oxygen concentration can be determined
from resistivity changes which occur during annealing
in the 450-550°C temperature range in high resistivity
float zonc.

A number of defects introduced by NTD irradiation
have been identificd by EPR and optical absorption in-
cluding the divacancy, the vacancy-oxygen A center, the
vacancy -phosphorus fi-center, the four vacancy chain P-3,
the five vacancy cluster P-1, one of the HOB bands and
the phosphorus concentration related frec carricr reso-
nance. Most of these defects have been mecasured in a
quantitative way to some extent and a count of the number
of vacancies contained in these defects compared to

displacement theorv. The results suggest that approxi-
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mately 6% of the displacements by fast neutrons remain

stable following room temperature NTD doping. The
surprising result that the concentration of the four
vacancy P-3 center is unaffected by interstitial oxygen
gettering and A-center formation suggests that this
defect is a primary radiation damage product which is
stabilized during the displacement cascade and not formed
from a general vacancy gas by coalescence.

Raman scattering has been used to detect highly
disordered regions in heavily neutron irradiated Si.
The neutron damage induced Raman peaks have much in
common with those Raman peaks observed in amorphous
Si and tend to anneal in a manor characteristic of
amorphous Si regrowth. The frequency shifts of these
peaks upon annealing have been interpreted in terms
of Brillouin zone unfoldine. As an added benefit, it
was discovered that boron local modes could be casily
studied in neutron irradiated Si because the radiation
damage compensated the free carrier interfering cffects
normally obscrved in such material.

DLTS mcasurcments on ncutron irradiated silicon
have yielded a wecalth of defect energy levels in the
band gap. Upon annealing to 500°C, fiftecen hole traps
and seven clectron traps have been identificed. Although
some similarities to EPR necutron data and clectron

irradiction data occur, the situation is extremely

complicated and certainly deserves much further study,




It is also clear that new diode fabrication techniques
will have to be devised to break the 500°C barrier of

! thermally induced device failure. We have devised

several such techniques which should solve this prob-

lem.

We feel that continued progress on the investigation
of specific defect production rates, annealing, and defect
concentration ratios as a function of reactor spectrum will
form the foundation for a better understanding of the NTD
process, These techniques can perhaps be used to determine
the overlap of defect cascades and may eventually provide

information which will explain the observation that a hard

neutron spectrum produces higher minority carrier lifetimes.




VI. APPENDIX

During the publication of this report additional infor-
mation about the nature of the displacement cascade has
been discovered which we will outline briefly in this
appendix.

For the experiment discussed in Section IV-E, where
the defect concentrations observed by optical absorption
and EPR are listed on pp. 164-166, it is instructive to
compare these concentrations with the concentration of cas-
cades. For this experiment, the displacement concentration
was 4 x 1019 cm” 3 while the mean number of displacements

per neutron was 181 from Table 3. The mean concentration

of cascades is therefore given by

- e

[cascade concentration] = Np/v = 2.2 x 10!l7 ew?

Since the mean recoil cnergy of the secondary making this
cascade is ~ 22 keV, then the range of this recoil is on
the average about 125 A. Assuming that the radius of this
cascade track is no larger than the range, it is easy to
show that the overlap of cascades is not likely for this

fluence. It should also be noted that the concentration

of cascades is almost identical to the concentration of

P-3 cascade remnants. In other words, there are about one

or two four-vacancy P-3 centers created in each cascade.
To understand this, we must consider the energy loss
of the primary knonck-on (PKA) ion along the displacement

track. As the ion moves along the track displacements are
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made producing simple I'renkel pairs. As the reccoil secon-

dary energy is lost by this process, the ion's mean free
path between collisions drops to a value below the separa-
tion distance between atoms along the track. Once this
happens, every atom along the track must be displaced

64 An estimate of

creating a Brinkman displacement spike.
the energy below which a spike is created, LEg, is given byh

4 4/3 .
(ma) NT I‘a

Es = 1oL = 937 eV (1-A)
where E, = 20 oV (22)7/% - 0448 eV and a = a /213 -
(1 O
2.2 x 1077 cm where ag = 0.53 A is the Bohr radius. This

energy should be compared with the mean encrey per dis-
placement = E/v = 122 ¢V and with the cnergy required to
make a four-vacancy center which can be obtained roughly

from
T(P-3) = 2Egv = (50 ¢V) v = 200 eV (2-\)

with v = 4. Considering the approximations of the above
models, and the possibility of some defect rccombination,
the agreement between bEgs. (1-A) and (2-A) is rcasonable.
We conclude, therefore, that our 22 keV primary ion loscs
energy along the track by c¢reating ionization and singlce
displacements at a rate cf about 122 ¢V per Irenkel pair.
Once the spike cnergy is reached, a track cf displace
ments results in the formation of a few I'-3 {four-vacancy
centers. Since the P-6(1X) interstitial defect complex,

which we have recently obscerved, occurs in cqual numbers

.0




with P-3 regardless of the reactor spectrum, it most likely
is formed from the atoms ejected from the displacement

spike also. In fact, the very low concentration of P-3

and P-6 centers observed in high Cd-ratio samples irradiated
at Argonne's CP-5 reactor can be accounted f{or quantituatively
by the contamination of the thermal flux by a small fast
neutron component, indicating that a knock-on Si, with an

energy less than or of the order of a typical gamma recoil

knock-on (E = 47 cV), has a negligible probability for
producing a large cluster center like the P-3. This lattice

disorder is not, however, isolated as recognizable isotated

point defects. Only the fast ncutrons accomplish this by
way of the spike mechanism.
I't should also be noted from p. 164 that there are also

about two divacancies per cascade. It is not known at this

time if the divacancy is also a result of the displacement
spike, however, the encrgy required to form the divacancy
ts from Iq. (2-A) about 100 cV. The sum of the divacancy
and four-vacancy encrgies is an appreciable fraction of the
total spike encrgy (2 x 200 eV + 2 x 100 eV,

The five-vacancy center, whose concentration never
cxceeds 100 of the four-vacancy concentration, does not
appear to be a cascade remnant,  The structure of this
defect (Tig. 53) is non-planar as opposcd to the Jdivacancy
and four-vacancy centers which appear as tyacks in [110]
directions.,  We belicve that thix defect is formed strictiv !

hy accident whenever four-vacancics and divacanc.ies ocour




on adjacent sites by the collapse of a divacancy and four-
vacancy into a five-vacancy and free vacancy. The isolated
free vacancy can then migrate to interstitial sites for
annihilation, leaving a stable five-vacancy center to be
observed. This model is based on the fact that the con-
centration of five-vacancies is low and that linear five-

vacancy tracks have not been observed by EDPR.
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