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INTRODUCTION

Irradiation of semiconducting materials in a nuclear reactor was

initiated about 30 years ago at the Oak Ridge national Laboratory (ORNL).

The primary interest at that time was the study of radiation damage ef-

fects, but transmutation doping was used to determine isotopic cross sec-

tions, introduce a known dopant concentration, and study impurity banding

effects. Research on neutron-transmutation-doped (NTD) silicon was re-

sumed at ORNL approximately four years ago. In this paper results of

several studies of electrical properties conducted since then will be

reviewed and discissed.

NTD silicon offers four clearly identifiable advantages over silicon

doped by more traditional techniques. These advantages are (1) areal and

spatial uniformity of dopant, distribution; (2) precise control of doping

level; (3) elimination of dopant segregation at grain boundaries in poly-

crystalline silicon; and (4) superior control of heavy-atom contaminants.

Uniformity of doping has proved to be of importance in a number of device
2

applications, particularly high power rectifiers and thyristors. Precise

control of doping levels is important in any application such as avalanche
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or infrared detectors which require high resistivity material. Tramsraiu-

tation doping of epitaxial layers deposited on low resistivity n-type'J

or p-type silicon substrates has also been demonstrated, and is of in-

terest because conventional chemical vapor deposition and diffusion tech-

niques do not provide well-controlled and uniform dopant concentrations

in large area epitaxial layers, especially at low dopant concentrations.

Capture of thermal neutrons converts Si to P thus resulting in

transmutation doping of the material. The anticipated rate of introduc-

tion of P can be calculated for ICTD silicon froa the Si isotopic
30abundance, the Si thermal neutron absorption cross section, and the

2
thermal neutron flux, n.,/cm sec. It has long been recognized that,

because of multiple atomic displacements produced by recoiling silicon

atoms, a lattice defect concentration many orders of magnitude greater

than the anticipated P concentration is created. This is the case even

for samples irradiated with a low total neutron fluence in a reactor lo-

cale with a very large thermal-to-fast (t/f) neutron ratio. Because of

this recoil damage, even heavily doped n- and p-type silicon is converted

to nearly intrinsic conditions as a consequence of such irradiations.

The annealing conditions required to obtain the anticipated resis-

tivity, carrier concentration, and carrier mobility have been reported

for float zone refined (FZ) single crystal silicon of low oxygen content

(< 3 x 10 cm ). Most of the simple recoil-induced defects were re-

moved by annealing up to 400°C. Annealing fcr 30 minutes at. 750°C was

sufficient to remove virtually all lattice damage in FZ NTD silicon irra-
21 -2diated up to a total fluence of approximately 10 n cm in different
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reactor locales with t/f ratios of from 1700 (low total fluence) down to

3-10 (high total fluence).

The corresponding annealing requirements for obtaining the antici-

pated electrical properties in pulled or Czochralski (Cz) grown single
17 3crystal NTD silicon that contains a moderate (5 x 10 cm ) to large

18 ^

(4 x 10 cm ) oxygen concentration have not been clearly established-

Most of the oxygen in Cz silicon after initial crystal growth may be

present as electrically inactive interstitial atoms (0.), but soi.e of it

may be present in electrically inactive oxygen clusters, dmd some as

electrically active clusters that act as n-type donors. Commercially

available Cz silicon is usually limited to about 50 ohm cm resistivity

(10 donors or 3 x 10 acceptors cm" ) unless a special pedestal-type

growth technique is employed. Most producers anneal after crystal growth

to reduce any donor concentration due to clustered oxygen. The post an-

nealing procedure may vary somewhat among producers, but is normally

about 1 hr at 700 to 750°C for ingots up to two inches in diameter and

this is followed by quick quenching (2-3 min) to below 200°C to minimize

any additional oxygen donor formation.

Heat treatments of Cz silicon after crystal growth and post anneal-

ing, which may be required during device processing or to remove lattice

damage in NTO Cz silicon, can still forn oxygen donors at 400 to 500°C,

electrically inactive oxygen clusters at 600 to 900°C, and electrically

inactive oxygen precipitates (SiO2) near 1000°C. Reheating near the

melting point can dissociate most of these clusters and precipitates

but some re-form during subsequent cooling. Recent experiments have

indicated that the apparent interstitial oxygen concentration in Cz



si1 icon, as determined by infrared absorption (IR) techniques, cannot bs
17 -3reduced below about 10 ppa (5 x 10 cm"' ) even by extended annealing in

a gettering atmosphere. In fact, because of some remaiininig clusters and

precipitates, the actual oxygen content may be greater by a factor of

from 2 to 5 than that indicated by IR techniques.

The annealing requirements to remove lattice defects in Cz fJTO sil-
8icon were first investigated by Mordkovich et ah. They used resistivity

data to estimate the P concentration after irradiation at 5Q°C with
17 19 -2

10 - 10 thermal neutrons cm , and after 30 min isochronal annealing

in 20°C steps from 100 to 1000°C. Their results for FZ NTD silicon agree

almost identically with their calculated values after annealing at B00°C;

but the apparent P concentration in their Cz NTD silicon after anneal-

ing at 1000°C was larger than that predicted by about a factor of 2.

This discrepency increased with both initial oxygen content and total

neutron fluence. They did not state if their Cz silicon was post annealed.

They concluded that highly stable neutron-induced lattice defects are

tightly bound to oxygen atoms, but they did not suggest a model for a

defect-oxygen complex that could serve as a donor in Cz NTD silicon.
Q

Liaw and Varker used resistivity, Hall coefficient, and IR mea-

surements to investigate both FZ and Cz (not post annealed) fJTD silicon

that had been subjected first to a single irradiation calculated to in-

troduce about 3.5 x 10 P cm" , and then to 30 min isochronal or ex-

tended isothermal annealing from about 450 to 950°C. They obtained

fairly reasonable agreement with their calculated value for the P con-

centration in FZ NTD silicon after annealing for 1-2 hrs at 680°C. They

stated that excess donors were generated in their Cz NTD silicon to such
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an extent that annealing for 1 hr at 950°C was required to remove the™,

and thus obtain reasonable agreement with their calculated value for the

31P concentration. They also do not suggest a model for a defect-oxygen

complex that serves as a donor in Cz NTD silicon, and requires ararcealircg

at 950°C.

Previous investigators have shown that lithium can be intro-

duced into silicon during crystal growth or by subsequent diffusion.

Lithium, which is highly mobile in silicon at ambient temperatures, can

serve as an electrically active donor unless precipitated and it can in-

teract with other impurities, defects already present and defects intro-

13 15duced by irradiation to form additional donors. Because of this

and for other reasons, the properties of lithium in WTD silicon have

been of particular interest to us at ORNL, and some of our recent results

in this area will be discussed.

IRRADIATION FACILITIES AND EXPERIMENTAL PROCEDURES

Figure 1 is a drawing of a new thermal neutron facility (D20 tank)

recently installed in the pool of the 2 MM Bulk Shielding Reactor (BSR)

at ORNL. This facility will accommodate ingots or wafers up to 6-in. in

diameter in several locales, and samples can be raised, lowered, and ro-

tated as required to maximiz^/the radial and axial dopant uniformity.

Some of the sample tubes terminate I ft above the tank to permit sample

exchange under water without any requirement for reduced reactor power or

shutdown. Any of the tubes except those against the BSR core can be

equipped wit*i an "S" shaped extension for dry irradiations, and any

empty tubes, including those against the BSR core, can be plugged with



graphite, magnesium, or DJ)-fi l led cylinders to increase' the tfaeirai neu-

tron fluence and t / f neutron ratio in the other fac i l i t i es . Prelim* roary

results indicate a thermal neutron fluz of "» 10 and 10 cm" sec" for

the 4-in. diameter core holes and 6-in. diameter tank holes closest to

the BSR core, respectively. The corresponding fast (> 1 WeV) neutron

flux has been estimated from nickal wire dosimeter techniques as 1.3 x
12 10 -2 -1

10 and 10 cm sec for the above holes, respectively.

Samples from single crystal sil icon ingots were characterized by

conventional van der Pauw and IR techniques to determine the ingot type,

resist iv i ty , i n i t i a l apparent carrier concentration, and in i t i a l apparent

oxygen content as indicated in Table I . Isothermal annealing experiments

were carried out in a quartz tube furnace in a helium, argon, or nitrogen

atmosphere to study the introduction and dissociation of donors due to

clustered oxygen in Cz sil icon samples prior to irradiation. Ingot sec-

tions or slices of FZ and Cz silicon were irradiated in the D?0 tank
12 16

where the temperature did not exceed 50°C to introduce n- 10 to 10
31 -3

P cm in estimated t/f ratios of 100 and 10. Other ingot sections

were irradiated in various locales in the Oak Ridge Reactor (ORR), the

High Flux Isotopes Reactor (HFIR) at ORNL, and the National Bureau of

Standards Reactor (NBSR) to introduce up to 10 31P cm"3 in a t/f ratio

of 3-10. Isochronal (30 min) annealing at 750 to 1000°C was used to re-

move the radiation-induced defects in both FZ and Cz NTD silicon samples,

and additional annealing experiments were carried out to study the intro-

duction and dissociation of donors due to oxygen or of defect-donor com-

plexes in selected Cz NTD silicon samples.
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l in
Isotopic B (19.8'' normal abundance) has a very large {'•* 3,

-24 2
10 cm ) thermal neutron absorption cross section and fissions to in-

4 7

troduce He and Li. Since the properties of lithium in fSTD silicon have

been of interest, a special Cz B doped single crystal silicon ingot

(No. 7 - Table I) was obtained, and samples were subjected to a variety

of irradiation and annealing experiments to study the behavior of lithium

in this material. Yet another experiment was carried out in which sam-

ples of high purity FZ silicon were irradiated, annealed to remove lattice

damage, and diffused with lithium from an oil bath suspension to investi-

gate any potential lithium-phosphorus interactions.
EXPERIMENTAL RESULTS

(A) Annealing of Float Zone NTD Silicon

It was stated above that annealing for 30 minutes at 750°C is suf-

ficient to obtain the anticipated electrical activity in FZ NTD silicon

irradiated to introduce up to 6 x 10 P cm" irrespective of the t/f

neutron ratio. These measurements have very recently been extended to

FZ NTD silicon irradiated in a core position of the HFIR with a t/f

ratio of no more than 3-10 to introduce up to 3.5 x 10 P cm , and

identical annealing results were obtained. Previous investigators and

we agree that one can predict a phosphorus concentration in FZ NTD sili-

con from the isotopic abundance, cross section, and thermal neutron

fluence data and obtain that value after annealing for 1-2 hours at 700

to 800°C.

Recovery of the minority carrier lifetime (MCL) in FZ ffFD silicon

requires a higher annealing temperature than that required to obtain the



anticipated carrier concentration and mobility, and the recovery is also

dependent on the time at temperature, furnace atmosphere, and rate of

cooling. Studies of the MCL in FZ NTQ silicon at QRNl have led to an-

nealing conditions, not yet optimized, that restore lifetimes in the

milliseconds in lightly irradiated material. The annealing cycle is one

hour at 1000°C in a gettering atmosphere, cooling at 20°C hr to 650°C

to permit vacancy stabilization, and then rapid cooling to room tempera-
1

ture to minimize oxygen clustering. The process has been used to in-

! crease the MCL in commercial NTD silicon and to restore the MCL in san-
I

i pies whose lifetimes were thermally degraded intentionally.

I Figure 2 is a graph of the MCL as a function of epithermal neutron

fluence for various samples of FZ NTO silicon which were irradiated in a

j number of different reactor locales to an epithermal neutron fluence as

I indicated, and after the partial but standard annealing schedule just

i outlined. The annealing schedule was later extended first to 7 hrs at

I 1000°C with some improvement in the MCL, and then to 1 hr at 1100°C with

little additional improvement. Note that the recovery of the MCL is not

; dependent on the total fluence or t/f ratio in a manner which might have

been anticipated. All of the samples had an identical annealing sequence,

. but the neutron fluence for sample No. 12 was ten times that for sample

i No. 8 and thirty times that for No. 6. The fact that the amount of re-

i covery of the MCL in these samples was nearly identical would seen to in-
i

i dicate that the presence of fast neutron induced lattice damage may actu-

ally enhance the rate of lifetime recovery in FZ NTD silicon. There is

also an evident difference between the neutron energy spectrum of the
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and the NBSR reactors that was not indicated by any dosimeter data that

was available to us.

(B) Annealing of Unirradiated Czochralski Silicon

Figure 3 is a graph of the interstitial oxygen concentration deter- •

mined by IR spectroscopy, vs the time of annealing at different tempera-

tures for samples from ingot 1 of Table I (not post annealed). This

data, taken on a coarse time grid, indicates that ^ 100 hrs at 45Q°C

were required to introduce n, 2.3 x 10 donors cm due to clustered

oxygen, with no significant decrease in the 0- content. Annealing for

^ 100 hr at 750°C, in contrast, had little if any apparent effect on the

donor concentration, although a majar fraction of the 0. was clustered.

This data would seem to suggest that annealing for 1-2 hrs at 700-800°C,

which is required to remove lattice damage in FZ NTD silicon, would not

be expected to significantly alter the 0- concentration or the donor con-

centration due to clustered oxygen in Cz NTD silicon. However, we shall

see in the next paragraph that the situation is not that simple.

Figure 4 is a graph of the donor concentration vs the time of an-

nealing at 450°C for samples of Cz silicon from ingot 1 (not post annealed)

and ingots 2, 5, and 6 (post annealed) of Table I, and this data indicates

that formation of donors by oxygen should net be ignored in any isochro-

nal or isothermal annealing studies of Cz NTD silicon that includes tem-

peratures around 400 to 500°C, irrespective of any post annealing. An-

nealing for 1 hr at 450°C was sufficient to introduce ^ 1.6 x 10 donors

cm in the sample from ingot 1 (not post annealed) and -v 1-4 x 10

donors cm in the samples from ingots 2, 5, and 6 (post annealed). The

sample from ingot 6, initially p-type, was converted to n-type after



annealing for 1 hour. Another sample from ingot 1 (not post annealed)

13 -3had an apparent p-type acceptor concentration of 3.4 x 10 cm after

a post anneal of 1 hour at 750°C, and an apparent n-type donor conceini-

14 -3
tration of 2.3 x 10 cm after 1 hour at 45Q°C. All of the samples

used to obtain the data of Fig. 3 were reannealed for 1 hour at 900°C,

and the apparent donor concentration was reduced to approximately the

initial concentration listed in Table I. The subsequent rate of forma-

tion of donors as a consequence of additional annealing at 450°C was

redetermined, and the final donor concentration after extended anneal-

ing was within about 10% of that indicated for all of the samples in

Fig. 3.

The most significant point from these results can be summed up as

8 9follows. Previous investigators ' examined Cz NTD silicon that was

irradiated to introduce only 3 x 1 0 t o 2 x l O phosphorus cm" and

they used both isochronal and isothermal annealing between 100 and 1000°C.

They did not clearly differentiate between donors as introduced by phos-

phorus and those introduced by oxygen, and they concluded that some type

of defect-oxygen donor complex was produced by irradiation and/or an-

8
nealing that is stable up to 1000°C or requires extended annealing at

Q

950°C. The present data indicates that annealing for 1 hour near 400-
15 -3

500°C is sufficient to introduce ^ 10 donors cm in unirradiated com-

mercial Cz silicon, irrespective of any post annealing up to at least

900°C. Clearly, the separate effect of these oxygen-induced donors

must be considered in any subsequent annealing experiments that involve

Cz NTD silicon.
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(C) Comparison of Annealing Results for FZ aired Cz RIB Samples

Figure 5 shows a graph of the calculated phosphorus

vs the thermal neutron fluence (solid line) and the experimental! points

are the measured phosphorus concentration for various samples after ir-

radiation and annealing for 30 minutes at 750°C. This data indicates
31that the calculated and measured P concentration were equal within

about 5% for all concentrations in excess of about 10 P cra~u for

both FZ and Cz NTD silicon. The fact that the apparent donor concentra-
31tion was larger in the Cz NTD silicon at lower total P concentrations

may be due to the presence of oxygen donors or defect-oxygen complexes,

and will be discussed separately.

Subsequent annealing for oQ minutes at 1000°C had little if any

effect on the apparent donor concentration in any of the FZ or Cz MTD

silicon samples shown in Fig. 5 that contained > 10 phosphorus cm" .

The Cz NTO silicon samples that had an apparent donor concentration of

-v 5 x 10 ,10 , and 3 x 10 cm" after irradiation and annealing at

750 and 950°C were reannealed for 100 hours at 450°C, and the apparent

donor concentration increased by 1.42, 1.69, and 1.25 x 10 cm re-

spectively in the three samples. The fact that one can Introduce an

almost equivalent concentration of donors by oxygen clustering at 450°C

in Cz NTD silicon after extended irradiation, and after annealing at

750 and 950°C to remove lattice defects, shows that it is not necessary

to invoke the formation of a special defect-oxygen complex that requires

higher temperature annealing. Of course, such a complex may be present

but its effects masked at these high donor concentrations.
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(D) Comparison of Annealimj Rcvjifi for f? and Cz UJb Samples after a

Lov; (10 J - 10 c m } Neutron Fluence

Previous experiment have indicated that most of the simple ("Vf)

recoil type defects can be removed in FZ KTO silicon by anneal ing up to

'v. 400°C, but the data of Fiy-i. 4 and 5 indicate that oxygen dcncr forma-

tion may mask any attempt to determine the annealing of radiation-induced

defects in Cz NTD silicon around 40Q°C. Since it has already been demon-

strated that annealing for i/2 hr at 750r>C is sufficient to remove the

radiation-induced lattice defects in FZ NTD silicon, it was decided to

irradiate companion FZ and Cz samples, anneal them for 1/2 hr at 75Q*C,

and then continue the annealing experiments at 750 and 950°C. Since the

anticipated phosphorus concentration was obtained for the FZ fJTD samples

after the first anneal, and since extended annealing at 750 and 950&C

had no apparent additional effect, that data was used to estimate the

actual P concentration in the companion Cz NTD samples.

Figure 6 is a graph of the measured donor concentration vs the

time of annealing first at 750 and then at 950°C for samples from ingot

1 of Table I after irradiation, and after an initial anneal of 1/2 hr at

750°C. The anticipated P concentrations obtained from the FZ HTD sam-

ples are as shown. This data indicates that the measured donor concen-

tration for the Cz NTD samples was larger than anticipated at the out-

set, particularly for the low dose irradiations, and may have been even

larger than indicated if the probable effect of a reduction in initial

donor concentration due to post annealing is included. Note that the

15 3apparent donor concentration was increased by ^ 1-3 x 10 cm in each

of the six Cz NTD samples as a consequence of annealing for 14 hrs at
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750"'C, even though the initial lattice defect concentrations was in the

ratio of •-. 1 to 6,000 for these samples. It is evident that scrae type

of donor formation due to oxygen, or to defect-oxygen complexes, can

occur in Cz M O silicon as a consequence of extended annealing at 7 5 0 %

after a low total dose irradiation. Some of this enhanced donor concen-

tration remains after additional annealing at 950'C, but the present data

does not indicate any obvious correlation between the number of defects

present and the potential number of defect-oxygen complexes, unless that

number depends almost entirely upon the initial oxygen concentration.

Almost identical data to that in Fig. 6 was obtained on samples from in-

got 4 of Table I, which contained less oxygen and had been post annealed.

Here the apparent donor concentration was increased by ^ 3-6 x 10 en.

as a consequence of extended annealing at 750°C, irrespective of the

number of defects present.

Perhaps the major point to be made from the results of these low

total fluence irradiation experiments is that ^ 1-3 x 10 and '« 3-6 x

10 donors cm" were introduced into Cz NTD silicon samples of high

(ingot 1) or moderate (ingot 4) oxygen content by extended annealing at

750°C after irradiation. Some fraction of that additional donor concen-

tration remained after additional annealing at 950°C, but that fraction

was < 10% of the number of donors that can be introduced by clustered

oxygen in these same samples, irrespective of any defect concentration

due to irradiation. There may be some type of special defect-oxygen

donor complex in Cz NTD silicon that can only be removed by extended

high temperature annealing, but the actual donor content is apparently

not neutron fluence dependent, and the total donor contribution is
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miniiiuil {•' 10%) compared to that which may be introduced by clustered

oxygen alone.

(E) I r radiat ion Experiments on Heavily Doped Si l icon

Potential defect-impurity interactions between an Iti'TD epitaxial

s i l i con layer and i t s substrate may be of importance in a number of ap-

p l icat ions. The published data on thermal neutron cross sections, foalf-

l i f es of radioactive decay, and transmutation end products can be used

to select a preferred s i l i con substrate dopant. The standard n-type

s i l i con dopants are phosphorus, arsenic, and antimony, but antimony has

a large cross section and long h a l f - l i f e , and phosphorus has extensive

autodoping tendencies during any subsequent device fabr icat ion. The

standard p-type dopants are boron, indium, or gal l ium, but indium is

d i f f i c u l t to introduce during i n i t i a l crystal growth, and isotopic B
4 7

fissions to introduce 'He and Li. The above would suggest n-type arse-

nic or p-type gallium as the preferred substrate dopant impurities. '

It was also stated that lithium can act as an electrically active

donor in silicon, and can interact with other impurities or lattice de-

fects. One can use cross section data to calculate that the rate of in-

troduction of P (donor) and the rate of removal of B (acceptor) by

fission should be about comparable for NTD silicon initially doped with

•\> 5 x 10 B or ̂ 2.5 x 10 normal B cm . A special Cz silicon single

crystal ingot (No. 7 - Table I) that was doped with -v 5.5 x 10 1 6 10B cm"3

from a stable isotopic source in which B was ̂  94.5% abundant was pro-

vided for our experiments. The initial oxygen concentration, deter-

mined by IR spectroscopy, was somewhat less than that for some of the

other Cz ingots in Table I, but isothermal annealing for 100 hr at 45Q°C
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decreased the apparent p-type acceptor concentration in a sample frc.ru

15 -3ingot 7 of Table I by about 7.0 x 10 C K by addition of donors due to

clustering. This value is comparable to that obtained for the other Cz

ingots on tine basis of their relative oxygen content.

Samples of the IB-doped Cz silicon were irradiated with FZ control

samples, and the results on the impurity concentrations are given in Table

II. One must calculate the amount of ' B removed by fission, since the

total concentration is reduced by extended irradiation, but scae B re-

mains. The P concentration was determined after annealing the FZ fJTD

control samples for 1/2 hr at 750°C. The net concentration (line 5) is

the anticipated value if the only change is that of addition of P do-

nors and removal of B acceptors. The calculated concentration of Li

(line 6) should be identical with the calculated removal of B (line 3 ) ,

and this value was used to estimate the net concentration (line 8) if

Li is active as a donor. The measured concentration was obtained (line

9) for the Cz NTD 10B silicon after annealing for 1/2 hr at 1000°C to

remove lattice damage introduced by (n,y) recoils, fast neutrons,, and

fission, since annealing for 1/2 hr at 750°C was not sufficient to sta-

bilize the apparent impurity concentration in every sample.

It is evident that Li is present as a donor in the Tow total dose

samples in Table II that remained p-type, and in the 21-day NBSR sample

that was converted to n-type. The 84-day NBSR sample required six months

for radioactive decay, and a major portion of the Li may have precip-

itated in that time period. An alternative explanation is that the Li

interacts with boron to form a stable donor, and the remaining boron

concentration was insufficient in this sample to retain such a donor
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ac t i v i t y . Previous experiments nave indicated that annealing for 1/2: for

at 75OCC was suf f ic ient for both FZ and conventional1y doped Cz MTO s i l -

icon to remove the l a t t i ce damage and obtain the anticipated carrier ccn-

31 18 -̂  10

centration out to a total P concentration of 10 era . The B-doped

Cz NTD silicon v;as different in that annealing up to 1000°C was required

to stabilize the carrier concentration in the low total dose, 7-day and

21-day MBSR samples, whereas annealing at 75Q°C was sufficient for sev-

eral samples from the 84-day fIBSR ingot section. Another major differ-

ence is that reannealing at 450°C was used to introduce additional do-

nors due to oxygen clustering after irradiation in conventional Cz
silicon, but there was little if any indication of oxygen clustering in

any of the B-doped Cz NTD silicon samples as a consequence of extended

annealing at 450°C after irradiation. The higher temperature annealing

• requirement may be due to more extensive lattice damage as a consequence

i of fission, and the absence of donor formation at £50°C may be due to
I y

some type of interaction between the Li and oxygen.

Yet another experiment was carried out in which samples of high

purity FZ silicon were irradiated, annealed for 1/2 hr at 750°C to re-

i
! move lattice damage, and diffused with lithi'jm from an oil bath sus-

pension at 600°C. Figure 7 is a graph of the carrier concentration as

a function of time of accelerated annealing at 400°K. This data indi-

cates that there is no evident interaction between the lithium and P

in NTD silicon, and that the lithium precipitates to a final solubility

that may depend on the actual oxygen concentration in FZ NTD silicon.
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DISOJSSIOK

The primary result of these various experiments is that a better

understanding of the annealing requirements to remove lattice damage

observe the anticipated P concentration in FZ and Cz fjTD silicon has

been obtained. It has been demonstrated that annealing for 1/2 hour at

750°C is sufficient to obtain the anticipated resistivity, carrier con-

centration, and carrier mobility in both FZ and Cz NTD silicon irradiated

in a low t/f ratio to introduce ^ 10 D to 10 P cm" , but the anneal-

ing requirements to recover the anticipated MCL are still under investi-

gation. The electrical role of clustered oxygen and of any defect-oxygen

complex in Cz NTD silicon was investigated, but any separate effects be-

tween these two types of potential donor sources were not clearly identi-

fied. It has also been shown that one can produce an fJTD epitaxial layer

on a heavily doped n- or p-type substrate, but careful choice of sub-

strate dopant is recommended. The use of boron will result in the in-

troduction of Li that may migrate and alter the desired dopant concen-

tration in the epitaxial layer. There is no evident interaction between

lithium introduced by diffusion and P introduced by irradiation, but

there may be some type of pairing reaction between Li introduced by B

fission and any remaining boron, since samples that contain an equivalent

concentration require a higher annealing temperature than those in which

mos* of the B was removed by fission. The ability to add a known con-

centration of Li in silicon by the technique of B fission should lead

to a better understanding of the interaction between lithium and oxygen

in silicon, if FZ B-doped samples of low or controlled oxygen content

can be made available.
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Tabie I

Ingot Ingot Growth Post Resistivity Carrier Oxygen
Number Type Dopant Technique Anneal (ohm cm) Concentration Content

(cm~3) (our3)

1

2

3

4

5

6

7

8

-

n

n

n

n

P

P

n

-

P

P

P

P

B

10B

P

Cz

Cz

Cz

Cz

Cz

Cz

Cz

FZ

No

Yes

Yes

Yes

Yes

Yes

No

No

50

30

194

41

149

50

0.42

1000+

2.5x lQ U

3.0xl01 4

1.8xlO13

8.3xlO13

2.5xlO13

3.5xlO14

5.5xlO16

l -5x l0 1 2

2.4xlO18

1.3xT018

1.7xl018

8.5xl017

7-5X1017

1.3xlO18

8.0xl017

<3.0xl016
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Table II

Reactor BSR BSR riBSR NBSR NBSR

I r radiat ion (days)

Calc. 10B Removed

Total B Remaining

Measured P Added

Net Concentration

Calculated 7Li Add?d

Net Concentration

Measured Concentration

20

0.34

5.16

-0.34

4.82

-0.34

4.48

4.18

40

0.52

4.98

-0.52

4.46

-0.52

3.94

3.14

7

1.05

4.45

-1.21

3.24

-1.05

2.19

1.57

21

2.57

2.93

-3.66

-0.73

-2.57

-3.30

-2.35

84

4.74

0.76

14.00

-13.24

-4.74

-17.98

-14.40

All data are in units of 10 1 6 cm"3

Minus sign indicates n-type donor concentration
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TABLE CAPTIONS

Table I . Ingot characterist ics of s i l i con samples studied

Table I I . Transmutation reactions in isotopic boron-doped s i l i con

FIGURE CAPTIONS

Fig. 1. Thermal neutron facility (DpO tank) of the Bulk Shielding

Reactor.

Fig. 2. Minority carrier lifetime vs epithermal neutron fluence for

selected FZ NTD silicon samples after irradiation and partial

anneal ing.

Fig. 3. Interstitial oxygen concentration vs time of annealing at

indicated temperatures for samples from ingot 1 of Table I

and the donor or acceptor concentration after annealing.

Fig. 4. Carrier concentration vs time of annealing for samples from

ingots 1, 2, 5, and 6 of Table I.

Fig. 5. Calculated and measured phosphorus concentration vs thermal

neutron fluence for selected samples of FZ and Cz FJTD silicon

after irradiation and annealing.

Fig. 6. Carrier concentration vs time of annealing at 750 and 950°C

for Cz NTD silicon samples. The anticipated P concentra-

tion obtained from companion FZ NTD silicon samples are also

indicated.

Fig. 7. Carrier concentration vs time of annealing after lithium

diffusion in FZ NTD silicon samples and a FZ silicon control

sample.
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