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Electrically active oxygen-related doncrs can be formed in | =

’i Czochralski (Cz) Si either during crystal growth or during subsequent—

i—-tration of :
— NTD Cz Si during the process of annealing to remove NTD radiation ;
{_.damage~ In the present experiments, the carrier concentration of Cz-=

- heat treatment; conventional n- or p-type dopant carrier concentra-»-r
— tlons are altered if these oxygen donors are present. Neutron trans-—
“ mutation doglng (NTD) has been used to introduce a uniform concen—§<——

lp in Si. However, oxygen donors can also be formed in —%

A

R and NTD Cz Si samples was determined as a function of the initial %-f%

—_ dopant oxygen, and lp concentration before and after isothermal or——
-~ isochronal annealing. It is shown that low temperature (350- 500°C;'%i
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heat treatment can introduce a significant oxygen donor concentra-:‘%%
tion in Cz Si and in NTD Cz Si that contains radiation-induced lat- -
tice defects. Intermediate temperature (550-750°C) heat treatment, —
which is intended to remove oxygen donors or lattice defects, can
tntroduce other oxygen donors; annealing above 750°C is required to
emove any of these oxygen donorsi; Extended (20 h) high—temperature
{1000-1200°C) annealing can remove oxygen donors and lattice defects,
but a significant concentration of oxygen donors can still be intro-w~
duced by subsequent low temperature heat treatment. These results |
uggest that oxygen-related donor: formation in NTD Cz Si at temper-—
atures below 750°C may serve to mask any annealing stady of lattice —
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defacts. It is concluded that annealing for 30 min at 750°C is suf-
ficient to remove radiation damage in NTD Cz Si when the separate
effects of oxygen donor formation are included.

INTRODUCTION

Neutron traasmutation doping (NTD) has been used to introduce
a precisely controlled and very uniform distribution of 3lp in si.l
In order to remove lattice damage introduced by recoiling atoms in
the (n,Y) process and by fast neutron collisions with Si atoms it is
necessary to anneal the Si after irradiation before the desired
electrical properties of the P can be realized. The lattice damage
associataed with NTD S5i is very complex. This damage consists of
simple point defects, interstitial and vacancy complexes, larger
defect clusters, and dislocation loops. The relative concentration
of these defects depends on the irradiation temperature, the neutron
energy spectrum and the neutron fluence. Annealing may result in
the removal of some defects but alsc in the formation of other
defect or defect—impurity complexes.

Electrical property studies have been used? to establish the
annealing requirements necessary to obtain the anticipated carrier
concentration and mobility for NTD float zone (FZ) single crystal Si
of low (< 3 x 10'6 cn™3) oxygen content. Most of the simple recoil-
induced defects were removed by annealing at 400°C. Annealing for
30 min at 750°C was sufficient to obtain the anticipated carrier
concentration and mobility in NTD FZ Si irradiated up to a total
fluence of > 1020 n cm™2 in different reactor locales with thermal-
to-fast (t/f) neutron ratios from 1700 (low fluence) to 3 (high
fluence). However, the minority carrier lifetime (MCL) was still
degraded after annealing at 750°C, irrespective of neutron fluence
or t/f ratio.3 Recovery of the MCL required annealing at 1000°C;
the extent of recovery was dependent on the irradiation temperature,

neutron fluence, t/f ratio, time of annealing, and rate of cooling
after annealing.

Infrared absorption (IR), x-ray diffuse scattering, and trans—
mission electron microscopy (TEM) measurements have also indicated?
that lattice defect complexes are introduced in NTD FZ Si as a con-_
sequence of irradiation or annealing. Dislocation loops of 50~100 A
diameter with a number density of 1014 cp~3 remained in NTD FZ Si
irradiated with a fast (> 1 MeV) neutron fluence of 1020 n cm~2 and
annealed at 900°C; it was suggested that these loops may play a role
in the trapping of minority carriers.

The characterization of lattice damage introduced oy neutron
irradiation of Czochralski (Cz)-grown Si is more complex because Cz
S1 usually contains > 5 x 1017 oxygen cm'3, and 0 or certain defect-
0 complexes may act as electrically active donors.— The initial O -
concentration in Cz Si {s a2 complex function of crystal growth - - -
S
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conditions; in addition, the O content at the center of a 5 cm diam-
eter ingot is usually larger by a factor of two or more than that
near the edge. Oxygen donors are formed during cooldown after
crystal growth; commercially available Cz Si ingots are usually
post-arnealed to reduce that 0 donor contribution. Capper and.
Wilkes? have described an empirical procedure used by certain Cz Si
producers as consisting of post—annealing for 3 h at. 650°C in Ny,
followed by cooling under natural or forced convection. They exam-
ined 5 cm diameter dislocation-free Cz Si ingots and concluded that
such annealing was not sufficient for close’ tolerance specifica-
tions, to the extent that reheating of ingot slices was necessary in
order to further reduce the O ‘donor concentration,

Kaiser® and Fuller’ have suggested that 0 donors (possibly
associated with vacancies) migrate when Si is heated.-at 350 to 500°C
and that four 0 combine as Si0; to form a single donor. They did
not observe any special interaction between 0 and n-type donor im-
purities as a consequence of heating doped samples, but they b=
served that 0 and p-type acceptor impurities also combined to form a
product with donor-like properties. Kaiserd reported that the ini-~
tial rate of 0 donor formation on heating was proportional to the
fourth power of the O concentration and that the maximum donor con-
centratinn on extended annealing was proportional to the third power
of the 0 concentration. The rate of donor formation was also a
function of the annealing temperature and the time required to at-
tain the maximum donor concentration decreased for material with an
increased 0 concentration. Fuller’ reported that a maximum donor
concentration was observed after annealing for 70 h at 450°C and
Kanamori® reported that a maximum donmor concentration was observed
after annealing for 64 h at 475°C. Both authors reported that these
maxima were followed by a decrease in donor concentration with con-
tinued annealing at these temperatures.,

Helmreich and Sirt1? have suggested that formation of Si04 is
not required for thermal donor (TD) generation in Cz Si. They pos-
tulated that interaction between interstitial oxygen (0;j) and vacan-
cies will result in the production of TD's if a single 0j becomes a
‘substitutional Og. They stated that ‘such donors were stabilized
- agalns® annealing by acceptor impurities. A rapid breakdown of TD
- complexes in favor of 01 reformation was observed in undoped Cz Si
on annealing above 515° C, but some TD's remained in Cz Si that was
doped with elements of a strong acceptor character even after anneal-
ing above 800°C. Kaiser® reported that those donors formed by S$i04
or by O associated with B or Ga acceptors disappeared with first-
order kinetics on annealing above 500°C, but that 0-Al donor-like
-complexes required annealing at 1000°C.

Kanamori,8 in contrast, has suggested that dislocations or an
unknown 1mpurity spec1es X are required in Cz Si to remove a majority
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. as determined by dosimeters, were used to calculate the anticipated

of the O donors at higher annealing temperatures after initial donor
formation by extended annealing at 475°C. The ratio of remaining to
initial donor concentration was as large as 0.5-0. 7 in most of his
samples of zero dislocation content n- or p-type Cz Si after initial
donor formation at 475°C and reannealing for 20 h at 500°C. His ex-
perimental results were not adequate to determine the unknown spe-
cies X in those samples of low ratio values, but he stated that the
annealing behavior in those samples was similar to that reported

by Fuller and Logan for Li-doped Cz 51.10

Kaiserb reported that heating Cz Si for 20 h at 1100°C was
sufficient to "stabilize™ the 0 such that no donors were introduced
by subsequent annealing at 450°C. Bakerl!l stated that heating Cz Si
for 20 h at 1000°C was sufficient in that no resistivity change due
to donor formation occurred with subsequent annealing at 450°C, even
in Cz Si with a large O concentration. de Kock, 12 in contrast, ob-
served that excess 0 was removed from solid solution by precipita—
tion in Cz S$i during high temperature (1000-1200°C) processing, but
that some 0 remained in solution in dislocation-free Cz Si after
such heat treatments, even at an O supersaturation ratio of 5. Pre-
vious results 937511 have all indicated that a short (30 min) heat
treatment at about 1350°C was sufficient to remove all of the O
clusters or precipitates and restore most of the 0 to its normal
position in the Cz Si lattice. Of course any subsequent low tem—
perature (350-500°C) heat treatment may then introduce new O
donors.””

Previous investigatorsl3'15 have reported that O-defect com-
plexes that act as donors are also formed in NTD Cz Si by irradiation
or by subsequent annealing to remove lattice damage, and that such
donor complexes are stable against annealing up to 850°C, 13 950° Cl*
or 1000°C.15 More recent experiments16 indicated that anneallng for
30 min at 750°C was sufficient to obtain the anticipated carrier
concentration and mobility in either NTD FZ or Cz Si irradiated to
introduce > 1016 3lp ¢q 3, independent of initial O content or t/f
neutron ratio. Any separate effect due to any O-defect complex was
not identified in NTD Cz Si at those dopant concentrations.

This paper will discuss the results of annealing experiments

. using Cz Si samples of different initial dopant and O concentrations
_ prior to irradiation as well as the results of annealing experiments

using NTD Cz Si samples. Two reactor locales with different t/f
ratios were used.l® The thermal and fast (> 1 MeV) neutron fluxes,

ratio of simple (n,Y) recoil events to fast neutron induced events,

.. as previously indicated,“ and to calculate the anticipated concentra-

tion of P introduced by transmutations. We determined the initial

0j content by conventional IR techniques. Carrier concentration
and mobility values were obtained for thin } cm? van der Pauw . (vdP) __
samples. Annealing was carried out in a quartz tube furnace in an_ .

.o I ovian WOiRIRg Ssize

~

3w 47 picas final size




"oy Y
N

inert atmosphere; the samples were quickly removed and air-cooled on o
a quartz plate. =

EXPERIMENTAL RESULTS

(A) Annealing of Unirradiated Czochralski Silicon

Table 1 lists the initial donor (n) or acceptor (p) concentra-
tion, initial interstitial oxygen (0j) concentration, initial rate
of 0 donor formation on annealing at 450°C, and .the maximum carrier
concentration observed after extended (120-150 h) annealing at 450°C -
for samples from ten Cz Si ingots.l

Table 1. Ingdt Characteristics of Silicon Samples Investigated

: Carrier Con-
Ingot Initial Donor (n) Interstitial -Rate of Donor -centration
or Acceptor (p) Oxygen (04) Formation at  after 120-150

Concentration Concentration 450°C .. .. hr at 450°C
(em™3) en™3) . (en 3 nrl) - (enm™d)

_ A-1 5.0x1013-n- 6.1x1017 4,0x1013 2.0x1015-n- -
A-3 2.0x10!3-n- 7.5x1017 1.1x1014 5.5%x1019-n- -
A-4 1.0x1014-n- 2.0x1018 3.4x1014 1.6x1616-n-
B-1 2.5x1014-n- 2.4x1018 1.6x1015 2.0x1016-n- -
M-85 9.0x1013-n- 8.9x1017 4.0x1014 8.5x10}9-n- - -

. M-86 9.5x1013-n- 8.5x1017 b4 3x101 1.3x1016-n-
M=65 3.1x1014-n- 1.8x1018 4,0x1014 9.9x1013-n- -
M-73 3. 5x1014 -n- 1.3x1018 2.7x1014 5.0x1015-n-
W-1 1.0x1014-p- 10 2.0x1014 3. 6x1015'n‘~<
10g 5.6x%1016-p- 8.0x1017 2.0x1015 5.0x1016-p- -

Figure 1 is a graph of carrier concentration vs time of annealing at _.
450°C for samples from some of the ingots listed in Table 1. It is
stated above that the initial O concentration in Cz Si is a complex

~function of different crystal growth conditions and that the 0 con- .-

.. tent may vary by a factor of two or more acoss a 5 cm diameter ingot .

slice. In the present experiments, the IR or vdP samples were not

.always taken from the same slice or slice locale. There was con-

siderable variation in the initial rate of donor formation, and in ° '

the donor concentration after extended annealing for different sam- :.

. ples from the same ingot or ingot slice, but the data of Table 1,

plotted in Fig. 1, indicate that both the initial rate of donor i;,.

formation and the donor concentration after extended annealing were _
dependent on the initial 0 concentration. Note that the apparent ‘ﬁ”

..donor concentration after extended annealing.at 450°C.was.almost __| 2i
~always < 1% of the initial. 05 -concentration.. s
!
——

!
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Ingot B-1 was not post annealed after growth and the initial
donor - concentratlon in samples from that 1ngot was” changed ‘to a low
apparent accceptor concentratlon by 30 min anneallng at 750 Cc and
rapid cooling. "Ingots M-65 and M-73 were" d0ped ‘with'P or B, respec-
tively, and no additional O-dopant interaction was evident as a con-
sequence of extended anneallng in these samples at these low dopant
concentrations. Ingot- 108 was doped with a stable isotope of B
enriched to 94.5% abundance.  The 1n1t1al 04 concentratlon was some-
what less than that -for: the’ other ingots but the initial rate of.
donor formatlon was somewhat larger. Extended annealing reduced the
the total change in concentratlon was larger than that observed in
the high purity n-type A-1 and-A-3 samples that contained more 0j
initially. These data may indicate an: enhanced O-acceptor interac-
tion that forms additional donors in p-type ‘Cz Si on'-low ‘tempera-

ture (350-500°C) heat treatment, as has also been reported by
others.0,7,9 :

Fuller/ and Kanamori8 reported a maximum O-donor concentration
after annealing Cz Si at 450 or 475°C for about 70 h. -The data
shown in Fig. 1 indicates that the time required to reach a maximum
carrier concentration was not a. very sensitive function of-the ini-
tial 0j concentration and the carrier. concentration decreased on
extended (150-1300 h) annealing for some of :the ‘samples investi-
gated. Samples B-1 and A-IV of Fig. 1 were reamnnealed for 30 min
at 750°C in order to remove most of the O donors and were. then re-
annealed at 450°C. Both the initial rate of O-donor formation and
the maximum carrier concentration attained were reduced by about
a factor of two by this treatment; the carrier concentratlon again
decreased on extended annealing. Other samples were selected from
the center or near the edge of ingot slices, and from different
sections of the various ingots. No effect of radial or axial posi-
tion was observed upon extended annealing at 450°C, other than that -
attributed to the initial 0 concentration. The data shown in Fig. -
1 and that obtained on the other samples do indicate that several -
competing processes may occur under extended annealing conditions, . ~—
but that the initial O; concentration is the primary factor govern- o
ing O-donor formation in Cz Si via low-temperature annealing. -—

- Previous investigators6 759 have indicated that O donors are —
introduced in Cz Si by annealing at 350-500°C, but not at higher ' -
temperatures. We selected additional samples representative of Cz -
Si of high, medium, and low initial Oj content from among the ingots -
listed in Table 1. Figure 2 is a'graph of carrier concentration vs - -
extended annealing time at 550°C, followed by 450°C. These data =
- indicate that significant O—donor formation occurs on annealing at
550°C in these samples, irrespective of initial 0;: content. The i‘
carrier concentration did not decrease on extended annealing at i
- 550°C and no-evidence was obtained for: additional-O-donor formatlon
-at 450°C after a-near saturation conrentration-of O donors -was
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- 04 concentration, after 300 h at 550°C, and after reannealing for |f%*

- little, if any, evidence for removal of O donors formed at 550°C .

introduced at 550°C. Other samples of Cz Si of high, ‘medium, and low
initial 04 content were selected for extended annealing at five d1f-
ferent temperatures.- Flgure J is a graph of the resulting ‘carrier
concentrations vs time. These data indicate that 51gn1f1cunt concen—
trations of 0 donors were introduced on extended annealing at either
550 or 650°C,: and that some O-donor formation still cccurs at 750°C -
(p0331b1y even 850°C). "Note’ that ‘the apparent rate of donor forma— ’3
tion increases with an increase in anneal-temperature from 550 to
750°C in these samples. -

Kaiser® and Fuller7 have 1nd1cated that annealing above 500 C
is sufficient to .remove 0. donors dn Cz .Si ‘unless ‘they ‘are-associated
with 1mpur1t1es of a strong acceptor ‘character and" Kanamor18 ‘has
indicated that annealing ‘above 550°C -is required for“total O:donor
removal unless dislocations or an ‘unknown 1mpurity are ‘present.
Accordingly, samples from five of ‘the ingots listed in Table -1 were
heat-treated at 450°C-to introduce ‘a large O-donor concenttation and
were then reannealed at 550°C as shown .in Fig. 4. The maximum O-
donor .concentration was initially reduced by more ‘than 90% in each :
sample, after about 25 to 50 h at 550°C; however, formation of other .
0. donors then-occurred on extended annealing at 550°C. “ Note "that
the saturation concentration of O donors after extended annealing is
comparable to that shown for the samples in Flg. 3, which did not
contain O donors 1n1tlally. Similar data was obtalned for other
samples, after an initial heat treatment at 450°C to introduce a - -
large O-donor concentratlon, followed by extended reannealing at
650°C. The results were almost identical to those shown in Figs. 3
and 4, as regards the saturation concentration of 0 donors, but the
time required for removal of the initial O donors and for formatlon
of the new O donors decreased for the samples reannealed at 650 C. —

Since more than 907 of the O donors introduced at 450°C were re-
moved by annealing at higher temperatures, before new O donors were --
formed, it was decided to examine the higher temperature stability -~-
of O donors that were initially introduced in Cz Si by extended an- .
nealing at 550°C or higher.  Figure 5 shows the carrier concentra- . jr
tion vs annealing time for samples of high, medium, and low initial -~

20 h at 100°C temperature intervals from 650 to 1150°C. There is

below a reannealing temperature of 750°C; extended (20 h) reanneal- =

ing above 850°C is required to remove most of the O donors. Very @ -
similar results to those shown in Fig. 5 were obtained for O donors - -

"~ that were formed in similar samples after extended annealing at 650° C;

These data indicate that (1) a significant concentration of O donors -
can be formed in Cz Si on annealing at.550°C or. higher;: (2) the -
maximum O-donor concentration is almost independent of the initial

04 concentration; and that extended high temperature annealing is ' B
requlred to remove these 0 donors, -~ T e — =
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Previous investigator56-11 have reported that heat treatment
for 20 h at 1000°C or higher is sufficient to eliminate any sub-
sequent low temperature O-donor formation in Cz Si:.of large initial
0; concentration, although de Kock!l
in dislocation-free Cz Si after high temperature heat treatment. In
the present experiments, samples from the ingots listed in Table 1
were arnealed for 20 h at 1000, 1100, or 1200°C and air cooled. The
carrier concentration after that heat treatment was almost identical
to the initial value for each sample so that no evidence of any de-
fect or impurity introduction or removal due to this heat treatment
was observed. Table 2 lists the initial (n) or acceptor (p) concen-
tration for each sample and the carrier concentration after extended
(120-150 h) annealing at 450°C, for each set of samples after each
initial heat treatment. Figure 6 indicates the increase in carrier
concentration at 450°C for representative samples from the ingots of
high (B-1), medium (M-83), and low (A-1) initial 04 cortent. All of
the results listed in Table 2 and shown in Fig. 6 were such as to
indicate a significant increase in O-donor concentration on anneal-
ing .t 450°C after high temperature heat treatment (with the sole
exception of the cample from ingot M-85 after heat treatment at
1006°C only). The samples were reannealed a second time for 20 h at
1000, 1100, or 1200°C, and again no evidence of any defect or impur-
ity introduction or removal was observed other than removal of the
The results of extended annealing at
450°C on these samples were almost identical to those shown in Fig.
6. All of these data indicate that prior heat treatment for 20 or
40 h at 1060 to 1200°C is not sufficient to stabilize some of the
0; in Cz Si against subsequent O-donor formation by extended low

0 donors formed at 450°C.

temperature heat treatment.

(B) 1Irradiation Conditions

‘observed that some 0; remained

Table 3 lists the thermal and fast (> 1 MeV) neutron fluence,
t/f ratio, and the anticipated concentration of 3lp introduced in Si
per hour of irradiation in the D-4 and D~6 locales of the Dy0 tank
in the Bulk Shielding Reactor (BSR) at the Oak Ridge National
Laboratory (ORNL). These data were used to estimate the apparent
concentration of (n,v) recoil and of fast neutron~induced events as

- previously indicated? for NTD FZ Si.

If there is a correspondence

-between the rate of lattice defect introduction by neutron irra-
diacion in FZ and Cz 5i, as would be anticipated, the data of Table
3 can be used to estimate that the total lattice defect concentra-
tion temalnlng in NTD Cz Si after ambient temperature irradiation

is about 1016 cm™3 or 1014
D-6 locales, respectively.

cm

-3 per h of irradiation in the D~4 and

13
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Table 3. WNeutron fluence in the D70 tank, Bulk Shielding Reactor,

ORNL
Reacteor Irradiation Thermal Fast Thermal/Fast Phosphorus
Locale Time (h} Neutron Neutron Neutron Ratio Concentration
Fluence Fluence (t/£) - (cm'3)
(em™2)  (em™2)
D-4 1 3.2x1016  4.7x1015 7 6.5x1012
D-6 1 2.9x1015  3,6x1013 80 5.8x1011

(C) 1Isnthermal Annealing of NID Cz Si at 450°C

Samples from ingots B-1, A-3, and A-]1 listed in Table 1 were
irradiated ir the D~6 locale for times of 1 to 100 h and then an-
nealed for > 100 h at 450°C. The initial rate of O-donor formation
and the O-dcnor concentration after e -tended annealing were almost
identical to the values obtained on unirradiated samples (as listed
in Table 1) for these samples irradiated with a fast neutron fluence
of up to 3.6 x 1015 cm™3, Most of the (n,Y) recoils may have an-~
nealed at 450°C, but these results indicate that the simultaneous
presence of < 10 16 fast neutron-induced defects (Df) cm ~3 had little
if any apparent effect on the rate of formation or final concentra-
tion of O donors as a consequence of extended annealing at 450°C.

Other samples from the same ingots were irradiated in the D-4
locale for times of 1 to 800 h. Figure 7 is a graph of the carrier -
concentration vs annealing time at 450°C for some of the B-1 samples.
These data indicate that the rate of O-donor formation and the final
O-donor concentration after extended annealing at 450°C were reduced‘“
as a function of increasing D¢ concentration. Note that the carrier ‘
-—— concentration was much larger than the anticipated 3lp concentration -
- in samples B-1 to B-3 in Fig. 7, following irradiation and annealing
--at 450°C, and that a considerable concentration of O donors was still -

introduced in sample B-3 despite an estimated 1018 Df cm =3. A small
- amount of O-donor formation may have occurred in sample B-4 on an-
“nealing at 450°C, but the presence of almost 1019 Df cm -3 evidently
- masked any observation of extensive O-donor formation or the presence
of 5.4 x 1015 P em™3, Results very similar to those described above
-~were also obtained on the A-3 and A-l samples that contained less
oxygen.

16
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(D) Isothermal Amnealing of Cz and NTD Cz Si at 750°C

Since previous results2 16 have 1ndicated &hat 30 mi» annealing
at 750°C is suff1c1ent to remove fast neutron—induced ‘lattice defects
in NTD F2z Sl, selected samples from ssme of the ingots listed in
Table 1 were given a similar heat treatment before extended anneal-
ing at 450°C to form O donors. Other samples were given ‘a simiiar
heat treatment after O-donor formation at 450°C, after neutron irra-
diation to introduce lattice defects;40r after irradiation and O-
donor formation at 450°C. Samples from those ingots that were
probably post-annealed after growth to remove . 0 ‘donors did not indi-
cate any significant change in carrier concentration after heat
treatment for 30 min at 750°C. Samples that contained O donors ini-
tially, that contalned 0 donors after extended- anneallng at -450°C,
or contained O donors and Dg, all indicated a residual excess donor
concentration > 1014 cm™3 after the 30 min at 750° C heat treatment.
There was a small variation in the final carrier concentration in
dlfferent samples from the ‘same-ingot, that may have been due to the
initial 0l content, the number of 0 donors introduced, or the Df

content after irradiation. However, every sample 1nvestlgated had
an: add1t10na1 donor concentration 2 1014 cm—3. .except for the post-
annealed, unlrradlaued Cz 81 samples. The ratio of _remaining-to-
initial O-donor concentration was £ 0.1 in almost - every sample, but
these data indicate that annealing for 30 mln at 750°C is sufficient
to remove Dg, but is not sufficient to remove all of the O donors in
either Cz or NTD Cz Si that contains such donors imitially.

(E) Isothermal Annealing of NTD Si at 500 and 600°C

A sample (M-1) of n—type, high purity (2.23 x 1012 em™3) Fz si
of low ({3 x 1016 cp=3) 0 content was irradiated to_ introduce an
estimated 6 x 1016 lattlce defects ecm™3 and 3.8 x 1013NP&cmf3.
Figure 8, a graph of carrier concentration vs annealing time at
500°C, indicates that the apparent met donor concentration in sample
M-1 was less than the anticipated P concentration after extended
annealing at 500°C. Subse uent results (not shown) gave a donor

'concentration of 3.1 x 1013 cu3 after annealing for 125 h at 600°C
-~ and 3.9 x 1013 em™3 after 30 min at 750°C; the last value is in good ;-
- agreement with the anticipated concentration of P. Equivalent data

--— is shown in Fig._ 8 for samples from ingot A-1 of Table 1 that con-
tained 8.5 x 1017 0 cm -3 as un1rrad1ated (A-1-2), or as irradiated
- to introduce 1016 (4-1-3) or 1017 (a-1-4) D¢ cm™. These results
- indicate that the introduction of 0 donors due to annealing at 500°C
-2 was delayed by the presence of Dg. Note that the apparent donor : —
concentratlon of A-1-4, that contained 1017 Df cm™3, remained at a
- low 10 12 w3 value during an annealing time of about 30 h before . ----

any 0- donor formation was observed. oo
— i »-,.)~

[

-—---5imilar experiments-were carried out on samples from ingot B-1 - =
- of Table 1-that contained 2.4-x 10 18. ¢ 03 cm™3-as unirradiated- (B-5), -'=
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or as irradiated to introduce 1016 (B-6) or 1017 (B-7) Df cm™3.
Figures 9 and 10 show that O donors were introduced at 500°C and
removed at 600°C. The formation of ‘donors - is delayed by the’ pres—
ence of Df (Fig. 9). The apparent donor concentrattons ‘after ex~-
tended annealing at 500°C were about 2.3, 1.8, and 0.9 x: 1016' -3
for the three- samples that -contained very few,’ 1016; or 1017 Df em™3.
The data of Fig. 10, indicates that 90-95% of the 0 donors were
removed by annealing for about 150 h at 600° C, 1rrPopective .of the
initial Df concentration. These results demonstrite that the pres-
ence of D¢ may ~impede the formatlon of 0 donors -in NTD Cz Si by
anneallng at 500°C, but they do not indlcate the presence of any
significant concentration of any. spec1a1 tvpe of lattice defect-0
donor complex that is stable agalnst annealing at temperatures above
500°C. The relatively small increase in donor concentration as a
consequence of continued annealing of 600°C (Fig., 10) is not due to
removal of Dg, since it occurred in all samples, but may be due to
the formation of some more complex type of oxygen donor at this
annealing temperature.

(F) Isothermal Annealing of NTD Si at 750 and 950°C

Prev1ous experiments2 have demonstrated that anneallng for 30
min at 750°C is sufficient to obtain the ant1c1pated carrier coan-
centration and mobility in NTD FZ Si, irrespective_ of ‘neutron

- fluence or t/f ratio. In mors recent- experlments,16 samples of FZ

and Cz Si were irradiated simultaneously and annealed for 30 min at
750°C. The donor concentration measured in the NTD FZ Si samples
was always nearly identical to the P concentration, as calculated

. over a wide range of neutron fluence. The donor concentration as

measured in the NTD Cz Si samples, however, was larger than the
calculated P concentratlon, particularly for low fluence irradia-
tions. HNo change was observed in the donor concentratlon in any

of the NTD FZ Si samples as a consequence of extended annealing at
750°C, but the donor concentration increased in each NTD Cz Si
sample by about 1015 ¢ °3, irrespective of an initial Df concentra- -

tion that was increased from about 1014 to 1018 cm™3 in different o

—- ples was decreased substantially by subsequent anneallng at 950°C, ' 7

-- but some fraction (\ 10%Z) remained even after extended annealing
at 950°C.

samples. This additional donor concentration in the NTD Cz Si sam— -

This type of experiment has been continued. Figure 11 is a -

-graph of donor concentration vs time of annealing at 750 and 950°C,

~- for selected samples from the A-111 and B-1 ingots of Table 1, after -

-irradiation_in the D-6 locale for 1 to 800 h to introduce 5.8 x 1011

t

to 4.6 x .10 14 p cm3. The apparent donor concentration in the A-111 -

- samples was nearly identlcal to the ant1c1pated P concentration P

T
after anneallng for. 30 min: at; 750 C. ‘It was’ sta.ed in Sectlon (A)

that ingot B-1- ‘was not ‘post-annealed; -and" that the initial-donor ‘%"5&

- concentration in B-1 samples-was changed ‘to-an apparent -low- acceptof -
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concentration after annealing for 30 min at 750°C. The apparent
donor concentration in the B~1 samples shown in Fig. 11 was much
larger after irradiation and annealing for 30 min at 750°C than
would be anticipated if the initial O-donor concentration had been
reroved by the first annealing treatment. The donor concentration
increased in both the A-111 and B-1 samples upon extended (30-40 h)
anneallng at 750°C. Note that the apparent increase was only about
4 x 1012 cm™3 for the A-111-1 sample that contained about 10l

cm 3; whereas, the corresponding increase was about 5 x 1014 em~

for the B-1-1 sample that alsoc contained about 1014 De cm ~3. The
initial Df concentration in these samples was presumably identical,
and the initial 0; concentration was only different by about a fac-
tor of 2, but the apparent increase in donor concentration on
extended annealing at 750°C was different by a factor of more than
100. The fact that the increase in donor concentration in the B-1-1
sample was larger than the Dgy concentration, by a factor of 5, would
also appear to argue against the formation of a special type of lat-
tice defect 0 complex as a consequence of irradiation or extended
annealing at 750°C.

It is evident from the data of Fig. 11 that the apparent doncr
concentration increased to some extent in the A-111 and B-1 samples
as a consequence of extended annealing at 750°C, and that the in-
crease was larger for those samples that contained more Df initially.
However, there is no evident correlation between the initial Dgf
concentration and the increase in donor concentration on extended
annealing. Note also that the apparent donor concentration con-
tinued to increase in the A-111 samples, that contained less 0j, as
a consequence of annealing at 950°C; whereas, the corresponding data
for the B-1 samples indicates a substantial reduction in donor con-
centration. Some fraction of an excess donor concentration remained,
over that anticipated, in_every sample investigated, but the excess
amount was 1-3 x 1013 cm™3 in the B-1 samples and 0.3-2 x 10! 14 cop-3
in the A-111 samples. The fact that the initial increase in donor
concentration on extended annealing was not a linear function of the
initial D¢ concentration, and the fact that donors were introduced
at 950°C in the A~1ll samples, but removed in the B-l1 samples, also
suggests that donor addition or removal at the different annealing -
temperatures was a function of initial 0j content but was not a sen- -
sitive function of the Df concentration. '

DISCUSSION

The primary result of these experiments is a better understand-

- ing of the electrical properties of 0 donors in Cz Si and of the

annealing requirements to remove such donors and thus obtain the
anticipated carrier concentration and mobility in Cz or NTD Cz Si.
Commercially available Cz Si is usually post—annealed to remove 0
donors, but some such donors may remain. Any subsequent heat treat-—
ment above about 300°C can form O donors at an initial rate- 2 1old -
hrl in €z Si that contains > 1018 o 0; cm ~3. -The maximum O - s

i

——
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- significantly by the simultaneous: presence-of -lattice-defects.—No ' =
" evidence was cbtained for the -formation of an O-lattice -defect -——-—i <=
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donor concentration on extended (> 100 h) annealing can excead 1% of
the initial 04 concentration. There is no evident interaction be-
tween 0 and donor impurities in n—-type Cz Si,but previous investiga-
tors6s7,9 have reported that 0 and acceptor impurities form some
type of donor in p-type Cz Si. They stated that annealing above
about 500°C can reduce the O-donor concentration in n-type Cz Si, or
in p-type Cz Si doped with B or Ga, but that 0-Al donors may have
been formed that require annealing above 1000°C. : o

In the present experiments, it was determined that a small
fraction (v 1%) of any O donors introduced in Cz Si by heat treat-
ment at 350-500°C remained aftar subsequent heat treatment to about
1000°C. Most of the O donors formed at 350-500°C were removad by
antiealing for 20-50 h at 550°C, 5-10 h at 650°C, or 30 min at 750°C,
but new 0 donors were then formed by extended annealing at these
temperatures. An O-donor concentration in excess of 1013 cm3 was
introduced in samples of .Cz Si of different initial Oj concentration
by annealing for 900 h at 550°C or for 100 h at 650°C; these O
donors were stable against higher temperature annealing to at least
850°C., -

ngh temperature (IOOO—IAUU C) heat treatment for 20 h has been
reported6’11 to be sufficient to eliminate any subsequent low tem—
perature (350-500°C) O-donor formation in Cz Si, although de Kockl2
observed that some O; remained after 1200°C heat treatments. In the
present experiments, it was demonstrated that prior heat treatment
for 20-40 h at 1000-1200°C was not sufficient to prohibit some O-
donor formation in samples of Cz Si of different initial 04 concen-

- tration by subsequent low temperature heat treatment.

The initial rate of O-donor formation and the final concentra-
tion of O donors introduced in NTD Cz Si by annealing at 450°C was

- not altered by the simultaneous preseace of up to < 1016 o3

fast neutron—-induced lattice defects (D¢). Both the initial rate
and the final concentration were reduced after comparable annealing
at 450°C in more heavily irradiated samples, but a donor concentra-

tion in excess of 1013 cm™3 was formed in a NTD Cz Si sample that s
contained 1018 D¢ cm™3, ! sl

Previcus studiesl>2 have indicated that 30 min annealing at

- 750°C was sufficient to obtain the anticipated carrier concentration
and mobility in NTD FZ Si irradiated up to a large (_)__1020 cn~2)

neutron fluence. In the present experiments, it was determined that

- comparable annealing reduced the O-donor concentration in NTD Cz Si,
- but a residual concentration of ) 1014 cm=3 remained irrespective of
- the Df concentration. These results indicate that formatiom of 0 -

[N

donors in NTD Cz Si, by heat treatment at 450°C, and any subsequent ]f
removal of O donors by 30 min annealing at 750°C, was not altered *’

: working
2
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; complex that reputedly acts as a donor and is stable against h1gh et
temperature (850—1000 C) annealing.13 =15 A residual donor concentra- -
_ tiom of > 1014 cm™3 was observed in every sample, irrespective of .-
_ initial Oi and Df concentration, after annealing, but that was prob-—‘
ably due to incomplete removal of all 0 donors. -

e The primary result of 1ochronal anneallng studies on NTD FZ or —}
Cz Si samples that contained 1016 or 1017 Dg -cm =3 was -that-the ‘pres— ——

_ ence of Df 1mpeded the formation of 0 donors in Cz £i samples-at . .-
500°C ~but 90- 95% of. the 0 .donors were removed on annealing -at - —
. 600°C, irrespective of Dg concentration. These data may 1nd1cate<~-‘~—
_ some type of interaction between 0 and Df as a consequence of irra- -
- diation or partial annealing, but they do not indicate the presence -——
. of a special type.of O-defect- cofiplex that-is-stable-against-higher -—
.. temperature annealing. -It was dcmonstrated-that O donors are formed --
_in unirradiated Cz Si by isothermal annealing -at-500 or 600°C-and — -
—~ that such donors are stable against annealing to-about"850°C;“at" -
which temperature the introduction and removal cf-that type of-0-— =*-

.. donor in Cz 8i was totally 1ndepend°nt of any initial Df concentra- ?4
- tlon. e e e e e — e s et e e e e —

[RRY

— L__...Some type of .0- donor was also formed in NTD Cz-Si- samples -by-— —

- extended (30-40 h) annealing at 750°C. The apparent increase in =

. donor concentration was a factor of 5 larger than the Df concentra- -—-

-—— tion for samples with a large initial Oj concentration, but the =

—- total increase in donor concentration was not a linear function of e
-- the initial Df concentration. The apparent donor concentration con- -~
— tinued to increase in samples of low initial 0; content, on extended —
- annealing at 950°C, but decreased in samples of large 0; content ' -—

-+ under similar annealing conditions. The fact that the initi:l L=

-~ increase in donor concentration on extended annealing at 750°C was

-— not a linear function of the Dgf cdncentration, together with the

-— fact that donors were added at 950°C in samples of low 0; comntent,

-~ but removed in samples of 1:-ge 04 content, would also 1ndicate that

—f~donor addition or removal was a function of the 0 content but was

-not a function of the Dg concentration,

— SUMMARY E,
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4

Y i ;

|

e

I‘-

jf;i It has been demonstrated that one can introduce O donors in Cz!

;7-or in NTD Cz Si by low temperature (300-500°C) annealing. The dOﬂOFTT
<~ concentration on extended annealing is a sensitive function of the  -—
---01 content, but is not a function of the lattice defect content up ' +—

*——to about 1016 Df cm™3. Some fraction of the O-donor concentration j“;

—;-remalns in Cz or NTD Cz Si after isochronal or isecthermal anneallng"—

= —up to-about 1000°C. That fraction is also a sensitive function of i%:
«—-the 0Oj-content, but is not a function of the D¢ content. The results:-

=S of isochronal annealing studies are such as to indicate that the '%;
~—’presence of Df impedes the formation of O donors on annealing at 500°

<X but- -90-95% -of -the-0~donors-are- removed on—annealing -at=600°Cs: It’was*‘

——also demonstrated—that—one«can-Introduce -0 donors~1n~un1rradiated——!“—'
1 .
i E
———
i .
! 33, = 32 picas working size
3G 0w 47 pL*ns final .size ™
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Cz Si by annea11ng at 300 or 600°C and that such donots are stable
against annealing to about 850°C. Introduction and removal of that
type of G donor is totally independent ‘of ~any’ initlal D¢ concentra~- —
tration. Some type of O donor ‘is also. formed in NTD Cz Si.by [SAS
extended (30<40 h) anneallng at 750°C, but” the increase in donor
concentration in different samples is not a linear function of the ...
D¢ concentration. All of these results serve to indicate that an- —
nealing for 30 min at. 750°C is sufficient-to-remove virtually-all- of——

_ the Df in NTD.FZ or Cz Si and virtually all of the 0 donors-in NTD —
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FIGURE CAPTIONS

N \
i 2 ’

Fig. 1. Carrier concentration vs annealing time at 450°C for Cz $i---
samples. P
Fig. 2. Carrier concentration vs annealing time at -550 and 450°C - — -
for Si samples. o T T
Fig. 3. Carrier concentration vs annealing time at 650 to 850°C !’ff
for Cz Si samples. - - - - R EREE el B
Fig. 4. Carrier concentration vs annealing time at 650 and 550°“ “5;*
for Cz Si samples. - IS T
Fig. 5. -Carrier concentration vs. anneallng time at 550 to 1150°C ?j
-~ - -———for Cz Si samples, - — == e B
Fig. 6. Carrier concentration vs annealing time at 450°C for Cz Slig%
samples after high temperature heat treatment. i %j
. I—}’—')
Fig. 7. Carrier concentration vs anneallng time at 450°C for NTD CZ“
51 samples. ! i
| =
Fig. 8. Carrier concentration vs anneallng time at 500°C for FZ and“
Cz Si samples. : (
! _5_3.
| A
;Fig. 9. Carrier concentration vs anrealing time at 500°C for Cz Si;g
: samples. : %0
: , 40
! ! 41
; { I
Fig. 10. Carrier concentration vs annealing time at 600°C for Cz 3
samples. } G
5 45
I L6
Fig. 11. Carrier concentration vs annealing time at 750 and 950°C ]ﬁ;
--—=-_ for NTD Cz Si samples.; )
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